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“During the past few months we have conducted several behavioral tests to evaluate
how far the European tree frog can jump. During initial trials we trained frogs to jump
when given the command “Jump frog, jump!”. We then used a tabletop setup with a start
line to carefully measure their jumping distance. The frogs reliably responded to the
command, and jumped on average 0.52 meters. Next, we surgically removed the frogs’
hind legs, and placed them back on the test setup. When given the command “Jump frog,
jump!” the frogs now only waddled around aimlessly. We have from this concluded that
the surgery made the frogs deaf.”

- Internet
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Summaries

Summaries

Summary (English)

Huntington disease is an autosomal-dominantly inherited, neurodegenerative disease
that is caused by a specific mutation in the gene encoding the huntingtin protein.
Expression of the mutated protein results in extensive neuronal loss throughout the
brain, although certain brain regions are more heavily affected. The resulting clinical
symptoms include a range of motoric, psychiatric, cognitive, and metabolic changes that
progress until the patients are unable to care for themselves, and ultimately result in an
early death. There is currently no disease-modifying treatment available. Thus,
continued efforts in both clinical and preclinical research are of importance.

Several animal models of Huntington disease have been established following the
discovery of the huntingtin gene and the disease-causing mutation. Each model has
strengths and weaknesses, and their combined use is of importance for preclinical
research concerning disease mechanisms and potential therapeutics. Thorough
characterization of a given animal model is important in order to understand to what
extent it models the actual disease and how to work with it in an appropriate way.

The current thesis includes a series of studies focusing on the characterization of a
recently established rat model for Huntington disease, called the BACHD rats. These rats
carry a transgenic construct, which expresses the full-length mutated protein that
causes Huntington disease. The project included the assessment of body size and body
composition as well as investigations of motivational and cognitive phenotypes. Results
indicated that male BACHD rats were obese, while simultaneously showing discreet
developmental deficits. These phenotypes might be caused by neuropathology of the
hypothalamus, which has also been noted among Huntington disease patients.
Assessment of the BACHD rats’ performance on a test of motivation suggested that the
rats’ altered body composition might affect their interest in working for food rewards.
Strategies to circumvent this influence were evaluated, as motivational differences
might confound investigations of other behavioral aspects. Through the use of control
tests, robust phenotypes of cognitive impairments among the BACHD rats were
characterized. Similar phenotypes have been found among rats with fronto-striatal
lesions, suggesting that disease-related neuropathology might be causing the BACHD
rat’s phenotypes.

Ultimately, the work presented in the current thesis served to further the research on
how to work with Huntington disease models in general, and the BACHD rats in
particular. In addition, the noted phenotypes would likely be suitable in future
preclinical testing of potential therapeutic agents, although specific investigations to
determine the underlying neuropathology are still of importance.



Summaries

Zusammenfassung (Deutsch)

Die Huntington Erkrankung ist eine autosomal dominant vererbte, neurodegenerative
Erkrankung, die durch eine spezifische Mutation im Gen des Huntington-Proteins
verursacht wird. Die Expression des mutierten Proteins fiihrt zum dramatischen Verlust
von Nervenzellen im gesamten Gehirn, wobei bestimmte Hirnareale starker betroffen
sind als andere. Die daraus resultierenden klinischen Symptome beinhalten eine Reihe
motorischer, psychiatrischer, kognitiver und metabolischer Beeintrachtigungen, die mit
voranschreitender Krankheit zunehmen, bis die Patienten nicht mehr in der Lage sind,
sich um sich selbst zu kiimmern und schlief3lich friihzeitig versterben. Zurzeit gibt es
keine krankheitsmodulierende Therapie, weshalb die praklinische und klinische
Forschung von enormer Wichtigkeit sind.

Seit der Entdeckung des krankheitsauslésenden Gens wurden zahlreiche Tiermodelle
fir die Huntington Erkrankung etabliert. Jedes Tiermodell besitzt Vorziige und
Nachteile, und fiir die praklinische Forschung hinsichtlich Krankheitsmechanismen und
potentieller Therapeutika ist die Ausschopfung aller Modelle gemeinsam von enormer
Wichtigkeit. Die griindliche Charakterisierung eines jeden Tiermodells ist maf3geblich,
um den Grad der Ubereinstimmung mit der menschlichen Erkrankung einschitzen zu
konnen und zu wissen wie mit den Tieren gearbeitet werden sollte.

Die vorliegende Arbeit beinhaltet eine Reihe von Studien, die sich auf die
Charakterisierung des jiingsten Rattenmodells der Huntington Erkrankung, die BACHD-
Ratte, beziehen. Diese Tiere tragen ein transgenes Konstrukt, welches das gesamte,
mutierte Huntingtin-Gen exprimiert. Die Arbeit beinhaltet die Untersuchung der
Korpergrofle und  Korperzusammensetzung sowie der  Ausprdgung von
Verhaltensphdnotypen hinsichtlich Motivation und Kognition. Die Ergebnisse zeigen,
dass die BACHD-Ratten fettleibig sind und ein Wachstumsdefizit aufweisen, was
moglicherweise auf eine Pathologie im Hypothalamus zuriickzufiihren ist wie sie bei
Huntington-Patienten vorliegt. Ein Test zur Untersuchung der Motivation deutete ferner
darauf hin, dass die Fettleibigkeit der BACHD-Ratten womadglich zu einem verminderten
Interesse flhrt fiir Futterbelohnungen zu arbeiten und somit moglicherweise andere
Verhaltensparameter beeinflusst. Daraufhin wurden Vorgehensweisen getestet, um dies
zu unterbinden und eine unverfalschte Verhaltenscharakterisierung zu erméglichen.
Durch den Einsatz von Kontrolltests konnten schliefilich robuste, kognitive Phdanotypen
beschrieben werden. Ahnliche Einbuflen sind von Ratten mit fronto-striatalen Lisionen
bekannt, was darauf hindeutet, dass eine krankheitsbedingte Neuropathologie zugrunde
liegen konnte.

Der Nutzen der vorliegenden Arbeit liegt insbesondere darin, die Forschung an
Huntington-Tiermodellen, insbesondere der BACHD-Ratte, im Hinblick auf deren
addaquate Nutzung voranzutreiben. Die beschriebenen Phanotypen kénnen weiterhin in
praklinischen Studien zur Evaluierung von potentiellen Therapeutika von Nutzen sein.
Untersuchungen zur zugrundeliegenden Neuropathologie widren nachfolgend von
Wichtigkeit.
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BAC Bacterial artificial chromosome
BACHD BAC-containing full-length huntingtin
D1 Dopamine receptor 1

D2 Dopamine receptor 2

DNA Deoxyribonucleic acid

GABA y-amino butyric acid

GPe Globus pallidus pars externa
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IGF-1 Insulin-like growth factor 1
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TG5 BACHD rat, transgenic line 5

TGO BACHD rat, transgenic line 9
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Introduction

Huntington disease

Epidemiology and cause of disease

Huntington disease (HD) is an autosomal-dominantly inherited neurodegenerative
disease, which affects approximately 6 out of 100,000 people in Europe, North America
and Australial2. Although genetic modifiers have been identified3#* the sole genetic cause
of the disease is the expansion of an unstable CAG repeat sequence in the protein-coding
region of the IT15 gene (consequently termed the Huntingtin gene, for the huntingtin
protein), on chromosome 4°. Alleles with up to 34 CAG repeats are considered to lie in
the normal range, and do not confer any disease risk®’. Alleles with longer repeat
sequences have been found to cause HD, although full penetrance is primarily seen for
alleles with more than 42 CAG repeats®. In addition to being the primary cause for
disease development, the length of the CAG repeat sequence is known to affect the age at
onset of HD7-10. Thus, patients carrying an allele with 40 CAG repeats have a 50%
probability to develop the disease around the age of 60, while this decreases to an age of
40 and 30 for alleles with about 45 and 50 CAG repeats respectively®. Patients who show
an age at onset younger than 20 are considered to have juvenile HD, which is often
associated with CAG repeat lengths above 601112, Still, CAG repeat length only explains
about 50% of the variation in the age at onset of HD#10, Thus, although it is crucial to the
development of HD, additional genetic and environmental factors appear to contribute
to the appearance of the disease3#1314, It should also be noted that in contrast to its
clear effect on age at onset, the effect of CAG repeat length of the rate of clinical
progression is somewhat unclear15-19,

Most HD patients carry one mutated allele, which they inherited from one of their
parents. The incidence of de novo mutation has been estimated to be about 0.1% for
transmission from a father with a high, but normal, CAG repeat sequence?9. Still, de novo
mutations are estimated to account for up to 10% of diagnosed patients?!. Interestingly,
intergenerational changes in CAG repeat lengths often concern expansions rather than
contractions, particularly when being inherited paternally?223. Although there currently
are symptomatic treatments that can reduce the disease burden for patients?4, there is
no disease-modifying treatment available. Thus, HD is at this time invariably fatal.

Protein function and neuropathology

The huntingtin gene is expressed in most tissues of the body with highest protein levels
found in testes and neurons?>-28, The protein is present both in the cytoplasm and
nucleus of cells?939, where it is thought to function as a scaffold protein, as it has been
found to interact with several other proteins31-33. Through these interactions huntingtin
appears to take part in a range of cellular processes, including endocytosis, vesicle
transport, synaptic plasticity, gene transcription, cell metabolism, mitosis and
apoptosis31-33, As noted, the mutated form of the huntingtin gene has an elongated CAG
repeat sequence, which in the translated protein gives an elongated stretch of glutamine
amino acids. This is thought to confer both toxic gain of function and disruption of the
protein’s normal function31-34. Although the exact interplay between these aspects is not
clear, both are likely important for shaping the specific pathology of HD34.
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The neuropathology of HD primarily affects the basal ganglia, although several other
brain regions are involved during the late stages of the disease3>-37. The basal ganglia
comprise several subcortical nuclei within the cerebrum, which together play a crucial
role in coordinating various kinds of behaviors (Figure 1-4). In brief, the basal ganglia
are thought to inhibit inappropriate behaviors while promoting appropriate ones38-42,
This is primarily thought to function through different neuronal signaling loops, where
cortical neurons convey information concerning the current situation and possible
behaviors to the basal ganglia. As the basal ganglia receive input from most parts of the
cortex it offers an anatomically convenient location where the diverse information can
be weighed. Ultimately, signals promoting appropriate (or at least the selected)
behaviors will be relayed back to the cortex via the thalamus, while inappropriate
behaviors are silenced?38-42. The signaling loops that connect the cortex and basal ganglia
are thought to be arranged in a parallel manner, with some level of cross-
communication. As separate loops connect different regions of the cortex and basal
ganglia, they are also thought to govern different behaviors*344, Within the basal ganglia
it is primarily the projection neurons in the striatum that directly receive the excitatory
glutamatergic signals from the cortex*? (the aforementioned signaling loops are thus
generally referred to as cortico-striatal loops). These neurons (known as medium-sized
spiny neurons) have in turn axonal connections with other nuclei within the basal
ganglia, and form one of the primary sites of basal ganglia signal modulation145.
Notably, the striatum is the main site of HD pathology, where there is extensive loss of
medium spiny projection neurons3>-37.46, More specifically, the most striking pathology is
found in the dorsal striatum, which is composed of two interconnected but distinct
nuclei called the caudate and putamen. Neuronal loss is first evident in the tail of the
caudate nucleus, and later extends in caudo-rostral, dorso-ventral and medio-lateral
directions to include both the body and the head of the caudate nucleus3>-37.46, Neuronal
loss within the putamen shows a similar progression, and occurs largely in parallel to
the involvement of the body and head of the caudate nucleus3746. As noted, it is
primarily projection neurons that are lost within the striatum, while interneurons
remain largely spared4’-53. In addition, different projection neuron populations are lost
at different points of disease progression3>3650. Thus, neurons that synapse on the
globus pallidus pars externa (GPe) and contain dopamine 2 (D2) receptors are the more
susceptible than neurons that synapse on the globus pallidus pars interna (GPi) and
contain dopamine 1 (D1) receptors. This selective neuropathology is not in line with the
ubiquitous expression of mutant huntingtin and the exact cause for it is not yet clear.
Recent hypotheses suggest that the medium spiny neurons might be particularly
sensitive to excitotoxicity, due to the extensive glutamatergic input they receive in
combination with several effects of mutant huntingtin47.5455,

Clinical symptoms of HD

HD presents with a range of clinical symptoms that include motoric, psychiatric,
cognitive and metabolic disturbances. The motoric symptoms are diverse, and concern
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both difficulties with voluntary and involuntary movements. Thus, patients often display
a mixture of chorea (irregular involuntary movements classically likened with dance-
like movements), dystonia (involuntary twisting and repetitive movements caused by
co-contractions of opposing muscle groups), rigidity and bradykinesia (slowed
movement)©>6-38, Due to this, several aspects of normal life are affected for HD patients.
One aspect that is of particular relevance for the work presented in this thesis concerns
difficulties with eating, where patients have problems with moving food towards their
mouths, chewing, and swallowing>9-62,

Psychiatric symptoms of HD frequently include apathy, depression, irritability, anxiety
and obsessive-compulsive disorder. Psychosis (i.e. delusions and hallucinations) is, on
the other hand, rare®3-68,

Cognition is a broad term that is used to refer to a range of mental processes that
concern the acquisition, storage, manipulation and retrieval of information®°. It thus
relates to several higher functions of the central nervous system, including perception,
memory, language, problem solving and abstract thinking”0. Several aspects of cognitive
function are impaired in HD71-73, First, HD patients have repeatedly been shown to have
a reduced psychomotor speed’4-80 (mental aspect of reaction time). In addition, HD
patients show deficits in both episodic8!-83 (events and experiences) and semantic8485
(facts and concepts) memory functions. These deficits are generally thought to be due to
patients having difficulties with efficiently retrieving information rather than forgetting
it81-90, although this hypothesis has been questioned®!92. In relation to their general
memory problems, HD patients have difficulties to acquire both motor-related and non-
motor related skills?09394, A final memory-related aspect of HD concerns their impaired
working memory8995-101, Working memory is commonly considered to be the cognitive
function that allows for temporary storage and online manipulation of information!92,
Due to its complexity, there are several aspects of the information or task at hand that
affect the overall strain that is put on the system. Among other things it includes
temporal (the time something needs to be remembered) and span (the amount of
information that needs to be remembered) aspects'®2. HD patients have shown
consistently impaired span capacity?89.90.98-101 while temporal capacity appears to be less
impaired®”9°. Working memory is considered to be one of the components of the central
nervous system'’s executive function!%3, This is in turn a function that is thought to be
fundamental for optimizing and maintaining appropriate behaviors in generall3. In
addition to working memory, it incorporates cognitive flexibility (the ability to adjust
attention, strategies and behaviors) and inhibitory control (includes selective attention,
and inhibition of inappropriate responses and behaviors). These functions then allow
for higher cognitive processes such as the ability to plan responses or behaviors103.
There is extensive data indicating that several aspects of executive control is impaired in
HD, including working memory (as noted above), cognitive flexibility®6.104-106 selective
attention1%6107 response inhibitition106108-110 hehavioral inhibition (not extensively
reported and changes in risk-taking are unclear!')!12 and planning!13114, A final
cognitive aspect of HD, which does not necessarily fit into the categories of symptoms
described above, is that patients frequently have difficulties to recognize emotions,
particularly negative ones74-79.115-117,

The main metabolic symptom found among HD patients is considered to be extensive
weight loss!18-122_ It is generally thought that this is due to a loss of both adipose and
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muscle tissuel20121123 - 3lthough this has not been extensively investigated. Thus,
although there are clear indications of muscle dysfunction in HD, the extent of actual
muscle atrophy is not yet clear!?4. The exact cause of weight loss has also not been fully
elucidated yet, but is likely multifaceted. It has been argued that due to their problems
with eating, HD patients might have difficulties to consume enough food to maintain a
stable body weight125, Still, HD patients have been found to lose weight when consuming
diets with comparable!?¢ and higher!?9 caloric content than healthy persons. There are
also indications that HD patients have higher energy expenditure due (in part) to their
choreatic movements!27.128, Still, weight loss has also been found among patients that do
not suffer from overt choreatic movements!18121, Thus, although reduced food intake
and chorea are likely to affect the symptoms, recent hypotheses suggest that the body
weight loss is primarily caused by an underlying hypermetabolic state121.123129 Thijs has,
in turn, been suggested to be due to neuropathology of the hypothalamus, although it is
likely that pathology in peripheral tissues also play a role!23. Finally, it should be pointed
out that progressive weight loss is not always present in HD patients130.131,

Clinical progression of HD

As noted, HD is a progressive disease. Thus, the symptoms listed above initially appear
as discreet impairments and then progressively worsen with time. The appearance of
choreatic movements was initially used to mark the onset of the disease, although this
has been replaced by a scoring method that takes several motoric aspects into
account!32133, Still, more discrete motoric impairments, as well as psychiatric and
cognitive symptoms are known to be present in earlier stages of the disease (see below).
Neuronal loss and dysfunction within the striatum is likely apparent at even earlier
Stages75,78,132,134_

Motor symptoms appear to start as discreet impairments in oculomotor function135136,
and movement correction abilities'3” (7-10 years before clinical onset). This is closely
followed by the appearance of chorea and bradykinesia (which commonly coincides
with the clinical onset of the disease), while dystonia appears slightly later!3> (2 to 4
years after clinical onset). In late stages of the disease, the chorea subsides, leaving the
patients largely akinetic!38-140, A notable exception to this clinical progression is seen
among patients with juvenile HD, as they present primarily with stiffness and akinesia
from the start, and only rarely display choreatic movements!41. It should still be noted
that similar clinical progression is also seen in a subset of adult-onset HD patients138142,

All aforementioned psychiatric symptoms of HD have been found to be present before
clinical onset of the disease (up to at least 10 years) 134143144 Although the exact time
course of their development is unclear there are indications that apathy progressively
worsens with general progression of HD, while depression does not78145-147, Thus,
apathy might be closely related to the progressive neuropathology.

Several cognitive symptoms are also present long before clinical onset of HD, although
once again the exact time course for their development is uncertain?173,7879,148149_Gtj]],
impaired psychomotor speed, cognitive flexibility and emotion recognition appear to be
among the earliest symptoms’879.104149 (10-15 years before clinical onset). As the
disease progresses, these impairments become more apparent and additional cognitive
symptoms manifest (described above). Ultimately, HD patients develop a general
dementia’l73,
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As described above, the neuronal loss in HD is first present in the tail of the caudate
nucleus. It then develops in caudo-rostral, dorso-ventral and medio-lateral directions to
encompass the body and head of the caudate as well as the putamen3746. As different
parts of the caudate and putamen are involved in different cortico-striatal loops#*344, this
gradual neuronal loss should have some connection to the time course of symptom
development. It is, however, important to note that HD patients appear to suffer from
additional discreet neuronal dysfunction, which might show different temporal and
spatial progression?®0. In addition, the exact function of cortico-striatal loops in relation
to behavior is not fully elucidated?®!. Still, it is worth mentioning that the caudate
nucleus is thought to be strongly linked to cortico-striatal loops involved in cognitive
and oculomotor function, while putamen is more linked to sensorimotor tasks!>1. Thus,
the current consensus of cognitive and oculomotor symptoms being among the earliest
behavioral changes in HD patients is in line with the early appearance of caudate
nucleus pathology in HD progression.
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Models of Huntington disease

General introduction

A multitude of model systems are used in HD research. These include cell-based models
such as transient or stable transfection of mammalian cell lines152153 cell lines
established from genetically engineered animal models!>* (see below), stably
transfected embryonic stem cells55, transient transfection of primary cultures!>¢ and
inducible pluripotent stem cells from HD patients!>’. In addition, there is a range of HD
animal models using both invertebrates (Caenorhabditis elegans!>® and Drosophila
melanogaster!>?) and vertebrates (primarily mammalian, such as mouse160-167, rat168-174,
sheepl’>, pigl7¢ and monkey!’7). Rodent models are among the most frequently used
ones, and will be the main focus of this introduction section.

Rodent models of HD

Before the identification of the disease-causing gene, rodent models of HD were
primarily based on various forms of striatal lesions>4168-172178  Although crude, this
research was central in shaping the excitotoxicity-based hypothesis of HD’s
neuropathology'8-172, Following the discovery of the huntingtin gene, however, a range
of animal models based on different forms of genetic manipulation were
established!78179, It is thus of interest to note that wild type (WT) alleles of huntingtin
homologue genes in mice and rats contain seven and eight CAG repeats respectively!80,

The first transgenic rodent models that were established used constructs that only
expressed a fragment of the disease-causing genel60.161.173178 Eor these models, the
transgene rarely exceeds past huntingtin’s first exon, where the elongated CAG repeat
sequence resides. The models generally confer strong and early phenotypes>+178 (see
below). Common models include the R6/1160, R6/2160 and N171-82Q1%1 mouse models,
as well as the TgHD'73 rat model. The models are generally referred to as fragment
models, due to the nature of their transgene. There are also rodent models that carry
transgenic constructs that express the full huntingtin genel62-164174 These models
generally show milder phenotypes than the fragment models®#178 (see below). The
genetic constructs used to create these models used high capacity DNA vectors called
yeast and bacterial artificial chromosomes (YAC and BAC respectively), due to the large
size of the huntingtin gene. This is referenced in the names of common full-length
models, such as the YAC128163 and BACHD164 mice, as well as the BACHD174 rats. The
aforementioned models were created through classical transgenic methods, where
genetic material is injected into fertilized oocytes, whereupon it incorporates at random
position in the host animal’s genome!8l. Thus, the disease-related transgene is expressed
in addition to the two endogenous WT huntingtin alleles of the host animal. A final kind
of animal models was established with the aim to more closely model the genetic aspects
of HD. Rather than introducing an exogenous genetic material through a transgenic
construct, these models are based on specifically modifying the length of the CAG repeat
sequence of the endogenous huntingtin alleles!¢>-167, These models are generally
thought to confer more subtle phenotypes compared to full-length models>+178179,
although careful characterization still reliably reveals them (see below). This kind of
model, known as knock-in model, has so far only been established in mice. Commonly
used strains are the HdhQ92-111165, HdhQ14016¢ and HdH(CAG)150167 mice.
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As noted, the general consensus is that fragment models confer the strongest
phenotypes, while full-length models show milder ones, and knock-in models show very
discreet ones®*. It should, however, be noted that models are frequently established on
different genetic backgrounds, use different promoter sequences to drive the expression
of their genetic construct, have different numbers of CAG repeats, and are differentially
susceptible to positional mutagenesis160-167.173.174 Naturally, these factors are likely to
influence the overall phenotype, just like the specific nature of the genetic modification
itself (i.e fragment, full-length or knock-in). It is also noteworthy that several of the
genetically modified rodent models carry constructs with repeat lengths that exceed the
ones commonly found in HD patients (80 to 150 CAG repeats for most models!60-
167173174 compared to about 40 to 50 CAG repeats for adult onset HD®). As noted above,
patients with repeat lengths above 60 commonly develop juvenile HD, which differs
somewhat from adult onset HD1112, One of the exceptions is the TgHD rat, which carries
51 CAG repeats!’s.

Disease-related phenotypes of genetic HD rodent models

All genetic rodent models of HD show a widespread expression of their respective
disease-related protein productl60-167.173174 Indications of HD-related neuropathology
have also been found in most models, although the onset and extent of neuropathology
varies. Specifically, fragment mouse models have been found to show early onset (2-5
months of age) of progressively reduced striatal volumes and numbers of striatal
neurons'82-189, Similar phenotypes have been found for the TgHD rats190.191, although
they appear at an older age (9-12 months) and seem to be somewhat difficult to
reproducel®2193, HD-related neuropathology has also been found in the YAC128163194-197
and BACHD164197 mice, although the phenotypes appear at older ages (6-12 months of
age) compared to fragment mouse models, and extensive neuronal loss has not been
found in BACHD micel64197, In addition, the neuropathology of BACHD mice does not
appear to be reliably reproduciblel®8199. BACHD rats also appear to have mild
neuropathological phenotypes with late onset!’# (see below). Finally, knock-in mouse
models were initially not thought to have any strong neuropathology at all165-167,
although more recent studies have found loss of striatal volume and neurons at
advanced ages?00.201 (12-26 months).

As described above, HD is a fatal disease. This does, however, not appear to be a general
phenotype among genetic rodent models®*. Fragment models generally show a reduced
life span, although this is more apparent in the mouse models?6%.161.183 (]ife span of about
3-10 months) compared to the rat modell”3 (life span of at least 15 months). The life
span of full-length and knock-in models is generally reported to be normal>4. It should,
however, be noted that many characterization studies do not specifically investigate life
span, but rather follow the animals until a certain specified age and collect tissue sample
at this arbitrarily chosen end point162-167.174194-201_Some authors have specifically noted
that there is no apparently reduced survival among knock-in and BACHD mice, up to two
years of age198202_Still, a reduced life span has been noted for YAC128 mice2%3 (becoming
apparent at about one year of age), although it is not generally reported!63194-197,
Regardless, the current consensus is that life span does not constitute a useful readout
for full-length or knock-in models of HD.

Motoric impairments of some form are found in all types of genetic rodent models of HD.
It should, however, be noted that the motor tests used for rodents do not necessarily
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evaluate impairments that directly relate to symptoms seen in patients. Thus, genetic
rodent models commonly show hind limb clasping, meaning that they do not properly
stretch out their limbs when being suspended by their tails160-162,167,174,183,189,202,204 (thjs
can be caused by striatal dysfunction, although other brain regions might also play a
part?95). Another common test where genetic rodent models of HD show impaired
performance is the Rotarod test161,163,164,167,173,174,183,189—190,194,197-200,202-204,206—210_ In thiS
test, animals are trained to walk on a rotating rod where, commonly, the rotation speed
gradually increases. The number of times that animals fall off the rod, and/or the latency
and rotation speed at their first fall, serves as the main readouts of the test?!l. In
addition to these phenotypes, genetic animal models of HD frequently show a disturbed
gait when walkingl61162,166167,174,200,202,209,212-215  Notably, chorea-like motoric

phenotypes are rare, and have so far primarily been found and investigated in the TgHD
rats173.216-218,

Characterization of psychiatric phenotypes found in genetic rodent models of HD has
primarily focused on characterization of depression- and anxiety-related phenotypes.
Thus, several models have shown indications of anhedonia or depression-like
behaviors197.199,219-225 'which would be in line with symptoms found in patients. Reduced
locomotor activity has also been found in several models163174198,203,206,208,226-232
although it is unclear to what extent these phenotypes are caused by psychiatric
phenotypes (such as apathy) rather than motoric impairments. There are several
behavioral protocols for assessing anxiety in rodents?33. However, research on genetic
HD models has primarily focused on tests of exploration anxietyl73174190,192199,
200,204,214,220,221,224,226,231,234-238, Findings from these studies have indicated both
increased199,200,214—,220,221,224-226’ decreased173,174,190,192,204,234-237 and unchanged220,231
anxiety among HD models. Importantly, models with the same kind of genetic
modification (i.e fragment, full-length of knock-in) do not necessarily show the same
anxiety phenotype. It should also be noted that some HD models have been found to
show inconsistent anxiety phenotypes between studies190.200.221,226,234,236,237,

Cognitive impairments are also frequently present among genetic rodent models of HD.
The discovered deficits include impaired motor learningl97.199.207.208,.238239 ° procedural
learning192.207.240.241 " gttention?16:212.242-246  gpatial learning?47-2°1, memory retention207.
228,236,237,252—256’ reversal ]earning195,199,204,207,251' Strategy Shifting195’257'258, Working
memory173.190.259,260  reaction time?239243.244 and impaired performance on tasks that are
dependent on fronto-striatal circuits?16.218245261-264 [n general, it is unclear if models
with the same kind of genetic modification show comparable phenotypes, due to the
range of different behavioral tests that have been used. Similarly, it is not necessarily
possible to give general comments concerning which animal model shows the most
severe phenotypes. However, it should be noted that the more slowly progressing full-
length and knock-in models are generally better suited for extensive cognitive
characterization, as certain behavioral protocols can take weeks or months to complete
(which is not always manageable with fragment models due to their short life-span).

The main metabolic phenotypes vary between the genetic rodent models of HD.
Fragment mouse models generally show comparable growth to WT mice during early
life, but develop a phenotype of progressive weight loss as they deteriorate and
approach death160,161,183,209,220,225,226,232,235,249,258,259,265_ TgHD rats were 1n1tlally reported
to show a stunted growth!73, although later studies indicated largely unchanged growth
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and weight192266267  [nconsistent body weight phenotypes have been found among
knock-in models, indicating unchanged weight?°l, stunted growth67.226.268-271 " or
progressive weight loss at older ages202225236,270-273 (some of these discrepancies are
likely due to differences in CAG repeat length and gender among the animals used in the
studies). Full-length mouse models, on the other hand, commonly show an increased
body Weight Compared to their WT littermate5163,164,197-199,208,214—,220,222,224,226,274—276
(although this is known to depend on the genetic background?98.248), This appears to be
primarily due to an increase in adipose tissue?74275, Interestingly, there are indications
that fragment mouse models also carry high amounts of adipose tissue both prior to and
during early stages of weight loss?77-279, Thus, an increase in adipose tissue might be a
quite general phenotype in genetic rodent models of HD. The weight loss seen among
fragment models ultimately includes loss of both adipose and lean mass278.279,

Behavioral characterization projects with genetic rodent models of HD have to be
planned, performed and interpreted carefully due to the wide range of behavioral
phenotypes that can be expected. One aspect to consider is that although many
behavioral tests are considered to be highly specific, performance frequently relies on
several cognitive processes (as an example, see?80 for discussion on spatial navigation,
which is often referred to as a hippocampal function, although several processes and
brain regions are involved). Another important aspect is that some phenotypes can
confound the readouts used for assessing other phenotypes (as an example, see?81 for a
discussion on the influence of body weight and body size on Rotarod performance).
Thus, behavioral characterization of HD models should utilize suitable control tests in
order to ensure valid interpretations (seel?8199.208220,226282 for examples concerning
better standards for motor characterization in relation to?81).
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The BACHD rat

The project presented in the current thesis focused on characterization of the BACHD
rat. Because of this, this animal model will be given a more detailed introduction.

The BACHD rat model is a recently established transgenic rat model of HD'74, The
transgenic construct that was used to create it is identical to the one used in the BACHD
mouse’®4, This construct contains the genomic sequence for the entire human huntingtin
protein in addition to human huntingtin’s endogenous 5’ and 3’ flanking sequences
(about 20 and 50 kilo basepairs respectively). These regions are thought to contain the
majority of the endogenous transcription regulatory sequences, and thus drive the
expression of mutant huntingtin in the BACHD rodent models. The construct does not
contain a pure CAG repeat sequence, but rather a CAG/CAA mixed sequence. Both
codons are translated to glutamine during protein synthesis and this genetic setup
should not have a major impact on the disease modeling aspects of the rats. However,
the CAG/CAA mixed sequence is more stable when inherited, meaning that BACHD
rodent colonies are unlikely to have large variations in repeat lengths between
generations (which is an aspect to consider in other HD models160.165200), n total, the
CAG/CAA sequence of the BACHD construct is 97 repeats long. A final interesting aspect
of the construct itself is that exon 1 (which contains the CAG/CAA sequence) is flanked
by LoxP sites, enabling it to be turned into a non-HD related huntingtin allele through
use of the Cre recombinase. Through this, the specific involvement of individual brain
regions in a given phenotype can be investigated.

There are currently twelve publications available on the BACHD rat174204206,283-291 The
work presented here concerns three of those publications?89-291, As this work was
performed largely in parallel to the other published studies, the introduction will focus
on the background information that was available at the outset of the current project.
This largely encompasses the original publication'’# and some unpublished results.
Additional publications of interest will be discussed in the results and discussion
section.

Two of the initial BACHD rat founders were kept for further breeding, and used to
establish two separate BACHD rat lines!'’4. The TG5 line was kept due to its high
expression level of mutant huntingtin, while the TG9 line was kept as its expression level
of mutant huntingtin was similar to that of the already established BACHD mice. Both
lines overexpress mutant huntingtin relative to the endogenous rat hungtintin. TG5 and
TG9 rats show approximately 4.5 and 2.5 fold higher expression of the transgene
respectivelyl74,

The transgene is heavily expressed throughout the central nervous system174204
although the rats do not appear to suffer from extensive neuronal loss. Still, BACHD rats
display dispersed degenerated neurons that are not found among WT rats!74, and there
are volumetric changes found in the brain?%4. Specifically, the volume of cerebrum,
striatal volume, and thickness of frontal cortex are all reduced among BACHD rats?04, It
should, however, be noted that longitudinal MRI studies have indicated that these
volumetric changes are likely related to developmental deficits, rather than progressive
neuronal loss (unpublished data). However, loss of D2 receptor binding has been noted
among 18 months old rats!74, indicating that progressive neuronal degeneration might
occur at advanced ages.
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The BACHD rats still display clear and early behavioral changes, despite their discreet
neuropathology. Specifically, they show an impaired performance on the Rotarod
already at one to two months of age!74204206, More discreet gait impairments, however,
appear to be present first when rats are older than a year!74206, BACHD rats show
reduced anxiety in certain exploration anxiety tests'74204, This phenotype is also present
at young ages (from about four months and onwards) and becomes more apparent with
agel’4. Initial investigation into metabolic aspects indicated that BACHD rats showed
unchanged body weight, despite having an obese appearance and consuming less food
than WT litter mates'’4. Unpublished results also showed that BACHD rats carried a
larger amount of adipose tissues compared to WT rats.
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Aims of the current project

The project presented in the current thesis had several aims. These aims, and their
backgrounds, are summarized below. Briefly, aims I-IIl focus on how to work with
BACHD rats in food-based behavioral tests, while aim IV focuses on obtaining proof of
concept results for the strategies developed under aims I-III.

L

Confirm previous results concerning metabolic phenotypes of BACHD rats

As described in the introduction, BACHD rats had initially been noted to have similar
body weights as their WT littermates, despite having an obese appearance and
consuming lower amounts of food174. From this initial data our research group formed a
hypothesis that BACHD rats were indeed obese but that presence of other phenotypes
ultimately resulted in unchanged body weights. To evaluate this, we performed detailed
dissections on rats of several different ages in order to obtain measurements of the rats’
body composition. In addition, food and water consumption was evaluated as initial data
was obtained through an automated homecage system with debatable validity2°2. The
results from this are summarized in Publication I and Appendix I.

IL

Evaluate if metabolic phenotypes might confound results from food-based operant
conditioning protocols

As described above, some phenotypes might confound proper measurement of other
phenotypes. An overarching aim in our research group was to assess BACHD rats’
performance in several tests that evaluated cognitive functions, all of which were based
on training rats to perform tasks in exchange for food rewards. However, if BACHD rats
indeed were obese and consumed less food than WT rats, they might also be less
motivated to perform food-based behavioral tests. Such motivational differences might
result in profound differences in behavior, which could be misinterpreted as cognitive
phenotypes??3. To evaluate whether BACHD and WT rats were differently motivated to
perform food-based behavioral tests we investigated their performance in a progressive
ratio protocol for Skinner boxes. The results from this are summarized in Publication I
and II.

II1.

Evaluate strategies for circumventing motivational differences between BACHD
and WT rats

If WT and BACHD rats were indeed differently motivated to perform the progressive
ratio test, one could reasonably assume that similar motivational differences would be
present in other tests of cognitive function. As noted, such motivational differences can
result in behavioral changes, which might in turn be misinterpreted as cognitive
phenotypes??3. Because of this, a general strategy of how to handle motivational
differences would be needed in order to ensure that valid behavioral characterization of
the BACHD rats could still be performed. One such strategy would be to work with
unconventional food restriction protocols in order to better match the hunger and
motivation among WT and BACHD rats. Further tests with the progressive ratio protocol
were performed to evaluate whether or not this approach was suitable. The results from
this are summarized in Publication I and II.
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IV.

Use the developed strategies to obtain valid behavioral characterization data of
BACHD rats

As noted, a major aim for our research group was to assess BACHD rats’ performance in
several food-based tests of cognitive function. Thus, once a strategy for how to work
with BACHD rats in these tests had been developed (through completing the aims
described above), the aim was to continue with the main characterization. Although
several behavioral protocols were initially included in this characterization, only results
from the short-term memory and inhibitory control protocols will be considered here.
The results from this are summarized in Publication III, Appendix Il and Appendix III.
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Results and discussion

I.
Male BACHD rats are obese, consume less food and water than WT rats, and show
signs of discreet developmental deficits

Current findings

As described, initial characterization of the male BACHD rats noted that they appeared
to be obese, while showing unchanged body weight and decreased food consumption174,
These results were further investigated in both unpublished dissection studies
performed at our institute, as well as the dissection study presented in Publication I of
the current thesis.

In short, our results have indicated that male BACHD rats of the line TG5 are obese and
suffer from discreet developmental deficits. These phenotypes counteract each other
and frequently result in the transgenic rats showing comparable body weights to their
WT littermates (Publication I). It should, however, be noted that male BACHD rats are on
occasion found to be lighter than their WT littermates, while we have so far not
encountered litters where the opposite phenotype is present (unpublished results). It
thus appears as if the developmental deficits are on occasion more apparent than the
obesity. The developmental deficits appear to primarily result in an overall growth
impairment among male BACHD rats, as evident from their smaller body sizes, reduced
muscle and bone mass, as well as generally smaller organs (see Appendix I). However,
certain tissues appear to be particularly affected, as their reduced weight was
disproportionate to the BACHD rats’ smaller body size. This concerned the BACHD rats’
brain, kidneys, muscle tissues, pancreas and testicles. Finally, it should be noted that
while BACHD males appeared to consume more food than their WT littermates until the
age of about three months, the opposite phenotype was present at older ages.

Connection to other HD models, and HD patients

Genetic animal models of HD differ in terms of body weight phenotypes. In general,
fragment modelsl60,161,183,209,220,225,226,232,235,249,258,259,265 and knock-in mode15202,225,236,270-
273 appear to show phenotypes of progressive weight loss while full-length models show
stably increased body weights163164,197-199,208,214,220,222,224,226,274-276 Fyrther, unchanged
body weights have been reported for the fragment rat model of HD192266.267 and in some
studies of knock-in mice?0l. HD patients are primarily thought to gradually lose
weight!18-122 which relates well to findings in fragment and knock-in models. It should,
however, be noted that a recent study of HD patients failed to reveal a progressive
weight loss, although lower body weights and a clear deficit in reliably gaining weight
was found!3?. Notably, the BACHD rats have so far primarily been found to display
unchanged body weights, which is similar to the fragment rat model, and some reports
on the knock-in mice. However, a clear outcome from our initial study of the BACHD rats
is that body weight is a quite limited parameter to work with, as it does not necessarily
reflect differences in body composition.

The BACHD rats were found to carry an increased amount of adipose tissue compared to
their WT littermates. Similar phenotypes have been found in full-length mouse
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models?74275, but also among fragment?77-279 and knock-in?’7 mouse models, during ages
where clear weight loss is not yet present. In line with this, a recent study of body
composition in HD patients found a trend suggesting that premanifest patients have
increased amount of subcutaneous fat??4. Thus, the increase in adipose tissue might be a
quite general component in both animal models and HD patients, at least during initial
stages of the disease.

As noted, fragment and knock-in mouse models, as well as HD patients eventually
develop weight loss symptoms, which is thought to be due to a combined loss of adipose
and muscle tissues120.121,123,278279,295 Fyll-length models on the other hand maintain a
stably increased body weight, which is in line with them carrying an increased amount
of adipose tissues, while having unchanged lean mass2?7>. Thus, overt muscle atrophy
does not appear to be a phenotype among full-length mouse models. In contrast, male
BACHD rats were found to show a specific developmental deficit, resulting in
disproportionally lower muscle mass (Publication I). Although this phenotype is not in
line with the general idea of HD patients suffering from progressive muscle atrophy, it
should be noted that the presence and development of this symptom has been
questioned!?4. Specifically, while there are several indications of functional
abnormalities in myocytes?96-300, the studies indicating muscle atrophy are generally old
(i.e. published before the identification of the disease-causing gene) and/or used low-
tech measurements19.120.295 (je. arm circumferences). Thus, it is unclear how the
BACHD rat phenotype relates to patient symptoms.

BACHD rats also showed specific malformation of brain, testicles, kidneys and pancreas
(Appendix I). Specific investigation of brain development has, to our knowledge, not
been extensively studied in either HD patients or animal models. Still, studies focused on
the function of huntingtin have indicated a role during brain development301302
although mutant hungtintin appears to retain this developmental function3°1. Smaller
testicles have been found among YAC128 mice203275303 R6/2 mice304305 and HD
patients3%3. The phenotype appears to be due to a progressive degeneration303304,
Although testicle size is also affected in BACHD rats, it should once again be emphasized
that the current phenotype appears to concern an impaired growth rather than a
progressive degeneration. Renal function or pathology has to our knowledge not been
extensively investigated in HD, although kidney weight has been reported to be
unchanged in YAC128 mice?’?, and to progressively deteriorate in R6/2 mice3%4.
Pancreas function has been investigated in greater details, although the main emphasis
appears to be on its endocrine rather than exocrine function3%. Thus, insulin secretion
appears to be impaired in both R6/2 mice3%” and HD patients3%8. In line with this,
diabetes mellitus has been reported to be more prevalent among both HD patients3%°
and R6/2 mice397310 compared to their respective controls. Still, the findings among
patients are debated311312, Finally, it should be noted that despite the apparent
pancreatic pathology, we have found BACHD rats to show normal glucose tolerance in
resting and challenged states (unpublished data).
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In addition to specific pathologies of certain tissues, the BACHD rats showed an overall
growth deficit (Publication I). Similar phenotypes have been noted for knock-in mice6”
as well as the fragment rat model of HD'73, and are not surprising given that huntingtin
appears to be important for embryonic development313314, In line with this, discreet
developmental deficits have been found among HD patients as well315316,

BACHD rats appear to consume more food than their WT littermates until the age of
about three months (Publication I). At older ages, they have consistently been found to
consume less food and water than their WT littermates (Publication I, ref. 174). Notably,
this is in contrast to their obesity, although the eventually reduced food consumption
might be in line with their overall smaller body size. Other HD models show different
food consumption phenotypes, with BACHD mice?74 and fragment rats?¢ consuming
more food than their WT littermates, while others have been found to show largely
unchanged food consumption?236275,278,

It should be noted that the current results only concern male BACHD rats, and that
detailed analysis of the same parameters in female BACHD rats has not been performed
yet. However, we have in several cohorts found that BACHD females are heavier than
their WT littermates, suggesting a slightly different phenotype from the transgenic
males (unpublished data). Interestingly, the body fat and body weight phenotype of
BACHD mice also appears to be more apparent among females?74.

Possible mechanisms

As increased food consumption does not explain the obesity among BACHD rats, the
cause for this phenotype could be reduced home cage activity, or an underlying
metabolic condition. Home cage and exploratory activity has been investigated in the
BACHD rats, although no conclusive phenotype has been found!74204206_ Stil], the results
do not at this point appear to indicate that BACHD rats show strongly reduced activity in
their home cages, suggesting that the likely cause of obesity in BACHD rats is an
underlying hypometabolic state. The hypothalamus is known to be important for
systemic metabolism317-319 and hypothalamic pathologies have been suggested to play a
role in metabolic symptoms of HD320-323, [n addition, the obesity phenotype of BACHD
mice appears to be dependent on expression of mutant huntingtin in specific
hypothalamic neuronal populations?74324-326, Although the BACHD mice can be argued
to show largely different metabolic symptoms than HD patients (see above), there are
indications that they might suffer from dysfunction of overlapping brain
regions322.323.326_ Thus, it is also possible that the BACHD rats’ metabolic phenotypes are
caused by hypothalamic impairments. Interestingly, lesions to the arcuate nucleus of the
hypothalamus have been found to result in obesity despite a reduced or unchanged food
intake327-330, This specific nucleus is important for several metabolic processes,
including the systemic release of growth hormone and central governing of hunger and
satiety331-333_ Interestingly, reduced growth hormone levels, and blocking of specific
receptors of arcuate nucleus derived signaling molecules, result in animals displaying
growth deficits, unchanged or reduced food intake, and obesity334-339,

In addition to its direct peripheral effects, growth hormone stimulates the release of
insulin-like growth factor 1 (IGF-1) from the liver340. These two factors play major roles
in growth and postnatal development341-345, [nterestingly, male BACHD rats have been
found to show reduced IGF-1 levels (unpublished data), which suggest a reduced level of
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growth hormone. As noted, a growth hormone deficit could explain their physiological
and metabolic phenotypes. Importantly, other studies have also indicated connections
between HD and growth hormone. Studies on the YAC mouse model have indicated that
full-length huntingtin induces growth of specific tissues through increased IGF-1 levels.
275276, Other studies have repeatedly shown increased levels of growth hormone in HD
patients346:347, This might be an important component to their apparent hypermetabolic
state, as growth hormone is known to induce lipolysis340.

Summary and Outlook

The BACHD rats show a range of physiological phenotypes that are to some degree
comparable to phenotypes in other models, and symptoms in HD patients. As noted,
pathology in the arcuate nucleus of the hypothalamus might be central in the BACHD
rats’ phenotypes. As histological methods have not revealed extensive neuronal loss in
the BACHD rats, specific immunohistochemistry of the arcuate nucleus is unlikely to
offer conclusive results regarding its involvement in the current phenotypes. A more
suitable approach would be to inactivate the expression of mutant huntingtin within the
hypothalamus and arcuate nucleus, through the use of Cre-expressing viruses. If the
resulting rats show normalized physiology, it would suggest that the hypothalamus is
central to the phenotypes. If so, further investigations should put specific emphasis on
the growth hormone/IGF-1 axis.
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IL
BACHD rats are less motivated than WT rats in the progressive ratio test, although
the nature of the phenotype is unclear

Current findings

Before starting a large-scale behavioral characterization project we sought to investigate
if BACHD and WT rats were differently motivated to perform a simple food-reinforced
test. The main aim was to better understand how to efficiently work with the rats,
considering the presence of their metabolic phenotype. The results from our work on
this topic are presented in detail in Publication I and II of this thesis.

In short, we followed a group of male BACHD rats from line TGS5, and assessed their
performance in a progressive ratio (PR) protocol for Skinner boxes (see Figure 5) at four
different ages. In this protocol, rats are taught that pushing a lever results in the delivery
of a small food pellet. During each daily session, the number of pushes required for food
pellet delivery is initially low, but gradually increases as the rats obtain rewards.
Because of this, the rats will eventually lose interest in performing lever pushes, and will
take gradually longer breaks from doing it. These breaks serve as the main readout of
the test. Thus, rats that take breaks of a given duration at an earlier point in the
progression of required lever pushes (i.e. after obtaining fewer rewards) are considered
to be less motivated than rats that performs breaks of the same duration at later points
in the progression.

We consistently found that BACHD rats were less motivated than their WT littermates to
perform the PR test (Publication I). The phenotype did not noticeably change with age,
and was not dependent on BACHD rats becoming satiated or fatigued (Publication II). It
was, however, clearly dependent on which food restriction strategy that was used. Apart
from the lower motivation, BACHD rats were also found to have an increased tendency
to perform perseverative lever responses (unnecessary lever responses performed after
pellet delivery) and were slower at retrieving the reward pellets (Publication II).
Importantly, these phenotypes were not dependent on which type of food restriction
strategy that was used.

Connection to other HD models, and HD patients

The phenotype of reduced motivation is interesting on its own, as it can be argued to
constitute an apathy- or depression-related phenotype. As noted, apathy and depression
are common psychiatric symptoms among HD patients®3-68144-147 Reduced motivation to
perform the progressive ratio test has also been found in BACHD348 and knock-in245
mouse models of HD. Although similar trends have been seen for TgHD rats34%, these
findings are not consistent?6’. Still, it is interesting to note that TgHD rats have also been
found to be slower at retrieving the reward pellets34°.

Possible mechanisms

The neurobiological basis of PR performance has not been fully elucidated, and several
brain regions appear to be involved in governing the rats’ behavior. In this regard,
lesions to the hippocampus3°9, subthalamic nucleus3>! and ventral striatum352 have been
found to increase motivation. Interestingly, lesions to the dorsal striatum (i.e. the region
most heavily degenerated in HD) do not appear to have overt effects on motivation,
although lesioned rats were found to perform an increased number of perseverative
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lever responses3>3. Specific lesions to the dorsolateral striatum have in addition been
shown to result in increased latency to retrieve reward pellets3%3. More careful
manipulations of specific signaling pathways have offered additional insights, indicating
that dopamine signaling in both dorsal354-357 and ventral striatum 357-359 are important
for maintaining proper motivation on the progressive ratio test.

As noted, a reduced motivation could also be argued to be a depression-like phenotype.
However, the influence of serotonin on progressive ratio performance is somewhat
unclear. A general increase3®® or decrease3°! in signaling has been found to result in
reduced and increased motivation respectively (although it has been suggested to be
due to changes in general activity369). Thus, reduced motivation on the PR test does
rather not connect to a lower serotonin level (i.e. the expected depression-related
change of serotonin). Still, specific serotonin receptor agonists within the dorsal
striatum have been found to increase motivation, suggesting that there might be some
connection362,

All in all, it is possible that all phenotypes found among BACHD rats’ performance in the
progressive ratio test are caused by striatal impairments. This is further supported by
the fact that similar phenotypes have been found in other animal models of HD (see
above).

However, the metabolic phenotypes described in the previous section constitute
potential confounding factors for the PR test, and also have to be addressed. First,
obesity has been found to result in reduced availability of D2 receptors in the stiatum363.
Second, adipose tissue has certain secretory functions, and is in particular secreting the
protein leptin364365, Leptin secretion increases with adipose mass, and acts on neurons
within the hypothalamus to reduce food intake, and govern metabolism364365 Leptin
receptors are also available at several additional sites of the central nervous
system?366367 and apart from its function in hypothalamic control of metabolism it has
been implicated as an important modulator of neuron excitability in the hippocampus,
central reward circuits and mood regulation368-374, [n line with this, changes in leptin
signaling have been found to have an effect on PR performance375-378, Specifically, acute
administration of leptin has been found to reduce motivation375-377, while knock-down
of leptin receptors has been found to increase motivation3’8. BACHD rats have, in line
with their obesity, been found to have higher serum leptin levels compared to their WT
littermates (unpublished data, Publication II). Thus, their lower motivation on the PR
test could also be explained by their metabolic phenotypes. We further evaluated this by
adding additional control tests to our study.

Most protocols for food-based cognitive tests use food restriction in order to ensure that
rats are motivated to perform the test at hand. For long-term Skinner box-based tests, it
is common to restrict daily food intake to a point where animals weigh 80-95% of their
free-feeding body weight. For our initial tests we maintained all rats at 85%. However,
this would likely mean that BACHD rats still have higher serum levels of leptin than WT
rats, as they have a higher fat mass at baseline (this was confirmed by data gathered and
displayed in Publication II). Thus, a difference in leptin levels and motivation might still
be present despite the food restriction. A possible method for dealing with this has been
used when working with BACHD mice?¢4348, and was also suggested to us in open
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discussions during HD conferences. The basic idea is to first investigate if BACHD rats
appear to be less hungry than their WT littermates, by measuring the amount of food
they consume during a brief moment of free access. Several studies have used similar
tests as control test for PR performance267.379-381 [t was then suggested that in case
there is a difference between WT and BACHD rats’ food consumption rates, the food
restriction should be adjusted until this difference is no longer present. Thus, the food
restriction would be based on matching the apparent hunger of WT and BACHD rats,
rather than their relative body weights. During our studies we have repeatedly found
that BACHD rats consume less food than WT rats in these brief control tests, when both
genotypes are food restricted to 85% of their free-feeding body weights (Publication I
and II). Adjusting the food restriction so that WT and BACHD rats display similar food
consumption rates (i.e. apparent hunger) reliably resulted in the two genotypes showing
equal motivation in the PR test. However, the food restriction adjustment did not affect
the higher tendency of performing perseverative lever pushes, or the longer pellet
retrieval latencies seen among BACHD rats (Publication I and II). Thus, BACHD rats
displayed a set of phenotypes comparable to rats with lesions to the dorsolateral
striatum when maintained on the alternative food restriction protocol3>3.

Ultimately, while the reduced motivation seen among BACHD rats could have been the
consequence of HD-related neuropathology of the striatum (as discussed above), our
control tests indicated that it might also be related to their metabolic phenotypes. In
contrast, the more discreet phenotypes concerning perseverative lever pushes and
pellet retrieval are likely unrelated to motivational or metabolic phenotypes. Still, these
control tests were not without their own shortcomings. First, the food restriction
adjustment did not fully resolve the difference in serum leptin levels (Publication II).
Second, the control tests were based on consumption speed, and it is possible that the
BACHD rats’ lower food consumption rate was caused by motoric impairments, rather
than a difference in hunger. The rats’ food consumption behavior was investigated in
further detail, and we did indeed find indications that non-hunger related factors likely
influenced the BACHD rats’ lower consumption rates (Publication II), although the exact
nature of this deficit remains uncertain. It should also be noted that these impairments
were very discreet, and it is unclear if they in the end had any significant effect on the
consumption rate in the control tests (discussed in detail in Publication II).

Finally, it is interesting to note that animal models of obesity have shown both
increased382-388 decreased389-3°1 and unchanged39? motivation in the PR test. The exact
reason for this discrepancy in motivation phenotypes is not clear, although it is likely
based on differences concerning the cause of their obesity phenotype, and the specific
set of metabolic impairments that follow (as an example, models that display
hyperphagia frequently show increased motivation in the PR test382-386), Thus, like most
other behaviors, motivation to work for a food reward is governed by several processes.
In order to understand the exact nature of the BACHD rats’ motivational phenotype, and
the potential involvement of metabolic phenotypes, more extensive investigation of the
rats’ metabolic phenotypes are needed.

Summary and Outlook

The BACHD rats consistently showed a reduced motivation in the PR test, although the
phenotype was dependent on the specific food restriction protocol being used. In
addition, the rats displayed an increased tendency to perform perseverative lever
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responses, and slowed pellet retrieval latencies. These phenotypes were, in contrast to
the motivational phenotype, independent of the food restriction protocol. The latter
phenotype has been present in almost all Skinner box based tests performed at our
institute (a total of nine tests, each using a 12 vs 12 setup for WT and BACHD rats). The
exact nature of the BACHD rats’ motivational phenotype is still unclear and might
involve both hypothalamus-driven metabolic phenotypes, and striatum-driven
psychiatric phenotypes. The other noted phenotypes are, however, unlikely to be related
to metabolic phenotypes and suggest that striatal dysfunction is present among BACHD
rats. Further studies are, however, necessary to better investigate the underlying
neuropathology. It is unlikely that histology-based investigations will be of great benefit,
due to the discreet neuropathology among BACHD rats. Thus, a more suitable approach
would be to inactive the expression of mutant huntingtin within selected brain regions,
to investigate how the PR phenotypes are affected. These studies should be conducted
together with investigations of the BACHD rats’ metabolic phenotypes. Specifically, if
switching off the expression of mutant huntingtin in the hypothalamus is found to
resolve the BACHD rats’ metabolic phenotypes (as discussed above), the resulting lean
rats should be assessed in the PR test. Subsequent inactivation of mutant huntingtin
expression in the dorsolateral striatum should be performed if some or all of the noted
PR phenotypes persist among the lean rats.
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II1.

The optimal strategy for working with BACHD rats in food-based tests concerns
the use of appropriate control tests rather than unconventional food restriction
protocols

Background

As discussed above, there is a consistent phenotype indicating that BACHD rats are less
motivated than WT rats in the progressive ratio test when a standard food restriction
protocol is used. This phenotype constitutes a potential problem for further behavioral
characterization of the BACHD rats, regardless of whether it is caused by psychiatric or
metabolic disturbances. Specifically, based on the current results one should expect
BACHD rats to be less motivated than WT rats to perform food-based tasks in general.
Although other protocols might involve less physical effort than the PR test, there would
always be the chance of discreet motivational differences being present. Because of this,
results from food-based tests should be interpreted carefully, as motivational
differences can have strong influences on readouts such as success rate and choice of
strategy?°3. However, the exact influence that motivational differences might have on a
given test’s readouts is often not known.

When we interpreted our initial findings we argued that the alternative food restriction
protocol (where apparent hunger, rather than relative body weight, was matched for
WT and BACHD rats) could be used for reliably achieving an experiment setting where
the motivational difference between WT and BACHD rats was minimal. Such a setting
would likely improve the overall validity of our characterization work, as it would
minimize motivation-based artifacts in our data. This idea was published in Publication
I. However, as we later found that BACHD rats suffered from an underlying phenotype of
impaired food consumption, this idea was abandoned. Thus, the ideas concerning how to
optimally work with the BACHD rats in food-based tests were revised, and the more
recent ideas were published in Publication II.

Suggested work strategy

As neither the standard or alternative food restriction strategy is entirely optimal, all
characterization tests of the BACHD rats that use food-based protocols should include
appropriate control tests to evaluate which readouts are affected by differences and
changes in motivation.

The suggested approach includes an initial behavioral evaluation using a standard food
restriction protocol (i.e. with both WT and BACHD rats restricted to 85% of their free-
feeding body weight, meaning that a motivational difference is likely present). This is
followed by a step where the daily amount of food given to WT rats is increased, so that
they reach roughly 95% of their free-feeding body weight. By comparing the WT rats’
performance on the two baselines one should be able to evaluate which readouts from
the given test that are affected by a shift in motivation. BACHD rat phenotypes that are
based on readouts that are sensitive to motivational shifts should be deemed less
reliable than phenotypes in readouts that are not sensitive to motivational shifts. Taking
the current results from progressive ratio performance as an example, the number of
perseverative lever pushes and the latency to retrieve reward pellets likely constitute
actual cognitive and/or motoric impairments, as the parameters were not sensitive to a
motivational shift.
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The strategy described above is primarily suited for tests where baseline performance,
rather than training and learning, is being evaluated. For the latter it would be necessary
to include separate control groups with different motivation levels (i.e. restriction
levels), that all go through the same learning process. An alternative approach could be
to maintain WT and BACHD rats on different restriction levels (95% and 85%
respectively) and after evaluating their performance in the given test of interest assess
their motivation in a PR test.

The remaining two sections of current results deal directly with detailed behavioral
characterization of the BACHD rats. Both projects included some evaluation of the
possible influence of motivational differences, using strategies and control tests
discussed here.
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IV.
BACHD rats show indications of impaired fronto-striatal function in two tests of
short-term memory

Current findings

Once a reasonable method for working with the BACHD rats had been established, we
aimed to assess the rats’ performance in a series of cognitive tests. Two of these were
commonly used protocols for assessing short-term memory in rodents, called delayed
alternation and delayed non-matching to position. As noted in the introduction, HD
patients are thought to largely retain the temporal aspects of their working memory®7.99,
However, general performance in the delayed alternation and non-matching tests are
known to be dependent on fronto-striatal circuits393-401, and thus they are still suitable
for evaluating the presence of HD-related neuropathology.

Both test protocols used Skinner box setups, where an interactive wall was set up with
one centrally placed food pellet receptacle and two retractable levers (one on each side
of the pellet receptacle) (Figure 5). The two protocols followed similar structures, with
sessions split into discrete trials where the levers were inserted and available to the
rats, separated by inter-trial intervals where levers were retracted. In the delayed
alternation test, all trials contained a single step where both levers were inserted and
the rats were allowed to make one response. On the first trial of each session, the rats
were rewarded for pushing either lever. On all subsequent trials, the rats were rewarded
for responding to the lever they did not respond to on the previous trial, forcing them to
alternate their responses on the two levers. Once the rats were performing at a high
success rate, delays were added in order to vary the trials’ temporal spacing in a
structured manner. Through this, the rats’ short-term memory was assessed. In the
delayed non-matching to position test, each trial consisted of two steps. During the first
step, only one of the levers was inserted. Once the rats had responded to it, it retracted,
without a reward being delivered. During the second step, both levers were inserted.
The rats were rewarded for responding to the lever that was not presented to them
during the first step of the trial. Once the rats were performing at a high success rate,
delays of structurally varied durations were added between the two steps in order to
assess the rats’ short-term memory function. Both behavioral protocols were designed
so that rats were triggered to perform repeated head entries into the pellet receptacle
during delays.

BACHD rats showed impaired performance in both tests (Publication III). The
phenotypes were present at early ages (2-4 months), but did not appear to progressively
worsen as the rats grew older (three additional ages were assessed, with the oldest age
being 17-19 months). BACHD rats were found to have difficulties learning the basic
alternation behavior, while learning the non-matching was unimpaired. During the
delayed alternation test, BACHD rats continued to show indications of having problems
with the general alternation task, while their short-term memory appeared to be intact.
Despite being unimpaired when performing the basic non-matching task, BACHD rats
showed a discreet general impairment during the delayed non-matching task. Although
the deficit was dependent on the presence of delays, it did not worsen with longer
delays, indicating once again that BACHD rats had intact short-term memory.
Performance in both tests was evaluated using both a standard food restriction protocol,
and a control setting where the WT rats’ restriction level had been adjusted to 95%.
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None of the phenotypes were sensitive to this motivational shift, indicating that they
were likely unrelated to metabolic and/or motivational changes among BACHD rats.

To further investigate the behavioral basis of the phenotypes, video recordings of the
rats’ performances were made, and scored manually. These indicated that rats used
certain strategic movements during the delays of both tests, to aid their responses. The
use of these strategies was especially pronounced in the non-matching test. However,
there were no clear differences between WT and BACHD rats in this regard. The videos
further revealed that rats of both genotypes displayed specific behaviors when they had
to make a decision regarding which lever to push (i.e. at the end of the delay, when both
levers were inserted again). In the delayed non-matching test, almost all responses were
made without hesitation or apparent interest in the other lever. This was most likely
connected to the rats having well-developed strategies for remembering which lever to
push. In contrast, the rats in the delayed alternation test frequently showed a correction
behavior. During this, the rats would initially move towards one lever, but abruptly
change their focus and ultimately respond to the other one. This was considered a
correction behavior as it resulted in a correct response in over 90% of the cases.
Interestingly, WT rats showed this behavior more frequently than BACHD rats. Further,
investigation of hypothetical data where all rats responded according to their initial
lever focus indicated no performance difference between the genotypes. Thus, although
the behavioral basis for the BACHD rats’ impairment in the delayed non-matching test
remains unclear, the cause of their general alternation deficit was likely related to a
reduced ability to inhibit ongoing erroneous motor responses. This could in turn be
related to impairments in various sub processes, such as impaired attention (i.e. failure
to realize that they are about to make a mistake), or more directly impaired motor
inhibition (i.e failure to inhibit a response, once the rat has realizes that it is erroneous).
As described in detail in the publication, there were additional behavioral changes
among BACHD rats, although their contribution to the overall impairment was likely
small.

Connection to other HD models, and HD patients

An overall reduced performance, without indications of impaired short-term memory,
has previously been seen for knock-in mouse models of HD in both the delayed
alternation and the non-matching tests?62263, No detailed investigation of the exact
behavioral basis of these phenotypes was made. Delayed alternation performance has
also been assessed in the TgHD rats, although they were found to not be impaired402.

The two specific test protocols applied here are rarely used in studies on humans, due to
their simplicity. However, HD patients have been assessed in the arguably similar
pattern matching to sample test®’. In this test, patients are first shown an abstract
pattern and are then asked to select it from a set of four patterns, displayed after a
certain delay. Similar to the current results, HD patients appeared to be generally
impaired in the pattern-matching task, while showing intact short-term memory®’.

The ability to stop an initiated motor response can be specifically assessed with stop-
signal tests#03-407 Briefly, test subjects are first trained to perform a specific movement
(or series of movements) during a set of training trials. Afterwards, their ability to stop
the movement is assessed by presenting a stop signal, while the movement is being

37



Results and discussion
BACHD rats’ performance in two tests of short-term memory function

performed. The test usually involves presenting the stop signal during both early and
late phases of the movement, to estimate the test subject’s reaction time. Interestingly,
there are indications that HD patients are impaired in such tests, suggesting a similar
pathology as the one found for the BACHD rats108.

Possible mechanisms

Performance in the delayed alternation and delayed non-matching to position test have
been found to be sensitive to lesions of several brain structures, including the prefrontal
cortex, striatum and hippocampus3?3-401, Lesions have been found to result in both
delay-dependent and delay-independent deficits, likely depending on the extent of the
lesions and the specific neuron populations that are affected. However, the exact
neuronal circuits responsible for optimal performance in the tests are not clear. More
detailed findings have been made on stop-signal protocols adapted for rodents, where
performance appears to be governed by circuits involving the orbitofrontal cortex,
dorsomedial striatum and subthalamic nucleus*?3-407, Thus, the BACHD rats’
performance deficit in the delayed alternation test might stem from pathology in these
brain regions.

As BACHD rats were found to be specifically impaired on delayed non-matching to
position trials, rather than the basic non-matching task, we hypothesized that the
behavioral basis of their impairment would relate to a specific change in their behavior
during the delay steps. As noted, both WT and BACHD rats used specific body
movements during the delays, which clearly indicated which lever they intended to
respond to. Successful trials were generally connected to rats maintaining a strong focus
on the correct lever. Only limited research has been made regarding mediating
behaviors and strategies used by rats in the delayed alternation and non-matching tests.
However, one study described similar behaviors as the ones discussed here for the
delayed non-matching to position test*°8, The authors further noted that an overall
impaired performance was connected to the rats having an increased frequency of
changing their focus from one lever to another during the delays. Such a behavioral
change could explain the generally reduced success rate among BACHD rats, although it
was not apparent in the video scoring results. It is, however, possible that the current
analysis simply failed to reveal it due to the limited data available and the subtle success
rate phenotype.

Summary and Outlook

The BACHD rats showed impaired performance in both the delayed alternation and the
delayed non-matching to position tests. Neither deficit was affected by a shift in
motivational state among WT rats, suggesting that the phenotypes were caused by
cognitive differences, rather than motivational. The impaired alternation behavior
among BACHD rats appeared to be caused by an inability to stop ongoing motor
responses, which is similar to symptoms found in HD patients. The behavioral basis of
the impairment seen in the delayed non-matching to position test is still unclear,
although it likely differs from the delayed alternation impairment.

Further work should focus on the delayed alternation phenotype, as that was the more

apparent one. Inactivation studies should be performed to evaluate if expression of
mutant huntingtin in the orbitofrontal cortex, dorsomedial striatum and subthalamic
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nucleus might be causing the BACHD rats’ impaired performance. In addition, the rats’
performance in an actual stop-signal test should be assessed.
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V.
BACHD rats show impaired response inhibition in specific situations

Current findings

Response inhibition can be divided into two separate processes, withholding responses
and stopping already initiated responses*%5409, These aspects can be assessed with
different Skinner box-based behavioral protocols#05410-420, The ability to withhold
responses can be evaluated in different versions of differential reinforcements of low-
rates of responding (DRL) protocols#*19-415 and Go/No-Go protocols264416-418  Ag noted

above, the ability to stop initiated motor responses is commonly assessed in stop signal
tests403-406,419,420

In DRL protocols the Skinner boxes are typically set up with one lever being inserted
and available to the rat during the full test session*10-415 At the start of the session,
pushing the lever once will result in a reward pellet being delivered. Afterwards, the
lever is inactive for a predetermined and fixed length of time. Pushing the lever during
this inactive phase does not result in the delivery of a reward pellet. Instead, it restarts
the timer for the inactive phase. Thus, in order for the lever to once again be active, the
rats have to withhold lever responses for the full duration of the inactive phase. Notably,
the active/inactive status of the lever is generally not signaled to the rat, meaning that
they have to rely on their internal time-assessment abilities410-415, We have evaluated
the BACHD rats’ performance in different DRL protocols (Appendix III). Our initial study
used a protocol where the lever’s active status was indicated with a cue light, and the
inactive phase was set to five seconds. The BACHD rats showed a stable impaired
performance in the test, suggesting that they had general problems withholding lever
responses. However, the rats had been given extensive training on a continuous
reinforcement protocol (where each lever push results in pellet delivery) prior to DRL
training. Thus, it was unclear if the BACHD rats’ impaired performance represented a
difficulty in strategy adjustment, rather than a general inhibitory control deficit. In a
follow-up study we gave rats only a brief training on the continuous reinforcement
protocol (some training is necessary as a part of shaping the basic lever response),
before presenting them with a DRL protocol that used cue lights and inactive phases of
varied duration. Interestingly, the BACHD rats showed comparable performance to WT
rats, with very high success rates, despite the inactive phases being up to 20 seconds
long. Thus, BACHD rats did not appear to have general problems to withhold lever
responses, although such phenotypes might become apparent when rats need to apply
inhibitory control to situations that have previously not required it.

The results from our DRL tests are largely in line with results from a Go/No-Go test that
was performed in parallel (Appendix II). Go/No-Go tests also evaluate the rats’ ability to
withhold lever responses, but through a slightly different approach. In general, Go/No-
Go protocols are based on training animals to discriminate between two different
cues*1® or conditions264415417418 These indicate if responses will be rewarded (Go
condition/cue) or not (No-Go condition/cue). Protocols differ in terms of their specific
trial structure, and whether withholding responses during No-Go condition/cues is
reinforced415416 or not264417.418 [n addition, the protocols generally switch between Go
and No-Go conditions regardless of the rats’ responses?64416-418 We assessed the BACHD
rats’ performance in a symmetrically reinforced Go/No-Go test (Appendix II), using the
same Skinner box setup as described for the short-term memory tests. The test sessions
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were divided into several separate trials. The response levers remained retracted and
unavailable to the rats between trials. Each trial followed a similar structure, where one
of two light cues was first presented for five seconds. This was followed by the insertion
of one lever. One of the cues was used to signal Go trials, meaning that the rats needed to
respond to the lever in order to obtain a food reward. The other cue was used to signal
No-Go trials, meaning that the rats needed to withhold a lever response in order to
obtain a food reward. Time limits were set during the lever presentation phase, so that
rats had to perform a lever response within a certain amount of time, or withhold
responses for a certain amount of time, in order to obtain rewards. The rats were first
given brief training aimed at shaping a reliable response on Go trials. Afterwards,
sessions contained an equal number of Go and No-Go trials. Due to their initial training,
rats frequently responded to the lever during No-Go trials. In order to facilitate
association of the No-Go cue with the possibility of getting a pellet reward if no response
was performed, the duration of No-Go trials was initially kept short. Through this, the
rats would frequently not manage to respond to the lever before the trial was over and
were thus presented with several accidental successes. This still only resulted in a
success rate of roughly chance level, and rats had to learn to discriminate the two cues
and respond accordingly to reach higher success rates. Once the rats achieved this, they
progressed trough a series of protocols where the duration of No-Go trials gradually
increased. Our findings indicated that BACHD rats were reliably impaired during the
initial stages of this training, where they had to learn to discriminate the two light cues
and respond accordingly. The impairment was primarily evident as a failure to withhold
responses during No-Go trials. However, once they had learned to do this, they appeared
to be unimpaired when forced to withhold responses for longer periods of time.

The control test used in the progressive ratio, delayed alternation and delayed non-
matching to position tests (i.e. assessing WT rats’ performance on two different food
restriction levels) was not suitable to evaluate the influence of motivation on the Go/No-
Go test’s readouts. This was primarily due to the former tests focusing on baseline
behaviors, while the latter focused on learning. Instead, WT and BACHD rats were
maintained on different restriction levels from the outset of the test (95% and 85%
respectively). The rats were assessed in a progressive ratio test at the end of the study,
in order to evaluate if this had indeed avoided motivational differences. The results of
this indicated that WT and BACHD rats were equally motivated to work for a food
reward (Appendix II).

Ultimately, our results indicated that BACHD rats are not generally impaired concerning
withholding lever responses, although they appear to have some deficits in applying
inhibitory control to settings that previously did not require any. The exact point where
this becomes apparent appears to differ between protocols (i.e. reliably present at the
outset of the Go/No-Go test, but for DRL tests only when extensive lever training has
been given), which likely relates to differences in where the main inhibitory challenge
lies in the given protocols. Notably, the transient nature of this phenotype is different
from the BACHD rats’ likely impairment in inhibiting ongoing motor responses (as
discussed for the delayed alternation test), as that phenotype appears to be a stable
baseline phenotype rather than a learning impairment.
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Connection to other HD models, and HD patients

Only limited amounts of work has been performed on inhibitory control and HD animal
models. Still, one study found subtle impairments in a Go/No-Go protocol among knock-
in and fragment mouse models, while the performance of BACHD mice was
unimpaired?64. The particular protocol used in that study was, however, not directly
comparable to the one used in our study. HD patients have been found to show impaired
abilities to withhold responses on a Go/No-Go protocol more similar to the one used by
us'%9. However, only a brief test was performed in that study, and it is unclear if patients
could have reached normal accuracy if given enough training.

Others have assessed the BACHD rats in a series of inhibitory control tests, including the
DRL test?87.288, Their study used a more classical DRL protocol, with a fixed inactive
phase for the lever, and without light cues. Interestingly, they did not find any
impairment during the initial training, when the inactive phase was set to five seconds,
but only when the rats were switched to a protocol where the inactive phase was set to
ten seconds. Although their interpretation was that the phenotype indicated a general
deficit in response inhibition, their study did not include any control tests for evaluating
if the phenotype was caused by a deficit in strategy adjustment (as indicated by our DRL
results).

Possible mechanisms

As noted, the ability to stop an initiated motor response appears to be dependent on
circuits involving the orbitofrontal cortex, the dorsomedial striatum, and the
subthalamic nucleus#03-405407419 " The involvement of the orbitofrontal cortex in
performance on Go/No-Go protocols is unclear495407, while the subthalamic nucleus
appears to be involved#03421422_ As noted, BACHD rats appear to have a general deficit in
stopping ongoing motor responses but largely intact ability to withhold inappropriate
responses. Thus, it is possible that the neuropathology of the orbitofrontal cortex and
dorsomedial striatum is more pronounced that pathology of the subthalamic nucleus in
the BACHD rats. Involvement of the striatum in Go/No-Go protocols is unclear40>407,
while DRL performance is primarily governed by the ventral striatum#12-414, As no overt
DRL impairment appears to be present among BACHD rats it is likely that pathology in
the ventral striatum is also limited.

As noted, the BACHD rats’ deficits concerning withholding lever responses appear to be
dependent on situations where they have to apply inhibitory control to situations that
previously have not required it. This deficit might relate to the impaired performance
during attentional set-shifting tasks, which has been seen among HD patients104105,
During these tests, patients are trained to respond to one kind of visual stimuli, but
ignore another kind. At certain points the protocol changes, so that patients have to
respond to the previously ignored stimulus, while ignoring the previously important
one. The processes of learning to respond to a previously unimportant stimulus while at
the same time inhibiting responses to the previously important stimulus are thought to
be dissociable1%. Interestingly, HD patients appear to show specific impairments in the
latter process!9>. Similar deficits have been found in rats with lesions to the dorsomedial
striatum, medial prefrontal cortex, and orbitofrontal cortex*23-425, Still, as discussed in
Appendix II, the BACHD rats’ impaired performance in the Go/No-Go protocol could also
be due to deficits in attention and visual acuity.
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Summary and Outlook

The BACHD rats’ exact impairment in inhibitory control is still largely unclear, although
our results indicate a general impairment in inhibiting ongoing motor responses,
combined with slowed learning to withhold responses in certain situations. Still, the
validity of this hypothesis has to be evaluated. The Go/No-Go study was well designed,
but proper studies of the rats’ performance in DRL and stop-signal tests are needed. In
addition, control tests that specifically evaluate the rats’ attention and visual acuity have
to be performed. Once, this has been achieved, and the phenotypes have been
determined, inactivation studies of brain regions such as the orbitofrontal cortex and
dorsomedial striatum might be of interest.
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Concluding remarks

Phenotype overview

In summary, the current project achieved several aspects of the initial aims. The
overarching metabolic phenotype of male BACHD rats was confirmed, suggesting HD-
related pathology of the hypothalamus in general, and of the arcuate nucleus in
particular. Strategies for how to efficiently work with BACHD rats in food-reinforced
operant conditioning tests were evaluated, concluding that the use of control tests is
critical, as there is likely no optimal food restriction protocol available. The use of such
control tests aided the identification of phenotypes that are likely to be caused by HD-
related pathology of fronto-striatal circuits. These concerned slowed pellet retrieval and
an increased tendency to perform perseverative lever pushes in the progressive ratio
test, which might indicate pathology of the dorsolateral striatum. It further concerned an
overall impaired performance on the delayed alternation test, which appeared to be
connected to BACHD rats’ inability to stop ongoing motor responses. As noted, this
impairment could be caused by HD-related pathology of the orbitofrontal cortex and
dorsomedial striatum.

Lack of progressive phenotypes

As HD is a progressive disease one would expect that disease-related phenotypes of
BACHD rats would also worsen with age. This was, however, not generally seen for the
phenotypes described above (Publication I-III, Appendix II). Progressive change in
phenotype severity among BACHD rats has been found in several tests, including the
Rotarod174206, Elevated plus mazel74, gait analysis174206, and Open field activity2%6. These
studies used age-spans comparable to what was used in the current project, so a
progression was expected. The current studies did, however, involve intense training in
operant conditioning protocols, which could be argued to constitute a kind of
environmental enrichment. As environmental enrichment has been found to have strong
therapeutic effects in both HD14258.261,426427 and other neurodegenerative diseases*28429,
it is possible that the BACHD rats’ intense training had a prophylactic effect on disease
progression. It should also be considered that no overt cell loss has been found in
BACHD rats, and the noted progressive neuropathology primarily concerns gradual
accumulation of huntingtin aggregates and a late-onset loss of D2 receptors'’4 Thus,
while the neuropathology causing the noted progressive phenotypes might be affected
by the gradual accumulation of aggregates, this process might not have any impact on
the phenotypes discussed in the current thesis. Such non-progressive pathologies might
instead be due to developmental deficits. Finally, it should be considered that the
apparent age progression seen in other behavioral tests might be confounded by other
factors. As an example, BACHD rats that are trained on the Rotarod have been found to
become increasingly anxious with repeated exposure, and the apparent age progression
could be caused by psychiatric rather than motoric phenotypes (unpublished data).
Similarly, Open field activity has been assessed by repeatedly exposing rats to a specific
arena, and the apparent age progression might be influenced by differences in
habituation.

Limitations and weak points

The current project is not without shortcomings and weak points. A major limitation is
that only male BACHD rats were assessed. This was primarily due to convenience, and
the fact that all characterization made prior to the start of this project had focused on
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males. Current efforts are being made to also characterize females, which have so far
indicated that their metabolic phenotype differs somewhat from males’ (unpublished
data). Similar discrepancies have been seen in BACHD mice?’4. Another clear
shortcoming is that although the discussion above has pointed out several brain regions
of interest, there was no possibility to properly investigate their involvement in the
noted phenotypes. This was primarily due to time constraints. The major weak point of
the study is that no controls were made to evaluate if phenotypes were caused by
insertional mutagenesis (i.e. the process of transgenic constructs affecting the
expression of genes at their insertion site*30-432), Previous studies have included rats
from the TGY line as controls!74, as phenotypes caused by mutant huntingtin expression
should be present but weaker compared to the TG5 line. This was omitted in the current
study due to time and space limitations. However, the behavioral phenotypes found in
the current study were largely in line with literature concerning other HD models and
animals with HD-related brain lesions. Thus, it is unlikely that insertional mutagenesis
had a major influence.

BACHD rats as a model for HD

A large part of the characterization work of any disease model aims to evaluate to what
extent it models the actual disease. In this aspect, the BACHD rats show both similarities
and differences according to the discussion above. It is important to note that symptoms
vary strongly between HD patients>6-5864 and it is arguable that an animal model based
on inbred animals is likely to only model a subgroup of patients. Unfortunately, there
has to our knowledge not been extensive studies done on subtyping HD patients based
on their symptoms. Thus, specific knowledge of which patient group might be well
modeled by the BACHD rats is unclear.

Another important aspect is to understand the strengths and weaknesses of a given
animal model. BACHD rats were established primarily due to rats having certain benefits
over mice in general. In brief, rats’ larger size means that imaging techniques and
intracranial injections can be made with greater ease*33-435, In addition, larger volumes
of tissue samples can be gathered433436, Finally, rats are more convenient to work with
in operant conditioning tests262.393433, These factors can to a large extent not be refuted,
and thus constitute clear benefits of the BACHD rats. A weakness of a similar kind is that
rats require more space, and thus put higher demands on housing facilities. When
considering strengths and weaknesses in terms of behavioral work, BACHD rats are
likely comparable to other animal models of HD. Thus, when assessing activity one
would always have to consider that a reduced activity in an HD model could be
influenced by both motoric and psychiatric impairments. The same would be true for
motivational phenotypes in the progressive ratio test. Similarly, a reduced food
consumption rate does not necessarily mean that rats are less hungry. This list of
examples can be made long. Ultimately, although the current thesis has focused much on
the difficulty of obtaining valid results for BACHD rats, the possible confounding factors
that have been considered are quite general to HD models. Thus, the current project has
benefitted the BACHD rat project as a whole, and put us ahead of the characterization
work of many other models, as these topics are only rarely brought up282.
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General outlook

As noted, the BACHD rats show several phenotypes that could be of use in preclinical
evaluation of HD treatments. However, the exact validity of these phenotypes still has to
be confirmed by evaluating the underlying neuropathology. Histological analysis is likely
of little use for this purpose, as BACHD rats do not show any extensive
neuropathology!74. Instead, further research should focus on evaluating behavioral
performance in BACHD rats, following an inactivation of mutant huntingtin expression
in the brain regions of interest.
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Figure 1. The human basal ganglia and frontal cortex, part 1.

A displays a list of the different neuronal nuclei that make up the basal ganglia of humans [1,2]. B displays
the classic concept of how neuronal signals pass through the basal ganglia. Solid arrows indicate tonic
signals, while transient signals are indicated with dotted arrows. Excitatory signals are indicated with
pointy arrowheads, while inhibitory signals are indicated with blunt arrowheads. Neuronal signaling
through the basal ganglia can be considered to start with the excitatory glutamatergic signals that come
from cortical neurons and target the medium spiny projection neurons of the striatum. Stimulation of these
neurons results in subsequent inhibition of the internal and external segments of the globus pallidus,
targeted by D1- and D2-containing neurons, respectively. These signals serve to reduce the tonic inhibition
that the internal and external segments of globus pallidus exert on the thalamus and subthalamic nucleus,
respectively. The D1 neurons’ signaling to the internal segment of globus pallidus makes up the so-called
direct pathway. The D2 neurons’ signaling through the external segment of globus pallidus and subthalamic
nucleus makes up the so-called indirect pathway. These two pathways counteract each other, as stimulation
of the direct pathway results in reduced inhibition of the thalamus, while stimulation of the indirect
pathway results in increased inhibition of the thalamus, through the disinhibition of the subthalamic
nucleus, which subsequently stimulates the external segment of globus pallidus. A given action/movement
is promoted when the ultimate result of signaling through the basal ganglia results in reduced inhibition of
the thalamus. As such, increased signaling through the direct pathway promotes actions/movements while
increased signaling through the indirect pathway inhibits it. The striatum also receives dopaminergic input
from the substantia nigra pars compacta and ventral tegmental area. This serves an important modulatory
effect, as dopamine stimulates D1 neurons (i.e. promotes signaling through the direct pathway) and inhibits
D2 neurons (i.e. inhibits signaling through the indirect pathway) [1]. C displays anatomical sketches of
various brain regions that are of interest for the current thesis [1]. Abbreviations (in chronological order):
D1 - Dopamine receptor 1, D2 - Dopamine receptor 2, GPi - Globus pallidus pars interna (internal segment),
GPe - Globus pallidus pars externa (external segment), SNc - Substantia nigra pars compacta, VTA - Ventral
tegmental area, STN - Subthalamic nucleus, FPC - Frontal pole cortex, dmPFC - dorsomedial Prefrontal
cortex, PrMc - Premotor cortex, MC — Motor cortex, vmPFC - ventromedial Prefrontal cortex, dACC - dorsal
Anterior cingulate cortex, OFC - Orbitofrontal cortex, vIPFC - ventrolateral Prefrontal cortex, dIPFC -
dorsolateral Prefrontal cortex, N. accumbens - Nucleus accumbens.
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Figure 2. The human basal ganglia and frontal cortex, partII.

A displays anatomical sketches of two coronal sections taken at different locations along the rostro-caudal
axis of the human brain. The locations of various basal ganglia components are indicated. B displays a sketch
indicating where cortical projection neurons from different regions of the prefrontal cortex synapse on
striatal neurons. Note that the sketch displays the rostral striatum, comparable to the leftmost sketch in A
[1]. C displays a short list of suggested functions for different regions of the prefrontal cortex that are of
interest for the current thesis. Abbreviations (in chronological order): N. accumbens - Nucleus accumbens,
PrM - Premotor cortex, M — Motor cortex, dPFC - dorsal Prefrontal cortex, dACC - dorsal Anterior cingulate
cortex, OFC - Orbitofrontal cortex, vimPFC - ventromedial Prefrontal cortex, dIPFC - dorsolateral Prefrontal
cortex, VIPFC - ventrolateral Prefrontal cortex.
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Figure 3. The rat basal ganglia and frontal cortex, part L.

A displays a list of the different neuronal nuclei that make up the basal ganglia of rats. Notable differences
between the rat and human anatomy are described [1]. B displays a series of sketches that indicate the
anatomical location of various cortical regions of interest, and basal ganglia components, along the rostro-
caudal axis of the rat brain [2]. Abbreviations (in chronological order): IL - Infralimbic cortex, PrL -
Prelimbic cortex, Cgl - Cingulate cortex area 1, Cg2 - Cingulate cortex area 2, M1 — Motor cortex 1, M2 -
Motor cortex 2, Fr3 - Frontal cortex area 3, LO - Lateroorbital cortex, VO - Ventroorbital cortex,
N.Accumbens - Nucleus accumbens.
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Figure 4. The rat basal ganglia and frontal cortex, partII.

A displays a sketch indicating where cortical projection neurons from different regions of the prefrontal
cortex snapse on striatal neurons. Note that the sketch displays the rostral striatum, comparable to the
middle sketch in Figure 3B [1]. B displays a short list of suggested functions for different regions of the
prefrontal cortex that are of interest for the current thesis. Abbreviations (in chronological order): M1/2 -
Motor cortex 1/2, ACg - Anterior cingulate cortex (Includes Cg1 and Cg2), dPrL - dorsal Prelimbic cortex,
vPrL - ventral Prelimbic cortex, IL - Infralimbic cortex, mPFC - medial Prefrontal cortex, OFC - Orbitofrontal
cortex.
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Figure 5. Skinner box system used in the current thesis

A shows a sketch of one of the Skinner boxes used for the various behavioral tests described in Publication
I-11I, and Appendix Il and III. The noted components are a reward pellet feeder (1), a pellet receptacle (2), a
large cue light (3), a retractable lever (4), a house light (5) and a water bottle (6). Note that the sidewalls
and door of the Skinner box have been omitted from the sketch. B shows a photo from inside the Skinner
box, with a rat interacting with one of the response levers.

57



Acknowledgements

Acknowledgements

This thesis represents some form of end, or at least turning point, for all the years I have
spent reading books and articles at different universities. As such, there are several
people that have in different ways been important for the initiation and completion of it.
In order to give fair mention to all (or at least the most important ones) [ will go through
them in a roughly chronological order. Titles are included where it felt appropriate.
Although most people should by now be referred to as Dr. so and so, that was not
necessarily how I got to know them, and therefore not how I chose to address them here.

My parents, Kerstin Jansson and Bo Jansson, are naturally to thank/blame for most of
what [ am, and if they would not have convinced me to study science in high school, it is
a safe bet that there would not be a doctoral thesis with my name on it (for better or
worse). Professor Ragnar Mattsson of Lund University had a brief but significant role,
as he pointed me in the direction of animal models and suggested an interesting
research group for my first Master thesis project. As a result, I spent a year working in
the Medical Inflammation Research group, run by Professor Rikard Holmdahl, at the
Karolinska Institute in Stockholm. The importance of this year cannot be overstated, as
it was during this time that [ warmed up to the idea of doing a PhD project (even if I had
not yet figured out which specific topic to pick). This was in every possible way thanks
to the supervision and research project given to me by Rikard Holmdahl and Dr. Johan
Backlund, and the terrific set of colleagues and friends that I met in Stockholm. This
included the people of the fabled house in Solna, i.e. beefcake Jonatan Tuncel, who
taught me the joys of working while being hungover, cynic Sabrina Haag for the fruitful
discussions about the benefits of workaholism, and martial art surfer Michael Forster
for just being an all around delightful gossipy German person. Other MIR colleagues,
including Franziska Lange with kids, Bruno Raposo with dreams, and Christoph
Kessel with good taste in music also played crucial roles. This was also true for friends
outside of the work group, such as Juha Ojala and Radiosa Gallini who helped make
the Solna house parties extravagant, and David Stigson who let me hang out in the
back-stage area of the local student pub. Sabrina deserves additional thanks, as it was
through her that I got in contact with a set of characters from Tiibingen, and if I would
not have met them it is unlikely that I would have found it interesting to go here at all.
Among these, Maren Rautenberg deserves special mention as she helped a lot during
my initial move to Germany.

The research work done in Tiibingen would also not have turned out half as fun without
a set of good colleagues by my side. On some level this included all members of the HD
group, and all people attending the annual Medical Genetics Christmas parties and
Betriebsausfliige, although some deserves special mention. Among these there was
certified French person Nicolas Casadei, who dragged me along to countless social
events, including jam sessions, video game evenings, dinner parties, regular parties,
weekend trips to odd places, and the almost surreal singles summer of 2011. Several
other people were regular attendees on these spectacles, including Mr. Conspiracy
himself Esteban Portal, Meike Diepenbroek the Queen of cocktail evenings and
Rotarod, the fabulous Alexandra Kelp, Janine Magg and her disturbingly fancy cars,
Jonasz Weber the King of Western blots and Jana Ratke the Russian hope. Nicolas and
Esteban deserves additional mention due to their involvement in the Stockholmesque

58



Acknowledgements

shared apartment in the Neckarhalde, through which I met great people like the
whirlwind of astrophysics that is Sara Saeedi, and experienced a series of spectacular
parties and graffiti-related events. Esteban also deserves an additional “thank you” for
introducing me to the joys of creating analysis scripts in R. Without this method I would
not have been able to investigate all the interesting details in my behavioral data.

Although many colleagues offered important comments and support with my research
work, few had to put up with as much as my current and future coauthors Giuseppe
Manfré, Arianna Novati, Benedikt Fabry, and colleague/flat mate Laura Clemens.
Your suffering will eventually be repaid with glorious open access articles.
Colleague/flat mate Laura deserves extra mention due to her tireless work with animal
dissections, never-ending patience with my discussion-monologues, and for being the
only one who ever really cleaned the Neckarhalde apartment. Finally, Celina Tomczak
has my eternal gratitude for organizing genotyping and breeding of all animals that |
worked with.

During 2012 I was sent to do some work and training in Orsay, “just” outside of Paris.
Although there weren’t many interesting results coming out of that work, it gave me
good and detailed experience with the Coulbourn operant conditioning chambers, which
served as a corner stone of the work that followed. Because of this [ would also like to
express my sincere gratitude to Valérie Doyere and Nicole El Massioui, who trained
me and supervised my work there.

The final work-related acknowledgements go to my supervisors Professor Olaf Riess,
and Dr. Huu Phuc Nguyen, who helped me through these years of chaos. I know that I
have been given several favors in order to obtain the necessary equipment and time
needed to complete this project, and I certainly hope that you, like me, think that it was
worth it. [ am also grateful for having the possibility of taking the project in whichever
direction I thought was the most interesting, as [ am sure you occasionally thought that
another focus would have made more sense.

A notable local friend outside of the lab has been Martin Schlag, who has given me
countless memories of Ska concerts and other fun stuff, including the most entertaining
moving [ ever helped anyone with, where furniture came in an even mix with foam
swords and modified Nerf guns. My remaining close friends in Sweden also deserve to
be mentioned, as they make every visit back home great, and continue to put up with
this long distance relationship, even if [ miss out on so many important and everyday
events. I guess that it also means that the reclusive Pontus Eriksson, the handsome
Axel Sveningsson, the army men Jonas Holmberg and Andreas Wirstam, as well as
everyone’s favorite couple Alexander & Jenny Jakobsen are really in it for the long run.
Naturally, I also appreciate the continued support from all my family members including
my brothers Gustav Jansson and Oskar Jansson, my fancy old granny Elsy, and all the
rest (you know who you are).

59



Acknowledgements

A final massive thanks is given to girlfriend/fiancé/wife Laura Clemens/Clemensson.
The endless support and patience you have had for me despite my obsessive work
behavior and the slightly detrimental lifestyle that followed has been absolutely crucial.
Without you throwing food at me, listening to my endless rants, convincing me to every
now and then take a break, and offering promises of a decent way of life when this whole
mess was done, [ would have most likely gotten fully absorbed in a bubble of pure
crankiness. In this state I would probably still have written a thesis of some sort, but I
would not have had half as many fond memories to look back on, and I would likely to a
much larger extent wonder if it was really worth the effort. Instead, | wake up everyday
to a symphony of sounds from our Kleinchen Helena Clemensson and know that at
least some of my life decisions made sense.

60



61



References

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Pringsheim T, Wiltshire K, Day L, Dykeman ], Steeves T, Jette N. The incidence and prevalence of
Huntington’s disease: A systematic review and meta-analysis. Mov Disord. 2012;27(9):1083-1091.
d0i:10.1002/mds.25075.

Rawlins MD, Wexler NS, Wexler AR, et al. The prevalence of huntington’s disease.
Neuroepidemiology. 2016;46(2):144-153. doi:10.1159/000443738.

Gusella JF, MacDonald ME, Lee J-M. Genetic modifiers of Huntington’s disease. Mov Disord.
2014;29(11):1359-1365. doi:10.1002/mds.26001.

Arning L, Epplen JT. Genetic modifiers of Huntington’s disease: beyond CAG. Future Neurol.
2012;7(1):93-109. d0i:10.2217/fnl.11.65.

MacDonald ME, Ambrose CM, Duyao MP, et al. A novel gene containing a trinucleotide repeat that
is expanded and unstable on Huntington’s disease chromosomes. Cell. 1993;72(6):971-983.
doi:10.1016/0092-8674(93)90585-E.

Brinkman RR, Mezei MM, Theilmann ], Almqvist E, Hayden MR. The likelihood of being affected
with Huntington disease by a particular age, for a specific CAG size. Am | Hum Genet.
1997;60(5):1202-1210. doi:.

Duyao M, Ambrose C, Myers R, et al. Trinucleotide repeat length instability and age of onset in
Huntington’s disease. Nat Genet. 1993;4:387-392. d0i:10.1038/ng0893-387.

Stine OC, Pleasant N, Franz ML, Abbott MH, Folstein SE, Ross CA. Correlation between the onset age
of Huntington’s disease and length of the trinucleotide repeat in IT-15. Hum Mol Genet.
1993;2(10):1547-1549. doi:10.1093 /hmg/2.10.1547.

Lee JM, Ramos EM, Lee JH, et al. CAG repeat expansion in Huntington disease determines age at
onset in a fully dominant fashion. Neurology. 2012;78(10):690-695.
doi:10.1212/WNL.0b013e318249f683.

Andrew SE, Goldberg YP, Kremer B, et al. The relationship between trinucleotide (CAG) repeat
length and clinical features of Huntington’s disease. Nat Genet. 1993;4(4):398-403.
doi:10.1038/ng0893-398.

Nance MA, Myers RH. Junvenile Onset Huntington’s Disease- Clinical and Research Perspectives.
Ment Retard Dev Disabil Res Rev. 2001;7(3):153-157. d0i:10.1002/mrdd.1022.

Telenius H, Kremer HP, Theilmann ], et al. Molecular analysis of juvenile Huntington disease: the
major influence on (CAG)n repeat length is the sex of the affected parent. Hum Mol Genet.
1993;2(10):1535-1540. doi:10.1093 /hmg/2.10.1535.

Van Dellen A, Grote HE, Hannan A]. Gene-environment interactions, neuronal dysfunction and
pathological plasticity in Huntington'’s disease. Clin Exp Pharmacol Physiol. 2005;32(12):1007-
1019.d0i:10.1111/j.1440-1681.2005.04313.x.

Mo C, Hannan A], Renoir T. Environmental factors as modulators of neurodegeneration: Insights
from gene-environment interactions in Huntington'’s disease. Neurosci Biobehav Rev. 2015;52:178-
192. do0i:10.1016/j.neubiorev.2015.03.003.

Foroud T, Gray ], Ivashina ], Conneally PM. Differences in duration of Huntington'’s disease based
on age at onset. /| Neurol Neurosurg Psychiatry. 1999;66(1):52-56. d0i:10.1136/jnnp.66.1.52.
Rosenblatt A, Kumar B V., Mo A, Welsh CS, Margolis RL, Ross CA. Age, CAG repeat length, and
clinical progression in Huntington’s disease. Mov Disord. 2012;27(2):272-276.
doi:10.1002/mds.24024.

Rosenblatt A, Liang K-Y, Zhou H, et al. The association of CAG repeat length with clinical
progression in Huntington disease. Neurology. 2006;66(7):1016-1020.
doi:10.1212/01.wnl.0000204230.16619.d9.

Squitieri F, Cannella M, Simonelli M. CAG mutation effect on rate of progression in Huntington’s
disease. Neurol Sci. 2002;23(SUPPL. 2):107-108. doi:10.1007 /s100720200092.

Rosas DH, Reuter M, Doros G, et al. A tale of two factors: what determines rate of progression in
Huntington disease? A longitudinal MRI study. Mov Disord. 2011;26(9):1691-1697.
doi:10.1097/MPG.0b013e3181al5ae8.Screening.

Hendricks AE, Latourelle JC, Lunetta KL, et al. Estimating the probability of de novo HD cases from
transmission of expanded penetrant CAG alleles in the Huntington disease gene from male carriers
of high normal alleles (27-35 CAG). Am | Med Genet A. 2009;(7):1375-1381.
doi:10.1002/ajmg.a.32901.Estimating.

62



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

References

Falush D, Almqvist EW, Brinkmann RR, Iwasa Y, Hayden MR. Measurement of mutational flow
implies both a high new-mutation rate for Huntington disease and substantial underascertainment
of late-onset cases. Am | Hum Genet. 2001;68(2):373-385. d0i:10.1086/318193.

Kremer B, Almqvist E, Theilmann |, et al. Sex-dependent mechanisms for expansions and
contractions of the CAG repeat on affected Huntington disease chromosomes. Am | Hum Genet.
1995;57(2):343-350. doi:.

Trottier Y, Biancalana V, Mandel JL. Instability of CAG repeats in Huntington’s disease: relation to
parental transmission and age of onset. ] Med Genet. 1994;31(5):377-382.
doi:10.1136/jmg.31.5.377.

Adam OR, Jankovic ]. Symptomatic treatment of Huntington disease. Neurother | Am Soc Exp
Neurother. 2008;5(2):181-197. d0i:10.1016/j.nurt.2008.01.008.

Li S-H, Schilling G, Young WS, et al. Huntington’s disease gene (IT15) is widely expressed in human
and rat tissues. Neuron. 1993;11(5):985-993. doi:10.1016/0896-6273(93)90127-D.

Strong T V, Tagle D a, Valdes JM, et al. Widespread expression of the human and rat Huntington’s
disease gene in brain and nonneural tissues. Nat Genet. 1993;5(3):259-265. d0i:10.1038/ng1193-
259.

Sharp AH, Loev S], Schilling G, et al. Widespread expression of Huntington'’s disease gene (IT15)
protein product. Neuron. 1995;14(5):1065-1074. doi:10.1016/0896-6273(95)90345-3.

Marques Sousa C, Humbert S. Huntingtin: here, there, everywhere! | Huntingtons Dis.
2013;2(4):395-403. doi:10.3233/JHD-130082.

Hoogeveen AT, Willemsen R, Meyer N, et al. Characterization and localization of the Huntington
disease gene product. Hum Mol Genet. 1993;2(12):2069-2073. doi:.

de Rooij KE, Dorsman JC, Smoor MA, Den Dunnen JT, van Ommen GJ]B. Subcellular localization of
the Huntington’s disease gene product in cell lines by immunofluorescence and biochemical
subcellular fractionation. Hum Mol Genet. 1996;5(8):1093-1099. doi:10.1093 /hmg/5.8.1093.
Harjes P, Wanker EE. The hunt for huntingtin function: Interaction partners tell many different
stories. Trends Biochem Sci. 2003;28(8):425-433. doi:10.1016/S0968-0004(03)00168-3.

Li SH, Li X]. Huntingtin-protein interactions and the pathogenesis of Huntington'’s disease. Trends
Genet. 2004;20(3):146-154. d0i:10.1016/j.tig.2004.01.008.

Saudou F, Humbert S. The Biology of Huntingtin. Neuron. 2016;89(5):910-926.
d0i:10.1016/j.neuron.2016.02.003.

Paine H. Does loss of the normal protein function contribute to the pathogenesis of Huntington'’s
disease? Biosci horizons. 2015;8(hzv005):1-9. doi:10.1093/biohorizons/hzv005.

Vonsattel JPG, Keller C, Del Pilar Amaya M. The neuropathology of Huntington'’s disease. In:
Duyckaerts C, Litvan I, eds. Handbook of Clinical Neurology.Vol 89. 3rd ed. Elsevier B.V.; 2008:599-
618.d0i:10.1007/7854_2014_354.

Reiner A, Dragatsis I, Dietrich P. Genetics and neuropathology of huntington’s disease. Int Rev
Neurobiol. 2011;98:325-372. d0i:10.1016/B978-0-12-381328-2.00014-6.

Vonsattel JPG, Difiglia M. Huntington disease. ] Neuropathol Exp Neurol. 1998;57(5):369-384.
doi:10.1097/00005072-199805000-00001.

Mink JW. The basal ganglia: Focused selection and inhibition of competing motor programs. Prog
Neurobiol. 1996;50(4):381-425. d0i:10.1016/S0301-0082(96)00042-1.

Redgrave P, Prescott T], Gurney K. The basal ganglia: A vertebrate solution to the selection
problem? Neuroscience. 1999;89(4):1009-1023. doi:10.1016/S0306-4522(98)00319-4.
Kropotov JD, Etlinger SC. Selection of actions in the basal ganglia-thalamocortical circuits: Review
and model. Int | Psychophysiol. 1999;31(3):197-217. d0i:10.1016/S0167-8760(98)00051-8.
Lanciego L, Luquin N, Obeso A, Lanciego JL, Luquin N, Obeso JA. Functional neuroanatomy of the
basal ganglia. Cold Spring Harb Perspect Med. 2012;2(12):1-20. doi:10.1101/cshperspect.a009621.
Parent A, Hazrati LN. Functional anatomy of the basal ganglia. Rev Neurol. 1997;25 Suppl 2:S121-
S128.d0i:10.1002/mds.10138.

Alexander GE, DeLong MR, Strick PL. Parallel Organization of Functionally Segregated Circuits
Linking Basal Ganglia and Cortex. Annu Rev Neurosci. 1986;9:357-381.
do0i:10.1146/annurev.neuro.9.1.357.

Bonelli RM, Cummings JL. Frontal-subcortical circuitry and behavior. Dialogues Clin Neurosci.
2007;9(2):141-151. d0i:10.1001 /archneur.1993.00540080076020.

Gerfen CR. Synaptic organization of the striatum. J Electron Microsc Tech. 1988;10(3):265-281.
doi:10.1002/jemt.1060100305.

63



References

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

Vonsattel P, Myers RH, Stevens TJ, Ferrante R], Bird ED, Richardson ]r. EP. Neuropathological
classification of Huntington'’s disease. /] Neuropathol Exp Neurol. 1985;44(6):559-577.
doi:10.1097/00005072-198511000-00003.

Han [, YiMel Y, Kordower JH, Brady ST, Morfini GA. Differential vulnerability of neurons in
Huntington’s disease. | Neurochem. 2010;113(5):1073-1091. d0i:10.1111/j.1471-
4159.2010.06672 x.Differential.

Cicchetti F, Prensa L, Wu Y, Parent A. Chemical anatomy of striatal interneurons in normal
individuals and in patients with Huntington’s disease. Brain Res Rev. 2000;34(1-2):80-101.
doi:10.1016/S0165-0173(00)00039-4.

Reiner A, Albin RL, Anderson KD, D’Amato C], Penney ]B, Young AB. Differential loss of striatal
projection neurons in Huntington disease. Proc Natl Acad Sci U S A. 1988;85(15):5733-5737.
d0i:10.1073/pnas.85.15.5733.

Ferrante R], Kowall NW, Richardson EP, Bird ED, Martin JB. Topography of enkephalin, substance P
and acetylcholinesterase staining in Huntington’s disease striatum. Neurosci Lett. 1986;71(3):283-
288.d0i:10.1016,/0304-3940(86)90634-8.

Ferrante R], Flint Beal M, Kowall NW, Richardson EP, Martin |B. Sparing of acetylcholinesterase-
containing striatal neurons in Huntington’s disease. Brain Res. 1987;411(1):162-166.
doi:10.1016,/0006-8993(87)90694-9.

Dawbarn D, De Quidt ME, Emson PC. Survival of basal ganglia neuropeptide Y-somatostatin
neurones in Huntington’s disease. Brain Res. 1985;340(2):251-260. doi:10.1016/0006-
8993(85)90921-7.

Cicchetti F, Gould P V, Parent A. Sparing of striatal neurons coexpressing calretinin and substance
P (NK1) receptor in Huntington’s disease. Brain Res. 1996;730(1-2):232-237. d0i:10.1016/S0006-
8993(96)00307-1.

Zuccato C, Valenza M, Cattaneo E. Molecular Mechanisms and Potential Therapeutical Targets in
Huntington ’ s Disease. Physiol Rev. 2010;90(3):905-981. d0i:10.1152/physrev.00041.2009.
Damiano M, Galvan L, Déglon N, Brouillet E. Mitochondria in Huntington’s disease. Biochim Biophys
Acta - Mol Basis Dis. 2010;1802(1):52-61. doi:10.1016/j.bbadis.2009.07.012.

Marder K, Zhao H, Myers RH, Cudkowicz M, Kayson E. Rate of functional decline in Huntington'’s
disease. Neurology. 2000;54(2):1-17. doi:10.1212/WNL.54.2.452.

Thompson PD, Berardelli A, Rothwell JC, et al. The coexistence of bradykinesia and chorea in
Huntington’s disease and its implications for theories of basal ganglia control of movement. Brain.
1988;111(2):223-244. doi:10.1093 /brain/111.2.223.

Louis ED, Lee P, Quinn L, Marder K. Dystonia in Huntington’s disease: Prevalence and clinical
characteristics. Mov Disord. 1999;14(1):95-101. d0i:10.1002/1531-8257(199901)14:1<95::AID-
MDS1016>3.0.CO;2-8.

De Tommaso M, Nuzzi A, Dellomonaco AR, et al. Dysphagia in huntington’s disease: Correlation
with clinical features. Eur Neurol. 2015;74:49-53. d0i:10.1159/000435833.

Hunt VP, Walker FO. Dysphagia in Huntington’s disease. ] Neurosci Nurs. 1989;21(2):92-95. doi:.
Kagel MC, Leopold NA. Dysphagia in Huntington’s disease: A 16-year retrospective. Dysphagia.
1992;7(2):106-114. doi:10.1007 /BF02493441.

Leopold NA, Kagel MC. Dysphagia in Huntington’s Disease. Arch Neurol. 1985;42(1):57-60.
doi:10.1001/archneur.1985.04060010063017.

Anderson KE, Marder KS. An overview of psychiatric symptoms in Huntington’s disease. Curr
Psychiatry Rep. 2001;3(5):379-388. d0i:10.1007/s11920-996-0030-2.

Paulsen J., Ready R, Hamilton ], Mega M., Cummings ]J. Neuropsychiatric aspects of Huntington’s
disease. | Neurol Neurosurg Psychiatry.2001;5:310-314. doi:10.1136/jnnp.71.3.310.

van Duijn E, Craufurd D, Hubers A a M, et al. Neuropsychiatric symptoms in a European
Huntington’s disease cohort (REGISTRY). J Neurol Neurosurg Psychiatry. 2014;85(12):1411-1418.
doi:10.1136/jnnp-2013-307343.

Craufurd D, Thompson JC, Snowden ]S. Behavioral changes in Huntington Disease. Neuropsychiatry
Neuropsychol Behav Neurol. 2001;14(4):219-226. doi:.

van Duijn E, Reedeker N, Giltay E], Roos R a C, van der Mast RC. Correlates of Apathy in
Huntington’s Disease. ] Neuropsychiatry Clin Neurosci. 2010;22(3):287-294.
doi:10.1176/jnp.2010.22.3.287.

van Duijn E, Kingma EM, van der Mast RC. Psychopathology in verified Huntington’s disease gene
carriers. /| Neuropsychiatry Clin Neurosci. 2007;19(4):441-448.
doi:10.1176/appi.neuropsych.19.4.441.

64



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

References

Cambridge cognition Ltd. c2016. No Title. http://www.cambridgecognition.com/blog/entry/what-
is-cognition. Accessed July 13, 2016.

American psychological association glossary of psychological terms. No Title.
http://www.apa.org/research/action/glossary.aspx?tab=3. Accessed July 13, 2016.

Robins T-B, J. G. Cognition in Huntington’s Disease. In: Huntington’s Disease - Core Concepts and
Current Advances.Vol 1860. InTech; 2012. doi:10.5772/30930.

Montoya A, Price BH, Menear M, Lepage M. Brain imaging and cognitive dysfunctions in
Huntington’s disease. ] Psychiatry Neurosci. 2006;31(1):21-29. doi:.

Dumas EM, van den Bogaard SJA, Middelkoop HAM, Roos RAC. A review of cognition in
Huntington’s disease. Front Biosci (Schol Ed). 2013;5:1-18. d0i:10.1017/CB09781107415324.004.
Stout JC, Jones R, Labuschagne |, et al. Evaluation of longitudinal 12 and 24 month cognitive
outcomes in premanifest and early Huntington’s disease. /] Neurol Neurosurg Psychiatry.
2012;83(7):687-694. d0i:10.1136/jnnp-2011-301940.

Tabrizi SJ, Langbehn DR, Leavitt BR, et al. Biological and clinical manifestations of Huntington’s
disease in the longitudinal TRACK-HD study: cross-sectional analysis of baseline data. Lancet
Neurol. 2013;8(9):791-801. doi:10.1016/S1474-4422(09)70170-X.Biological.

Tabrizi SJ, Scahill RI, Durr A, et al. Biological and clinical changes in premanifest and early stage
Huntington’s disease in the TRACK-HD study: The 12-month longitudinal analysis. Lancet Neurol.
2011;10(1):31-42. doi:10.1016/S1474-4422(10)70276-3.

Tabrizi SJ, Reilmann R, Roos RAC, et al. Potential endpoints for clinical trials in premanifest and
early Huntington'’s disease in the TRACK-HD study: Analysis of 24 month observational data.
Lancet Neurol. 2012;11(1):42-53. d0i:10.1016/S1474-4422(11)70263-0.

Tabrizi SJ, Scahill RI, Owen G, et al. Predictors of phenotypic progression and disease onset in
premanifest and early-stage Huntington’s disease in the TRACK-HD study: Analysis of 36-month
observational data. Lancet Neurol. 2013;12(7):637-649. doi:10.1016/S1474-4422(13)70088-7.
Stout JC, Paulsen JS, Queller S, et al. Neurocognitive signs in prodromal Huntington disease.
Neuropsychology. 2011;25(1):1-14. doi:10.1037/a0020937.

Verny C, Allain P, Prudean A, et al. Cognitive changes in asymptomatic carriers of the Huntington
disease mutation gene. Eur ] Neurol. 2007;14(12):1344-1350. d0i:10.1111/j.1468-
1331.2007.01975.x.

Albert MS, Butters N, Brandt . Patterns of remote memory in amnesic and demented patients. Arch
Neurol. 1981;38(8):495-500. doi:10.1001 /archneur.1981.00510080057008.

Sadek JR, Johnson S a, White D a, et al. Retrograde amnesia in dementia: comparison of HIV-
associated dementia, Alzheimer’s disease, and Huntington’s disease. Neuropsychology.
2004;18(4):692-699. d0i:10.1037/0894-4105.18.4.692.

Caine ED, Hunt RD, Weingartner H, Ebert MH. Huntington’s dementia. Clinical and
neuropsychological features. Arch Gen Psychiatry. 1978;35(3):377-384. doi:.

Hodges JR, Salmon DP, Butters N. The nature of the naming deficit in Alzheimer’s and Huntington’s
disease. Brain. 1991;114(Pt 4):1547-1558. d0i:10.1093/brain/114.4.1547.

Hodges JR, Salmon DP, Butters N. Differential impairment of semantic and episodic memory in
Alzheimer’s and Huntington’s diseases: a controlled prospective study. ] Neurol Neurosurg
Psychiatry. 1990;53:1089-1095. doi:10.1136/jnnp.53.12.1089.

Rosser a, Hodges JR. Initial letter and semantic category fluency in Alzheimer’s disease,
Huntington’s disease, and progressive supranuclear palsy. /] Neurol Neurosurg Psychiatry.
1994;57(11):1389-1394. d0i:10.1136/jnnp.57.11.1389.

Butters N, Wolfe ], Granholm E, Martone M. An assessment of verbal recall, recognition and fluency
abilities in patients with Huntington’s disease. Cortex. 1986;22(1):11-32. d0i:10.1016/S0010-
9452(86)80030-2.

Lundervold A]J, Reinvang I, Lundervold A. Characteristic patterns of verbal memory function in
patients with Huntington’s disease. Scand | Psychol. 1994;35(1):38-47. doi-.

Moss, MB,, Albert, MS., Butters M et al. Differential patterns of memory loss among patients with
Alzheimer’s disease, Huntington’s disease, and alcoholic Korsakoff syndrome. Arch Neurol.
1986;19(3):517-524. doi:.

Butters N, Wolfe ], Martone M, Granholm E, Cermak LS. Memory disorders associated with
huntington’s disease: Verbal recall, verbal recognition and procedural memory. Neuropsychologia.
1985;23(6):729-743. doi:10.1016/0028-3932(85)90080-6.

Suhr JA, Jones RD. Letter and Semantic Fluency in Alzheimer’s, Huntington’s , and Parkinson’s
Dementias. Arch Clin Neuropsychol. 1998;13(5):447-454. doi:10.1093 /arclin/13.5.447.

65



References

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Montoya A, Pelletier M, Menear M, Duplessis E, Richer F, Lepage M. Episodic memory impairment
in Huntington’s disease: A meta-analysis. Neuropsychologia. 2006;44(10):1984-1994.
d0i:10.1016/j.neuropsychologia.2006.01.015.

Heindel WC, Butters N, Salmon DP. Impaired learning of a motor skill in patients with Huntington'’s
disease. Behav Neurosci. 1988;102(1):141-147. doi:.

Gabrieli JD, Stebbins GT, Singh ], Willingham DB, Goetz CG. Intact mirror-tracing and impaired
rotary-pursuit skill learning in patients with Huntington’s disease: evidence for dissociable
memory systems in skill learning. Neuropsychology. 1997;11(2):272-281. d0i:10.1037/0894-
4105.11.2.272.

Dumas EM, Say M]J, Jones R, et al. Visual Working Memory Impairment in Premanifest Gene-
Carriers and Early Huntington’s Disease. ] Huntingtons Dis. 2012;1(1):97-106. d0i:10.3233/JHD-
2012-120010.

Lawrence AD, Sahakian B], Hodges JR, Rosser AE. Executive and mnemonic functions in early
Huntington’s disease. Brain. 1996:1633-1645. d0i:10.1093 /brain/119.5.1633.

Lawrence AD, Watkins LH, Sahakian BJ], Hodges JR, Robbins TW. Visual object and visuospatial
cognition in Huntington’s disease: implications for information processing in corticostriatal
circuits. Brain. 2000;123(Pt. 7):1349-1364. d0i:10.1093 /brain/123.7.1349.

Wolf RC, Vasic N, Schonfeldt-Lecuona C, Ecker D, Landwehrmeyer GB. Cortical dysfunction in
patients with Huntington’s disease during working memory performance. Hum Brain Mapp.
2009;30(1):327-339. d0i:10.1002/hbm.20502.

Lange KW, Sahakian BJ], Quinn NP, Marsden CD, Robbins TW. Comparison of executive and
visuospatial memory function in Huntington’s disease and dementia of Alzheimer type matched
for degree of dementia. /] Neurol Neurosurg Psychiatry. 1995;58(5):598-606.
d0i:10.1136/jnnp.58.5.598.

Lemiere ], Decruyenaere M, Vandenbussche E. Longitudinal study evaluating neuropsychological
changes in so-called asymptomatic carriers of the Huntington’s disease mutation after 1 year. Acta
Neurol Scand. 2002;(4):131-141. d0i:10.1034/j.1600-0404.2002.01192.x.

Lemiere ], Decruyenaere M, Evers-Kiebooms G, Vandenbussche E, Dom PDR. Cognitive changes in
patients with Huntington’s disease (HD) and asymptomatic carriers of the HD mutation. / Neurol.
2004;251(8):935-942. doi:10.1007/s00415-004-0461-9.

Cowan N. What are the differences between long-term, short-term, and working memory? Prog
Brain Res. 2008;169(7):323-338. d0i:10.1016/S0079-6123(07)00020-9.What.

Diamond A. Executive Functions. Annu Rev Clin Psychol. 2014;64:135-168. d0i:10.1146/annurev-
psych-113011-143750.Executive.

Lawrence AD, Hodges JR, Rosser AE, et al. Evidence for specific cognitive deficits in preclinical
Huntington’s disease. Brain. 1998;121(7):1329-1341. d0i:10.1093/brain/121.7.1329.

Lawrence AD, Sahakian BJ, Rogers RD, Hodges JR, Robbins TW. Discrimination, reversal, and shift
learning in Huntington’s disease: Mechanisms of impaired response selection. Neuropsychologia.
1999;37(12):1359-1374. d0i:10.1016/S0028-3932(99)00035-4.

Sprengelmeyer R, Lange H, Homberg V. The pattern of attentional deficits in Huntington’s disease.
Brain. 1995;118(Pt 1):145-152. d0i:10.1093 /brain/118.1.145.

Roman M], Delis DC, Filoteo ] V, et al. Is there a “subcortical” profile of attentional dysfunction? A
comparison of patients with Huntington’s and Parkinson’s diseases on a global-local focused
attention task. J Clin Exp Neuropsychol. 1998;20(6):873-884. doi:10.1076/jcen.20.6.873.1111.
Rao JA, Harrington DL, Durgerian S, et al. Disruption of response inhibition circuits in prodromal
Huntington disease. Cortex. 2014;58(164):72-85. d0i:10.1016/j.cortex.2014.04.018.

Beste C, Saft C, Andrich ], Gold R, Falkenstein M. Response inhibition in Huntington’s disease-A
study using ERPs and sLORETA. Neuropsychologia. 2008;46(5):1290-1297.
doi:10.1016/j.neuropsychologia.2007.12.008.

Henderson T, Georgiou-Karistianis N, White O, et al. Inhibitory control during smooth pursuit in
Parkinson’s disease and Huntington’s disease. Mov Disord. 2011;26(10):1893-1899.
doi:10.1002/mds.23757.

Kalkhoven C, Sennef C, Peeters A, van den Bos R. Risk-taking and pathological gambling behavior
in Huntington’s disease. Front Behav Neurosci. 2014;8(April):1-12. doi:10.3389/fnbeh.2014.00103.
Duff K, Paulsen JS, Beglinger L], et al. “Frontal” behaviors before the diagnosis of Huntington’s
disease and their relationship to markers of disease progression: evidence of early lack of
awareness. | Neuropsychiatry Clin Neurosci. 2010;22(2):196-207. d0i:10.1176/jnp.2010.22.2.196.

66



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

References

Watkins LHA, Rogers RD, Lawrence AD, Sahakian BJ, Rosser AE, Robbins TW. Impaired planning
but intact decision making in early Huntington’s disease: Implications for specific fronto-striatal
pathology. Neuropsychologia. 2000;38(8):1112-1125. d0i:10.1016/50028-3932(00)00028-2.

Papp KV, Snyder PJ, Mills JA, et al. Measuring executive dysfunction longitudinally and in relation
to genetic burden, brain volumetrics, and depression in prodromal huntington disease. Arch Clin
Neuropsychol. 2013;28(2):156-168. doi:10.1093 /arclin/acs105.

Johnson SA, Stout JC, Solomon AC, et al. Beyond disgust: Impaired recognition of negative emotions
prior to diagnosis in Huntington’s disease. Brain. 2007;130(7):1732-1744.

d0i:10.1093 /brain/awm107.

Henley SMD, Wild EJ], Hobbs NZ, et al. Defective emotion recognition in early HD is
neuropsychologically and anatomically generic. Neuropsychologia. 2008;46(8):2152-2160.
doi:10.1016/j.neuropsychologia.2008.02.025.

Henley SMD, Novak MJU, Frost C, King ], Tabrizi S], Warren ]JD. Emotion recognition in Huntington'’s
disease: A systematic review. Neurosci Biobehav Rev. 2012;36(1):237-253.
doi:10.1016/j.neubiorev.2011.06.002.

Djoussé L, Knowlton B, Cupples L a, Marder K, Shoulson I, Myers RH. Weight loss in early stage of
Huntington’s disease. Neurology. 2002;59(9):1325-1330.
doi:10.1212/01.WNL.0000031791.10922.CF.

Farrer LA, Meaney F]. An anthropometric assessment of Huntington’s disease patients and
families. Am J Phys Anthr. 1985;67(3):185-194. doi:.

Trejo A, Tarrats RM, Alonso ME, Boll M-C, Ochoa A, Velasquez L. Assessment of the nutrition status
of patients with Huntington’s disease. Nutrition. 2004;20(2):192-196.
doi:10.1016/j.nut.2003.10.007.

Mochel F, Charles P, Seguin F, et al. Early energy deficit in Huntingdon disease: Identification of a
plasma biomarker traceable during disease progression. PLoS One. 2007;2(7).
doi:10.1371/journal.pone.0000647.

Gilbert GJ. Weight loss in Huntington disease increases with higher CAG repeat number. Neurology.
2008;73(7):1506-1513. doi:10.1212/WNL.0b013e3181af0cf4.

van der Burg JM, Bjorkqvist M, Brundin P. Beyond the brain: widespread pathology in Huntington’s
disease. Lancet Neurol. 2009;8(8):765-774. d0i:10.1016/S1474-4422(09)70178-4.

Zielonka D, Piotrowska I, Marcinkowski JT, Mielcarek M. Skeletal muscle pathology in Huntington’s
disease. Front Physiol. 2014;5(October):1-5. doi:10.3389/fphys.2014.00380.

Zukiewicz-Sobczak W, Krél R, Wréblewska P, Pigtek ], Gibas-Dorna M. Huntington Disease -
Principles and practice of nutritional management. Neurol Neurochir Pol. 2014;48(6):442-448.
doi:10.1016/j.pjnns.2014.10.006.

Morales LM, Estévez |, Suarez H, Villalobos R, de Bonilla C, Bonilla E. Nutritional evaluation of
Huntington disease patients. Am J Clin Nutr. 1989;50(1):145-150. doi:.

Pratley RE, Salbe AD, Ravussin E, Caviness JN. Higher sedentary energy expenditure in patients
with Huntington’s disease. Ann Neurol. 2000;47(1):64-70. do0i:10.1002/1531-
8249(200001)47:1<64::AID-ANA11>3.0.CO;2-S.

Gaba AM, Zhang K, Marder K, Moskowitz CB, Werner P, Boozer CN. Energy balance in early-stage
Huntington disease. Am J Clin Nutr. 2005;81(6):1335-1341.

Goodman AOG, Murgatroyd PR, Medina-Gomez G, et al. The metabolic profile of early Huntington'’s
disease- a combined human and transgenic mouse study. Exp Neurol. 2008;210(2):691-698.
doi:10.1016/j.expneurol.2007.12.026.

Hamilton JM, Wolfson T, Peavy GM, Jacobson MW, Corey-Bloom ]. Rate and correlates of weight
change in Huntington’s disease. /] Neurol Neurosurg Psychiatry. 2004;75(2):209-212.
doi:10.1136/jnnp.2003.017822.

Nance MA, Sanders G. Characteristics of individuals with Huntington disease in long-term care.
Mov Disord. 1996;11(5):542-548.doi:10.1002/mds.870110509.

Bates GP, Dorsey R, Gusella JF, et al. Huntington disease. Nat Rev Dis Prim. 2015;1(April):1-21.
doi:10.1038/nrdp.2015.5.

Huntington study group. Unified Huntington'’s disease rating scale: Reliability and consistency. Mov
Disord. 1996;11(2):136-142. doi:10.1002/mds.870110204.

Paulsen JS. Early detection of Huntington’s disease. Future Neurol. 2010;5(1):85-104.
doi:10.2217/fnl.09.78.

Long JD, Paulsen |JS, Marder K, Zhang Y, Kim J-I, Mills JA. Tracking motor impairments in the
progression of Huntington’s disease. Mov Disord. 2014;29(3):311-319. d0i:10.1002/mds.25657.

67



References

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Kirkwood SC, Siemers E, Bond C, Conneally PM, Christian ]JC, Foroud T. Confirmation of subtle
motor changes among presymptomatic carriers of the Huntington disease gene. Arch Neurol.
2000;57(7):1040-1044. doi:.

Smith MA, Brandt ], Shadmehr R. Motor disorder in Huntington'’s disease begins as a dysfunction in
error feedback control. Nature. 2000;403(6769):544-549. doi:10.1038/35000576.

Haddad MS, Cummings JL. Huntington’s disease. Psychiatr Clin North Am. 1997;20(4):791-807.
doi:.

Penney ]JB, Young AB, Shoulson |, et al. Huntington’s disease in Venezuela: 7 years of follow-up on
symptomatic and asymptomatic individuals. Mov Disord. 1990;5(2):93-99.
d0i:10.1002/mds.870050202.

Feigin A, Kieburtz K, Bordwell K, et al. Functional decline in Huntington’s disease. Mov Disord.
1995;10(2):211-214. doi:.

Gonzalez-Alegre P, Afifi AK. Clinical characteristics of childhood-onset (juvenile) Huntington
disease: Report of 12 patients and review of the literature. J Child Neurol. 2006;21(3):223-229.
doi:10.2310/7010.2006.00055.

Bittenbender JB, Quadfasel FA. Rigid and akinetic forms of Huntington’s chorea. Arch Neurol.
1962;7:275-288. doi.

Duff K, Paulsen JS, Beglinger L], Langbehn DR, Stout JC. Psychiatric symptoms in Huntington'’s
disease before diagnosis: The Predict-HD Study. Biol Psychiatry. 2007;62(12):1341-1346.
d0i:10.1016/j.biopsych.2006.11.034.

Martinez-Horta S, Perez-Perez ], van Duijn E, et al. Neuropsychiatric symptoms are very common
in premanifest and early stage HD. Park Relat Disord. 2016;25:58-64.
doi:10.1016/j.parkreldis.2016.02.008.

Naarding P, Janzing JGE, Eling P, van der Werf S, Kremer B. Apathy is not depression in
Huntington’s disease. | Neuropsychiatry Clin Neurosci. 2009;21(3):266-270.
d0i:10.1176/jnp.2009.21.3.266.

Thompson JC, Harris |, Sollom AC, et al. Longitudinal evaluation of neuropsychiatric symptoms in
Huntington’s disease. ] Neuropsychiatry Clin Neurosci. 2012;24(1):53-60.

do0i:10.1176 /appi.neuropsych.11030057.

Thompson JC, Snowden ]S, Craufurd D, Neary D. Behavior in Huntington’s disease: dissociating
cognition-based and mood-based changes. ] Neuropsychiatry Clin Neurosci. 2002;14(1):37-43.
do0i:10.1176/appi.neuropsych.14.1.37.

Harrington DL, Smith MM, Zhang Y, Carlozzi NE, Paulsen |S. Cognitive domains that predict time to
diagnosis in prodromal Huntington disease. ] Neurol Neurosurg Psychiatry. 2012;83(6):612-619.
doi:10.1136/jnnp-2011-301732.

Papp KV, Kaplan RF, Snyder PJ. Biological markers of cognition in prodromal Huntington’s
disease: A review. Brain Cogn. 2011;77(2):280-291. doi:10.1016/j.bandc.2011.07.009.

Paulsen JS. Functional imaging in Huntington’s disease. Exp Neurol. 2009;216(2).
d0i:10.1016/j.expneurol.2008.12.015.

Provost J-S, Hanganu A, Monchi O. Neuroimaging studies of the striatum in cognition part I: healthy
individuals. Front Syst Neurosci. 2015;9(October):1-13. doi:10.3389/fnsys.2015.00140.

Li SH, Li X]. Aggregation of N-terminal huntingtin is dependent on the length of its glutamine
repeats. Hum Mol Genet. 1998;7(5):777-782. d0i:10.1093 /hmg/7.5.777.

Li SH, Cheng a L, Li H, Li X]. Cellular defects and altered gene expression in PC12 cells stably
expressing mutant huntingtin. / Neurosci. 1999;19(13):5159-5172. doi:.

Trettel F, Rigamonti D, Hilditch-Maguire P, et al. Dominant phenotypes produced by the HD
mutation in STHdh(Q111) striatal cells. Hum Mol Genet. 2000;9(19):2799-2809.
doi:10.1093/hmg/9.19.2799.

Lu B, Palacino J. A novel human embryonic stem cell-derived Huntington'’s disease neuronal model
exhibits mutant huntingtin (mHTT) aggregates and soluble mHTT-dependent neurodegeneration.
FASEB].2013;27(5):1820-1829. doi:10.1096/fj.12-219220.

Saudou F, Finkbeiner S, Devys D, Greenberg ME. Huntingtin acts in the nucleus to induce apoptosis
but death does not correlate with the formation of intranuclear inclusions. Cell. 1998;95(1):55-56.
doi:10.1016/50092-8674(00)81782-1.

Mattis VB, Svendsen SP, Ebert A, et al. Induced pluripotent stem cells from patients with
Huntington’s disease show CAG-repeat-expansion-associated phenotypes. Cell Stem Cell.
2012;11(2):264-278.d0i:10.1016/j.stem.2012.04.027.Induced.

68



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

References

Parker JA, Connolly JB, Wellington C, Hayden M, Dausset ], Neri C. Expanded polyglutamines in
Caenorhabditis elegans cause axonal abnormalities and severe dysfunction of PLM
mechanosensory neurons without cell death. Proc Natl Acad Sci U S A.2001;98(23):13318-13323.
do0i:10.1073/pnas.231476398.

Jackson GR, Salecker I, Dong X, et al. Polyglutamine-expanded human huntingtin transgenes induce
degeneration of Drosophila photoreceptor neurons. Neuron. 1998;21(3):633-642.
doi:10.1016/S0896-6273(00)80573-5.

Mangiarini L, Sathasivam K, Seller M, et al. Exon I of the HD gene with an expanded CAG repeat is
sufficient to cause a progressive neurological phenotype in transgenic mice. Cell. 1996;87(3):493-
506.d0i:10.1016/S0092-8674(00)81369-0.

Schilling G, Becher MW, Sharp AH, et al. Intranuclear inclusions and neuritic aggregates in
transgenic mice expressing a mutant N-terminal fragment of huntingtin. Hum Mol Genet.
1999;8(3):397-407. doi:10.1093/hmg/8.3.397.

Hodgson ]G, Agopyan N, Gutekunst CA, et al. A YAC mouse model for Huntington’s disease with full-
length mutant huntingtin, cytoplasmic toxicity, and selective striatal neurodegeneration. Neuron.
1999;23(1):181-192. doi:10.1016/S0896-6273(00)80764-3.

Slow EJ, van Raamsdonk ], Rogers D, et al. Selective striatal neuronal loss in a YAC128 mouse
model of Huntington disease. Hum Mol Genet. 2003;12(13):1555-1567. d0i:10.1093 /hmg/ddg169.
Gray M, Shirasaki DI, Cepeda C, et al. Full-Length human mutant huntingtin with a stable
polyglutamine repeat can elicit progressive and selective neuropathogenesis in BACHD Mice. J
Neurosci. 2008;28(24):6182-6195. doi:10.1523 /J]NEUROSCI.0857-08.2008.

Wheeler VC, Auerbach W, White JK, et al. Length-dependent gametic CAG repeat instability in the
Huntington’s disease knock-in mouse. Hum Mol Genet. 1999;8(1):115-122.
doi:10.1093/hmg/8.1.115.

Menalled LB, Sison |D, Dragatsis I, Zeitlin S, Chesselet MF. Time course of early motor and
neuropathological anomalies in a knock-in mouse model of Huntington’s disease with 140 CAG
repeats. ] Comp Neurol. 2003;465(1):11-26. doi:10.1002 /cne.10776.

Lin CH, Tallaksen-Greene S, Chien WM, et al. Neurological abnormalities in a knock-in mouse
model of Huntington'’s disease. Hum Mol Genet. 2001;10(2):137-144. d0i:10.1093 /hmg/10.2.137.
McGeer EG, McGeer PL. Duplication of biochemical changes of Huntington’s chorea by intrastriatal
injections of glutamic and kainic acids. Nature. 1976;263(5577):517-519. doi:10.1038/263517a0.
Beal MF, Ferrante R], Swartz K], Kowall NW. Chronic quinolinic acid lesions in rats closely
resemble Huntington’s disease. J Neurosci. 1991;11(6):1649-1659. doi-.

Beal MF, Kowall NW, Ellison DW, Mazurek MF, Swartz K], Martin JB. Replication of the
neurochemical characteristics of Huntington’s disease by quinolinic acid. Nature.
1986;321(6066):168-171. doi:10.1038/321168a0.

Beal MF, Brouillet E, Jenkins BG, et al. Neurochemical and histologic characterization of striatal
excitotoxic lesions produced by the mitochondrial toxin 3-nitropropionic acid. /] Neurosci.
1993;13(10):4181-4192. doi:.

Vis JC, Verbeek MM, Waal RMW De, Donkelaar HJ, Kremer HPH. 3-Nitropropionic acid induces a
spectrum of Huntington’s disease-like neuropathology in rat striatum. Neuropathol Appl Neurobiol.
1999;25(6):513-521. doi:.

von Horsten S, Schmitt [, Nguyen HP, et al. Transgenic rat model of Huntington’s disease. Hum Mol
Genet. 2003;12(6):617-624. do0i:10.1093 /hmg/ddg075.

Yu-Taeger L, Petrasch-Parwez E, Osmand AP, et al. A novel BACHD transgenic rat exhibits
characteristic neuropathological features of Huntington disease. ] Neurosci. 2012;32(44):15426-
15438. doi:10.1523 /JNEUROSCI.1148-12.2012.

Jacobsen JC, Bawden CS, Rudiger SR, et al. An ovine transgenic Huntington'’s disease model. Hum
Mol Genet. 2010;19(10):1873-1882. doi:10.1093 /hmg/ddq063.

Baxa M, Hruska-Plochan M, Juhas S, et al. A transgenic minipig model of Huntington’s disease. |
Huntingtons Dis. 2013;2(1):47-68. doi:10.3233/JHD-130001.

Yang S-H, Cheng P-H, Banta H, et al. Towards a transgenic model of Huntington’s disease in a non-
human primate. Nature. 2008;453(7197):921-924. doi:10.1038 /nature06975.

Ramaswamy S, Mcbride JL, Kordower JH. Animal models of Huntington’s disease. ILAR ].
2007;48(4):356-373.

Menalled LB. Knock-in mouse models of Huntington'’s disease. NeuroRx. 2005;2(3):465-470.
doi:10.1602/neurorx.2.3.465.

69



References

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Schmitt [, Bichner D, Megow D, et al. Expression of the Huntington disease gene in rodents: cloning
the rat homologue and evidence for downregulation in non-neuronal tissues during development.
Hum Mol Genet. 1995;4(7):1173-1182. d0i:10.1093/hmg/4.7.1173.

Ittner LM, Gotz J. Pronuclear injection for the production of transgenic mice. Nat Protoc.
2007;2(5):1206-1215. doi:10.1038/nprot.2007.145.

Dodds L, Chen |, Berggren K, Fox ]. Characterization of striatal neuronal loss and atrophy in the
R6/2 mouse model of Huntington’s disease. PLoS Curr. 2014:1-7.
doi:10.1371/currents.hd.48727b68b39b82d5fe350f753984bcf9.Abstract.

Stack EC, Kubilus JK, Smith K, et al. Chronology of behavioral symptoms and neuropathological
sequela in R6/2 Huntington’s disease transgenic mice. ] Comp Neurol. 2005;490(4):354-370.
doi:10.1002/cne.20680.

van Dellen A, Welch ], Dixon RM, et al. N-Acetylaspartate and DARPP-32 levels decrease in the
corpus striatum of Huntington’s disease mice. Neuroreport. 2000;11(17):3751-3757.
doi:10.1097/00001756-200011270-00032.

Hansson O, Petersén a, Leist M, Nicotera P, Castilho RF, Brundin P. Transgenic mice expressing a
Huntington’s disease mutation are resistant to quinolinic acid-induced striatal excitotoxicity. Proc
Natl Acad Sci U S A. 1999;96(15):8727-8732. doi:10.1073 /pnas.96.15.8727.

Turmaine M, Raza A, Mahal A, Mangiarini L, Bates GP, Davies SW. Nonapoptotic neurodegeneration
in a transgenic mouse model of Huntington’s disease. Proc Natl Acad Sci U S A. 2000;97(14):8093-
8097.d0i:10.1073/pnas.110078997.

Aggarwal M, Duan W, Hou Z, et al. Spatiotemporal mapping of brain atrophy in mouse models of
Huntington’s disease using longitudinal in vivo magnetic resonance imaging. Neuroimage.
2012;60(4):2086-2095. doi:10.1016/j.neuroimage.2012.01.141.

Cheng Y, Peng Q, Hou Z, et al. Structural MRI detects progressive regional brain atrophy and
neuroprotective effects in N171-82Q Huntington’s disease mouse model. Neuroimage.
2011;56(3):1027-1034. doi:10.1016/j.neuroimage.2011.02.022.

McBride JL, Ramaswamy S, Gasmi M, et al. Viral delivery of glial cell line-derived neurotrophic
factor improves behavior and protects striatal neurons in a mouse model of Huntington’s disease.
Proc Natl Acad Sci U S A.2006;103(24):9345-9350. d0i:10.1073/pnas.0508875103.

Nguyen HP, Kobbe P, Rahne H, et al. Behavioral abnormalities precede neuropathological markers
in rats transgenic for Huntington'’s disease. Hum Mol Genet. 2006;15(21):3177-3194.
doi:10.1093/hmg/ddl1394.

Kantor O, Temel Y, Holzmann C, et al. Selective striatal neuron loss and alterations in behavior
correlate with impaired striatal function in Huntington’s disease transgenic rats. Neurobiol Dis.
2006;22(3):538-547. d0i:10.1016/j.nbd.2005.12.014.

Kirch RD, Meyer PT, Geisler S, et al. Early deficits in declarative and procedural memory dependent
behavioral function in a transgenic rat model of Huntington’s disease. Behav Brain Res.
2013;239(1):15-26.d0i:10.1016/j.bbr.2012.10.048.

Blockx I, Verhoye M, Van Audekerke ], et al. Identification and characterization of Huntington
related pathology: An in vivo DKI imaging study. Neuroimage. 2012;63(2):653-662.
d0i:10.1016/j.neuroimage.2012.06.032.

Slow EJ, Graham RK, Osmand AP, et al. Absence of behavioral abnormalities and
neurodegeneration in vivo despite widespread neuronal huntingtin inclusions. Proc Natl Acad Sci
USA.2005;102(32):11402-11407. doi:10.1073 /pnas.0503634102.

Brooks SP, Janghra N, Higgs G V., et al. Selective cognitive impairment in the YAC128 Huntington’s
disease mouse. Brain Res Bull. 2012;88(2-3):121-129. d0i:10.1016/j.brainresbull.2011.05.010.
Van Raamsdonk JM, Murphy Z, Slow E]J, Leavitt BR, Hayden MR. Selective degeneration and nuclear
localization of mutant huntingtin in the YAC128 mouse model of Huntington disease. Hum Mol
Genet. 2005;14(24):3823-3835. doi:10.1093 /hmg/ddi407.

Pouladi MA, Stanek LM, Xie Y, et al. Marked differences in neurochemistry and aggregates despite
similar behavioural and neuropathological features of Huntington disease in the full-length BACHD
and YAC128 mice. Hum Mol Genet. 2012;21(10):2219-2232. d0i:10.1093 /hmg/dds037.

Mantovani S, Gordon R, Li R, Christie DC, Kumar V, Woodruff TM. Motor deficits associated with
Huntington’s disease occur in the absence of striatal degeneration in BACHD transgenic mice. Hum
Mol Genet. 2016;25(9):1-39. d0i:10.1093 /hmg/ddw050.

Aharony I, Ehrnhoefer DE, Shruster A, et al. A Huntingtin-based peptide inhibitor of caspase-6
provides protection from mutant Huntingtin-induced motor and behavioral deficits. Hum Mol
Genet.2015;24(9):2604-2614. doi:10.1093 /hmg/ddv023.

70



200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

References

Hickey MA, Kosmalska A, Enayati ], et al. Extensive early motor and non-motor behavioral deficits
are followed by striatal neuronal loss in knock-in Huntington’s disease mice. Neuroscience.
2008;157(1):280-295. doi:10.1016/j.neuroscience.2008.08.041.

Lerner RP, Trejo Martinez L del CG, Zhu C, Chesselet MF, Hickey MA. Striatal atrophy and dendritic
alterations in a knock-in mouse model of Huntington’s disease. Brain Res Bull. 2012;87(6):571-
578.d0i:10.1016/j.brainresbull.2012.01.012.

Heng MY, Tallaksen-Greene S], Detloff PJ], Albin RL. Longitudinal evaluation of the Hdh(CAG)150
knock-in murine model of Huntington’s disease. /] Neurosci. 2007;27(34):8989-8998.
doi:10.1523/JNEUROSCI.1830-07.2007.

Van Raamsdonk JM, Pearson ], Rogers DA, et al. Loss of wild-type huntingtin influences motor
dysfunction and survival in the YAC128 mouse model of Huntington disease. Hum Mol Genet.
2005;14(10):1379-1392. doi:10.1093 /hmg/ddi147.

Clemens LE, Weber J], Wlodkowski TT, et al. Olesoxime suppresses calpain activation and mutant
huntingtin fragmentation in the BACHD rat. Brain. 2015;138(12):3632-3653.

d0i:10.1093 /brain/awv290.

Lalonde R, Strazielle C. Brain regions and genes affecting limb-clasping responses. Brain Res Rev.
2011;67(1-2):252-259. d0i:10.1016/j.brainresrev.2011.02.005.

Abada Y se K, Nguyen HP, Schreiber R, Ellenbroek B. Assessment of motor function, sensory motor
gating and recognition memory in a novel BACHD transgenic rat model for Huntington disease.
PLoS One. 2013;8(7):1-13. do0i:10.1371/journal.pone.0068584.

Van Raamsdonk JM. Cognitive dysfunction precedes neuropathology and motor abnormalities in
the YAC128 mouse model of Huntington’s disease. /] Neurosci. 2005;25(16):4169-4180.
doi:10.1523/JNEUROSCI.0590-05.2005.

Van Raamsdonk JM, Metzler M, Slow E, et al. Phenotypic abnormalities in the YAC128 mouse model
of Huntington disease are penetrant on multiple genetic backgrounds and modulated by strain.
Neurobiol Dis. 2007;26(1):189-200. doi:10.1016/j.nbd.2006.12.010.

Carter R], Lione LA, Humby T, et al. Characterization of progressive motor deficits in mice
transgenic for the human Huntington’s disease mutation. J Neurosci. 1999;19(8):3248-3257. doi:.
Pallier PN, Drew C]G, Morton AJ. The detection and measurement of locomotor deficits in a
transgenic mouse model of Huntington’s disease are task- and protocol-dependent: Influence of
non-motor factors on locomotor function. Brain Res Bull. 2009;78(6):347-355.
d0i:10.1016/j.brainresbull.2008.10.007.

Brooks SP, Dunnett SB. Tests to assess motor phenotype in mice: a user’s guide. Nat Rev Neurosci.
2009;10(7):519-529. d0i:10.1038/nrn2652.

Denny CA, Desplats PA, Thomas EA, Seyfried TN. Cerebellar lipid differences between R6/1
transgenic mice and humans with Huntington’s disease. ] Neurochem. 2010;115(3):748-758.
d0i:10.1111/j.1471-4159.2010.06964.x.

Wheeler VC, Gutekunst C-A, Vrbanac V, et al. Early phenotypes that presage late-onset
neurodegenerative disease allow testing of modifiers in Hdh CAG knock-in mice. Hum Mol Genet.
2002;11(6):633-640. d0i:10.1093/hmg/11.6.633.

Abada YK, Schreiber R, Ellenbroek B. Motor, emotional and cognitive deficits in adult BACHD mice:
A model for Huntington’s disease. Behav Brain Res. 2013;238:243-251.
doi:10.1016/j.bbr.2012.10.039.

Vandeputte C, Taymans J-M, Casteels C, et al. Automated quantitative gait analysis in animal
models of movement disorders. BMC Neurosci. 2010;11(92):1-11. doi:10.1186/1471-2202-11-92.
Cao C, Temel Y, Blokland A, et al. Progressive deterioration of reaction time performance and
choreiform symptoms in a new Huntington’s disease transgenic ratmodel. Behav Brain Res.
2006;170(2):257-261. d0i:10.1016/j.bbr.2006.02.028.

Zeef DH, Jahanshahi A, Vlamings R, et al. An experimental model for Huntington’s chorea? Behav
Brain Res. 2014;262:31-34. doi:10.1016/j.bbr.2013.12.036.

Temel Y, Cao C, Vlamings R, et al. Motor and cognitive improvement by deep brain stimulation in a
transgenic rat model of Huntington'’s disease. Neurosci Lett. 2006;406(1-2):138-141.
d0i:10.1016/j.neulet.2006.07.036.

Pang TYC, Du X, Zajac MS, Howard ML, Hannan AJ. Altered serotonin receptor expression is
associated with depression-related behavior in the R6/1 transgenic mouse model of Huntington’s
disease. Hum Mol Genet. 2009;18(4):753-766.d0i:10.1093 /hmg/ddn385.

Chiu C-T, Liu G, Leeds P, Chuang D-M. Combined treatment with the mood stabilizers lithium and
valproate produces multiple beneficial effects in transgenic mouse models of Huntington’s disease.
Neuropsychopharmacology. 2011;36(12):2406-2421. doi:10.1038/npp.2011.128.

71



References

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Orvoen S, Pla P, Gardier AM, Saudou F, David D]. Huntington’s disease knock-in male mice show
specific anxiety-like behaviour and altered neuronal maturation. Neurosci Lett. 2012;507(2):127-
132.d0i:10.1016/j.neulet.2011.11.063.

Pouladi MA, Graham RK, Karasinska JM, et al. Prevention of depressive behaviour in the YAC128
mouse model of Huntington disease by mutation at residue 586 of huntingtin. Brain.
2009;132(4):919-932. doi:10.1093 /brain/awp006.

Lundh SH, NNilsso N, Soylu R, Kirik D, Petersén A. Hypothalamic expression of mutant huntingtin
contributes to the development of depressive-like behavior in the BAC transgenic mouse model of
huntington’s disease. Hum Mol Genet. 2013;22(17):3485-3497. d0i:10.1093 /hmg/ddt203.
Garcia-Miralles M, Ooi ], Ferrari Bardile C, et al. Treatment with the MAO-A inhibitor clorgyline
elevates monoamine neurotransmitter levels and improves affective phenotypes in a mouse model
of Huntington disease. Exp Neurol. 2016;278:4-10. doi:10.1016/j.expneurol.2016.01.019.

Ciamei A, Detloff P], Morton AJ]. Progression of behavioural despair in R6/2 and Hdh knock-in
mouse models recapitulates depression in Huntington’s disease. Behav Brain Res. 2015;291:140-
146.d0i:10.1016/j.bbr.2015.05.010.

Menalled L, El-Khodor BF, Patry M, et al. Systematic behavioral evaluation of Huntington’s disease
transgenic and knock-in mouse models. Neurobiol Dis. 2009;35(3):319-336.
doi:10.1016/j.nbd.2009.05.007.

Bolivar V], Manley K, Messer A. Early exploratory behavior abnormalities in R6/1 Huntington’s
disease transgenic mice. Brain Res. 2004;1005(1-2):29-35. d0i:10.1016/j.brainres.2004.01.021.
Hodges A, Hughes G, Brooks S, et al. Brain gene expression correlates with changes in behavior in
the R6/1 mouse model of Huntington’s disease. Genes, Brain Behav. 2008;7(3):288-299.
doi:10.1111/j.1601-183X.2007.00350.x.

Mandillo S, Heise I, Garbugino L, et al. Early motor deficits in mouse disease models are reliably
uncovered using an automated home-cage wheel-running system: a cross-laboratory validation.
Dis Model Mech. 2014;7(3):397-407. d0i:10.1242/dmm.013946.

Hickey MA, Gallant K, Gross GG, Levine MS, Chesselet MF. Early behavioral deficits in R6/2 mice
suitable for use in preclinical drug testing. Neurobiol Dis. 2005;20(1):1-11.
doi:10.1016/j.nbd.2005.01.024.

Klivenyi P, Bende Z, Hartai Z, et al. Behaviour changes in a transgenic model of Huntington’s
disease. Behav Brain Res. 2006;169(1):137-141. doi:10.1016/j.bbr.2006.01.003.

Rudenko O, Tkach V, Berezin V, Bock E. Detection of early behavioral markers of Huntington’s
disease in R6/2 mice employing an automated social home cage. Behav Brain Res.
2009;203(2):188-199. doi:10.1016/j.bbr.2009.04.034.

Bailey KR, Crawley JN. Anxiety-related behaviors in mice. In: Buccafusco J], ed. Methods of Behavior
Analysis in Neuroscience. 2nd ed. CRC press / Taylor & Francis; 2009. doi:.

File SE, Mahal A, Mangiarini L, Bates GP. Striking changes in anxiety in Huntington’s disease
transgenic mice. Brain Res. 1998;805(1-2):234-240. doi:10.1016/S0006-8993(98)00736-7.
Naver B, Stub C, Mgller M, et al. Molecular and behavioral analysis of the R6/1 Huntington’s
disease transgenic mouse. Neuroscience. 2003;122(4):1049-1057.
d0i:10.1016/j.neuroscience.2003.08.053.

Holter SM, Stromberg M, Kovalenko M, et al. A broad phenotypic screen identifies novel
phenotypes driven by a single mutant allele in Huntington’s disease CAG knock-in mice. PLoS One.
2013;8(11):1-19. do0i:10.1371/journal.pone.0080923.

Bissonnette S, Vaillancourt M, Hébert SS, Drolet G, Samadi P. Striatal pre-enkephalin
overexpression improves Huntington’s disease symptoms in the R6/2 mouse model of
Huntington’s disease. PLoS One. 2013;8(9):e75099. doi:10.1371 /journal.pone.0075099.
Milnerwood AJ, Gladding CM, Pouladi MA, et al. Early increase in extrasynaptic NMDA receptor
signaling and expression contributes to phenotype onset in Huntington’s disease mice. Neuron.
2010;65(2):178-190. d0i:10.1016/j.neuron.2010.01.008.

Trueman RC, Brooks SP, Jones L, Dunnett SB. The operant serial implicit learning task reveals early
onset motor learning deficits in the HdhQ92 knock-in mouse model of Huntington’s disease. Eur J
Neurosci. 2007;25(2):551-558. d0i:10.1111/j.1460-9568.2007.05307 .x.

Cayzac S, Delcasso S, Paz V, Jeantet Y, Cho YH. Changes in striatal procedural memory coding
correlate with learning deficits in a mouse model of Huntington disease. Proc Natl Acad Sci U S A.
2011;108(22):9280-9285. doi:10.1073/pnas.1016190108.

Ciamei A, Jennifer Morton A. Progressive imbalance in the interaction between spatial and
procedural memory systems in the R6/2 mouse model of Huntington’s disease. Neurobiol Learn
Mem. 2009;92(3):417-428. d0i:10.1016/j.nlm.2009.06.002.

72



242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

References

Brooks SP, Jones L, Dunnett SB. Longitudinal analyses of operant performance on the serial
implicit learning task (SILT) in the YAC128 Huntington’s disease mouse line. Brain Res Bull.
2012;88(2-3):130-136.d0i:10.1016/j.brainresbull.2011.06.008.

Trueman RC, Brooks SP, Jones L, Dunnett SB. Time course of choice reaction time deficits in the
HdhQ92 knock-in mouse model of Huntington’s disease in the operant Serial Implicit Learning
Task (SILT). Behav Brain Res. 2008;189(2):317-324. d0i:10.1016/j.bbr.2008.01.020.

Brooks S, Fielding S, Dobrossy M, von Horsten S, Dunnett S. Subtle but progressive cognitive
deficits in the female tgHD hemizygote rat as demonstrated by operant SILT performance. Brain
Res Bull. 2009;79(5):310-315. doi:10.1016/j.brainresbull.2009.03.003.

Trueman RC, Brooks SP, Jones L, Dunnett SB. Rule learning, visuospatial function and motor
performance in the HdhQ92 knock-in mouse model of Huntington’s disease. Behav Brain Res.
2009;203(2):215-222. d0i:10.1016/j.bbr.2009.05.006.

Trueman RC, Dunnett SB, Jones AL, Brooks SP. Five choice serial reaction time performance in the
HdhQ92 mouse model of Huntington’s disease. Brain Res Bull. 2012;88(2-3):163-170.
d0i:10.1016/j.brainresbull.2011.10.019.

Brooks SP, Janghra N, Workman VL, Bayram-Weston Z, Jones L, Dunnett SB. Longitudinal analysis
of the behavioural phenotype in R6/1 (C57BL/6]) Huntington’s disease transgenic mice. Brain Res
Bull. 2012;88(2-3):94-103. doi:10.1016/j.brainresbull.2011.01.010.

Brooks S, Higgs G, Janghra N, Jones L, Dunnett SB. Longitudinal analysis of the behavioural
phenotype in YAC128 (C57BL/6]) Huntington’s disease transgenic mice. Brain Res Bull. 2012;88(2-
3):113-120. doi:10.1016/j.brainresbull.2010.05.005.

Liesse HG, Schiefer ], Spruenken A, Puls C, Block F, Kosinski CM. Evaluation of R6/2 HD transgenic
mice for therapeutic studies in Huntington’s disease: Behavioral testing and impact of diabetes
mellitus. Behav Brain Res. 2001;126(1-2):185-195.d0i:10.1016/S0166-4328(01)00261-3.
Murphy KPS], Carter R], Lione LA, et al. Abnormal synaptic plasticity and impaired spatial
cognition in mice transgenic for exon 1 of the human Huntington’s disease mutation. / Neurosci.
2000;20(13):5115-5123. doi:20/13/5115 [pii].

Lione LA, Carter R], Hunt M], Bates GP, Morton A], Dunnett SB. Selective discrimination learning
impairments in mice expressing the human Huntington’s disease mutation. ] Neurosci.
1999;19(23):10428-10437. doi:.

Anglada-Huguet M, Xifré X, Giralt A, Zamora-Moratalla A, Martin ED, Alberch J. Prostaglandin E2
EP1 receptor antagonist improves motor deficits and rescues memory decline in R6/1 mouse
model of Huntington'’s disease. Mol Neurobiol. 2014;49(2):784-795. d0i:10.1007 /s12035-013-
8556-x.

Miguez A, Garcia-Diaz Barriga G, Brito V, et al. Fingolimod (FTY720) enhances hippocampal
synaptic plasticity and memory in Huntington’s disease by preventing p75 NTR up-regulation and
astrocyte-mediated inflammation. Hum Mol Genet. 2015;24(17):4958-4970.

d0i:10.1093 /hmg/ddv218.

Giralt A, Saavedra A, Carretdn O, Xifrd X, Alberch |, Pérez-navarro E. Increased PKA signaling
disrupts recognition memory and spatial memory: Role in Huntington’s disease. Hum Mol Genet.
2011;20(21):4232-4247. doi:10.1093 /hmg/ddr351.

Tyebiji S, Saavedra A, Canas PM, et al. Hyperactivation of D1 and A2A receptors contributes to
cognitive dysfunction in Huntington’s disease. Neurobiol Dis. 2015;74:41-57.
d0i:10.1016/j.nbd.2014.11.004.

Giralt A, Puigdellivol M, Carretén O, et al. Long-term memory deficits in Huntington’s disease are
associated with reduced CBP histone acetylase activity. Hum Mol Genet. 2012;21(6):1203-1216.
d0i:10.1093 /hmg/ddr552.

Brooks SP, Betteridge H, Trueman RC, Jones L, Dunnett SB. Selective extra-dimensional set shifting
deficit in a knock-in mouse model of Huntington’s disease. Brain Res Bull. 2006;69(4):452-457.
d0i:10.1016/j.brainresbull.2006.02.011.

Harrison D], Busse M, Openshaw R, Rosser AE, Dunnett SB, Brooks SP. Exercise attenuates
neuropathology and has greater benefit on cognitive than motor deficits in the R6/1 Huntington’s
disease mouse model. Exp Neurol. 2013;248:457-469. doi:10.1016/j.expneurol.2013.07.014.
Ruskin DN, Ross JL, Kawamura M, Ruiz TL, Geiger JD, Masino SA. A ketogenic diet delays weight
loss and does not impair working memory or motor function in the R6/2 1] mouse model of
Huntington’s disease. Physiol Behav.2011;103(5):501-507. doi:10.1016/j.physbeh.2011.04.001.
Ransome MI, Hannan AJ. Behavioural state differentially engages septohippocampal cholinergic
and GABAergic neurons in R6/1 Huntington’s disease mice. Neurobiol Learn Mem. 2012;97(2):261-
270.d0i:10.1016/j.nlm.2012.01.004.

73



References

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

Curtin PCP, Farrar AM, Oakeshott S, et al. Cognitive training at a young age attenuates deficits in
the zQ175 mouse model of HD. Front Behav Neurosci. 2015;9(January):1-13.
doi:10.3389/fnbeh.2015.00361.

Trueman RC, Jones L, Dunnett SB, Brooks SP. Early onset deficits on the delayed alternation task in
the Hdh(Q92) knock-in mouse model of Huntington'’s disease. Brain Res Bull. 2012;88(2-3):156-
162. d0i:S0361-9230(11)00100-6 [pii]\r10.1016/j.brainresbull.2011.03.012.

Yhnell E, Dunnett SB, Brooks SP. The utilisation of operant delayed matching and non-matching to
position for probing cognitive flexibility and working memory in mouse models of Huntington’s
disease. | Neurosci Methods. 2015;265:72-80. d0i:10.1016/j.jneumeth.2015.08.022.

Oakeshott S, Farrar A, Port R, et al. Deficits in a simple visual Go/No-go discrimination task in two
mouse models of Huntington’s disease. PLoS Curr. 2013;5:1-19.
doi:10.1371/currents.hd.fe74c94bdd446a0470f6f905a30b5dd 1.

Dufour BD, Smith CA, Clark RL, Walker TR, McBride L. Intrajugular vein delivery of AAV9-RNAIi
prevents neuropathological changes and weight loss in Huntington’s disease mice. Mol Ther.
2014;22(4):797-810. doi:10.1038/mt.2013.289.

Bode FJ, Stephan M, Suhling H, et al. Sex differences in a transgenic rat model of Huntington’s
disease: decreased 17-estradiol levels correlate with reduced numbers of DARPP32+ neurons in
males. Hum Mol Genet. 2008;17(17):2595-2609. doi:10.1093 /hmg/ddn159.

Fielding SA, Brooks SP, Klein A, Bayram-Weston Z, Jones L, Dunnett SB. Profiles of motor and
cognitive impairment in the transgenic rat model of Huntington'’s disease. Brain Res Bull.
2012;88(2-3):223-236.d0i:10.1016/j.brainresbull.2011.09.011.

Trushina E, Canaria CA, Lee DY, McMurray CT. Loss of caveolin-1 expression in knock-in mouse
model of huntington’s disease suppresses pathophysiology in vivo. Hum Mol Genet.
2014;23(1):129-144. doi:10.1093/hmg/ddt406.

Heikkinen T, Lehtimaki K, Vartiainen N, et al. Characterization of neurophysiological and
behavioral changes, MRI brain volumetry and 1H MRS in zQ175 knock-in mouse model of
Huntington’s disease. PLoS One. 2012;7(12). doi:10.1371/journal.pone.0050717.

Menalled LB, Kudwa AE, Miller S, et al. Comprehensive behavioral and molecular characterization
of a new knock-In mouse model of Huntington’s disease: ZQ175. PLoS One. 2012;7(12).
do0i:10.1371/journal.pone.0049838.

Woodman B, Butler R, Landles C, et al. The HdhQ150/Q150 knock-in mouse model of HD and the
R6/2 exon 1 model develop comparable and widespread molecular phenotypes. Brain Res Bull.
2007;72(2-3):83-97. d0i:10.1016/j.brainresbull.2006.11.004.

Tallaksen-Greene SJ, Sadagurski M, Zeng L, et al. Differential effects of delayed aging on phenotype
and striatal pathology in a murine model of Huntington disease. ] Neurosci. 2014;34(47):15658-
15668. doi:10.1523 /JNEUROSCI.1830-14.2014.

Zeng L, Tallaksen-Greene S], Wang B, Albin RL, Paulson HL. The de-ubiquitinating enzyme ataxin-3
does not modulate disease progression in a knock-in mouse model of Huntington disease. J
Huntingtons Dis. 2013;2(2):201-215. doi:10.3233/JHD-130058.

Hult S, Soylu R, Bjorklund T, et al. Mutant huntingtin causes metabolic imbalance by disruption of
hypothalamic neurocircuits. Cell Metab. 2011;13(4):428-439. d0i:10.1016/j.cmet.2011.02.013.
Van Raamsdonk JM, Gibson WT, Pearson |, et al. Body weight is modulated by levels of full-length
Huntingtin. Hum Mol Genet. 2006;15(9):1513-1523. d0i:10.1093 /hmg/dd1072.

Pouladi MA, Xie Y, Skotte NH, et al. Full-length huntingtin levels modulate body weight by
influencing insulin-like growth factor 1 expression. Hum Mol Genet. 2010;19(8):1528-1538.
d0i:10.1093 /hmg/ddq026.

Weydt P, Pineda V V., Torrence AE, et al. Thermoregulatory and metabolic defects in Huntington’s
disease transgenic mice implicate PGC-1a in Huntington’s disease neurodegeneration. Cell Metab.
2006;4(5):349-362. d0i:10.1016/j.cmet.2006.10.004.

She P, Zhang Z, Marchionini D, et al. Molecular characterization of skeletal muscle atrophy in the
R6 / 2 mouse model of Huntington’s disease. Am | Physiol Endocrinol Metab. 2011;301(1):49-61.
d0i:10.1152/ajpendo0.00630.2010.

Phan ], Hickey MA, Zhang P, Chesselet M-F, Reue K. Adipose tissue dysfunction tracks disease
progression in two Huntington’s disease mouse models. Hum Mol Genet. 2009;18(6):1006-1016.
d0i:10.1093 /hmg/ddn428.

Mizumori SJY, Puryear CB, Martig AK. Basal ganglia contributions to adaptive navigation. Behav
Brain Res. 2009;199(1):32-42. doi:10.1016/j.bbr.2008.11.014.

74



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

References

McFadyen MP, Kusek G, Bolivar V], Flaherty L. Differences among eight inbred strains of mice in
motor ability and motor learning on a rotorod. Genes Brain Behav. 2003;2(4):214-219.
doi:10.1034/j.1601-183X.2003.00028.x.

Kudwa AE, Menalled LB, Oakeshott S, et al. Increased body weight of the BAC HD transgenic mouse
model of Huntington’s disease accounts for some but not All of the observed HD-like motor
deficits. PLoS Curr.2013;5:1-14. doi:10.1371/currents.hd.0ab4f3645aff523c56ecc8ccbe41a198.
Abada Y-SK, Nguyen HP, Ellenbroek B, Schreiber R. Reversal learning and associative memory
impairments in a BACHD rat model for Huntington disease. PLoS One. 2013;8(11):e71633.
doi:10.1371/journal.pone.0071633.

Eckmann ], Clemens LE, Eckert SH, et al. Mitochondrial Membrane Fluidity is Consistently
Increased in Different Models of Huntington Disease: Restorative Effects of Olesoxime. Mol
Neurobiol. 2014;50(1):107-118. doi:10.1007/s12035-014-8663-3.

Tan Z, Dai W, van Erp TGM, et al. Huntington’s disease cerebrospinal fluid seeds aggregation of
mutant huntingtin. Mol Psychiatry. 2015;20(11):1-8. d0i:10.1038/mp.2015.81.

Nagy D, Tingley FD, Stoiljkovic M, Hajés M. Application of neurophysiological biomarkers for
Huntington’s disease: Evaluating a phosphodiesterase 9A inhibitor. Exp Neurol. 2015;263:122-131.
doi:10.1016/j.expneurol.2014.10.001.

Adjeroud N, Yagiie S, Yu-Taeger L, et al. Reduced impact of emotion on choice behavior in
presymptomatic BACHD rats, a transgenic rodent model for Huntington Disease. Neurobiol Learn
Mem. 2015;125:249-257. d0i:10.1016/j.nlm.2015.10.003.

Manfré G, Doyere V, Bossi S, Riess O, Nguyen HP, El Massioui N. Impulsivity trait in the early
symptomatic BACHD transgenic rat model of Huntington disease. Behav Brain Res. 2016;299:6-10.
doi:10.1016/j.bbr.2015.11.007.

Jansson EKH, Clemens LE, Riess O, Nguyen HP. Reduced motivation in the BACHD rat model of
huntington disease is dependent on the choice of food deprivation strategy. PLoS One. 2014;9(8).
doi:10.1371/journal.pone.0105662.

E K H Clemensson, L E Clemensson, B Fabry, O Riess, H P Nguyen. Further investigation of
phenotypes and confounding factors of progressive ratio performance and feeding behavior in the
BACHD rat model of Huntington disease. 2017; 12(3): e0173232, doi:
10.1371/journal.pone.0173232.

Clemensson EKH, Clemensson LE, Riess O, Nguyen HP. The BACHD rat model of Huntington
disease shows signs of fronto-striatal dysfunction in two operant conditioning tests of short-term
memory. PLoS One. 2017;12(1), doi: 10.1371/journal.pone.0169051.

Clemens LE, Jansson EKH, Portal E, Riess O, Nguyen HP. A behavioral comparison of the common
laboratory rat strains Lister Hooded, Lewis, Fischer 344 and Wistar in an automated homecage
system. Genes, Brain Behav. 2014;13(3):305-321. do0i:10.1111/gbb.12093.

Youn J, Ellenbroek BA, van Eck I, Roubos S, Verhage M, Stiedl O. Finding the right motivation:
Genotype-dependent differences in effective reinforcements for spatial learning. Behav Brain Res.
2012;226(2):397-403. doi:10.1016/j.bbr.2011.09.034.

Nambron R, Silajdzic E, Kalliolia E, et al. A metabolic study of Huntington’s disease. PLoS One.
2016;11(1). doi:10.1371/journal.pone.0146480.

Farrer L a, Yu PL. Anthropometric discrimination among affected, at-risk, and not-at-risk
individuals in families with Huntington disease. Am | Med Genet. 1985;21(2):307-316.
doi:10.1002/ajmg.1320210213.

Busse ME, Hughes G, Wiles CM, Rosser AE. Use of hand-held dynamometry in the evaluation of
lower limb muscle strength in people with Huntington’s disease. /] Neurol. 2008;255(10):1534-
1540. doi:10.1007/s00415-008-0964-x.

Ciammola a, Sassone ], Alberti L, et al. Increased apoptosis, Huntingtin inclusions and altered
differentiation in muscle cell cultures from Huntington’s disease subjects. Cell Death Differ.
2006;13(12):2068-2078. d0i:10.1038/sj.cdd.4401967.

Lodi R, Schapira AH V, Manners D, et al. Abnormal in vivo skeletal muscle energy metabolism in
Huntington’s disease and dentatorubropallidoluysian atrophy. Ann Neurol. 2000;48(1):72-76.
doi:10.1002/1531-8249(200007)48:1<72::AID-ANA11>3.0.CO;2-1.

Ciammola A, Sassone ], Sciacco M, et al. Low anaerobic threshold and increased skeletal muscle
lactate production in subjects with Huntington’s disease. Mov Disord. 2011;26(1):130-137.
doi:10.1002/mds.23258.

Saft C, Zange ], Andrich ], et al. Mitochondrial impairment in patients and asymptomatic mutation
carriers of Huntington’s disease. Mov Disord. 2005;20(6):674-679. doi:10.1002 /mds.20373.

75



References

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

White JK, Auerbach W, Duyao MP, et al. Huntingtin is required for neurogenesis and is not
impaired by the Huntington’s disease CAG expansion. Nat Genet. 1997;17(4):404-410.
doi:10.1038/ng1297-404.

Tong Y, Ha TJ, Liu L, Nishimoto A, Reiner A, Goldowitz D. Spatial and temporal requirements for
huntingtin (Htt) in neuronal migration and survival during brain development. /] Neurosci.
2011;31(41):14794-14799. doi:10.1523 /JNEUROSCL.2774-11.2011.

Van Raamsdonk JM, Murphy Z, Selva DM, et al. Testicular degeneration in Huntington disease.
Neurobiol Dis. 2007;26(3):512-520. doi:10.1016/j.nbd.2007.01.006.

Sathasivam K, Hobbs C, Turmaine M, et al. Formation of polyglutamine inclusions in non-CNS
tissue. Hum Mol Genet. 1999;8(5):813-822. d0i:10.1093/hmg/8.5.813.

Papalexi E, Persson A, Bjorkqvist M, et al. Reduction of GnRH and infertility in the R6/2 mouse
model of Huntington'’s disease. Eur J Neurosci. 2005;22(6):1541-1546. d0i:10.1111/j.1460-
9568.2005.04324.x.

Sassone ], Colciago C, Cislaghi G, Silani V, Ciammola A. Huntington’s disease: The current state of
research with peripheral tissues. Exp Neurol. 2009;219(2):385-397.
do0i:10.1016/j.expneurol.2009.05.012.

Bjorkqvist M, Fex M, Renstrom E, et al. The R6/2 transgenic mouse model of Huntington’s disease
develops diabetes due to deficient B-cell mass and exocytosis. Hum Mol Genet. 2005;14(5):565-
574.d0i:10.1093 /hmg/ddi053.

Lali¢ NM, Maric ], Svetel M, Joti¢ A, Stefanova E, Lali¢ K, Dragasevi¢ N, Milici¢ T, Luki¢ L KV. Glucose
homeostasis in Huntington disease. Arch Neurol. 2008;65(4):476-480.
do0i:10.1001/archneur.65.4.476.

Farrer LA. Diabetes mellitus in Huntington disease. Clin Genet. 1985;27(1):62-67.
doi:10.1111/j.1399-0004.1985.tb00185.x.

Hurlbert MS, Zhou W, Wasmeier C, Kaddis FG, Hutton ]JC, Freed CR. Mice transgenic for an
expanded CAG repeat in the Huntington’s disease gene develop diabetes. Diabetes.
1999;48(3):649-651. doi:.

Bacos K, Bjorkqvist M, Petersén A, et al. Islet B-cell area and hormone expression are unaltered in
Huntington’s disease. Histochem Cell Biol. 2008;129(5):623-629. d0i:10.1007/s00418-008-0393-z.
Boesgaard TW, Nielsen TT, Josefsen K, et al. Huntington’s disease does not appear to increase the
risk of diabetes mellitus. ] Neuroendocrinol. 2009;21(9):770-776.d0i:10.1111/j.1365-
2826.2009.01898.x.

Duyano MP, Auerbach AB, Ryan A, et al. Inactivation of the mouse Huntington’s disease gene
homolog Hdh. Scince. 1995;269(5222):407-410. doi:10.1126/science.7618107.

Auerbach W, Hurlbert MS, Hilditch-Maguire P, et al. The HD mutation causes progressive lethal
neurological disease in mice expressing reduced levels of huntingtin. Hum Mol Genet.
2001;10(22):2515-2523. doi:.

Lee JK, Mathews K, Schlaggar B, et al. Measures of growth in children at risk for Huntington
disease. Neurology. 2012;79(7):668-674. d0i:10.1212/WNL.0b013e3182648b65.

Humbert S. Is Huntington disease a developmental disorder? EMBO Rep. 2010;11(12):899.
d0i:10.1038/embor.2010.182.

Myers MG, Olson DP. Central nervous system control of metabolism. Nature. 2012;491(7424):357-
363.d0i:10.1038/nature11705.

Coll AP, Yeo GSH. The hypothalamus and metabolism: Integrating signals to control energy and
glucose homeostasis. Curr Opin Pharmacol. 2013;13(6):970-976. d0i:10.1016/j.coph.2013.09.010.
Nogueiras R, Tschop MH, Zigman JM. Central nervous system regulation of energy metabolism:
Ghrelin versus leptin. Ann N Y Acad Sci. 2008;1126:14-19. doi:10.1196 /annals.1433.054.
Soneson C, Fontes M, Zhou Y, et al. Early changes in the hypothalamic region in prodromal
Huntington disease revealed by MRI analysis. Neurobiol Dis. 2010;40(3):531-543.
doi:10.1016/j.nbd.2010.07.013.

Politis M, Pavese N, Tai YF, Tabrizi S], Barker RA, Piccini P. Hypothalamic involvement in
Huntington’s disease: An in vivo PET study. Brain. 2008;131(11):2860-2869.

d0i:10.1093 /brain/awn244.

Gabery S, Murphy K, Schultz K, et al. Changes in key hypothalamic neuropeptide populations in
Huntington disease revealed by neuropathological analyses. Acta Neuropathol. 2010;120(6):777-
788.d0i:10.1007/s00401-010-0742-6.

Gabery S, Halliday G, Kirik D, Englund E, Petersén A. Selective loss of oxytocin and vasopressin in
the hypothalamus in early Huntington disease: A case study. Neuropathol Appl Neurobiol.
2015;41(6):843-848. d0i:10.1111/nan.12236.

76



324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

References

Lundh SH, Soylu R, Petersén A. Expression of mutant huntingtin in leptin receptor-expressing
neurons does not control the metabolic and psychiatric phenotype of the BACHD mouse. PLoS One.
2012;7(12).doi:10.1371 /journal.pone.0051168.

Baldo B, Cheong RY, Petersén A. Effects of deletion of mutant huntingtin in steroidogenic factor 1
neurons on the psychiatric and metabolic phenotype in the BACHD mouse model of huntington
disease. PLoS One. 2014;9(10):1-10. doi:10.1371 /journal.pone.0107691.

Soylu-Kucharz R, Baldo B, Petersén A. Metabolic and behavioral effects of mutant huntingtin
deletion in Sim1 neurons in the BACHD mouse model of Huntington’s disease. Sci Rep.
2016;6(April):28322. doi:10.1038/srep28322.

Tanaka K, Shimada M, Nakao K, Kusunoki T. Hypothalamic lesion induced by injection of
monosodium glutamate in suckling period and subsequent development of obesity. Exp Neurol.
1978;62(1):191-199. doi:10.1016,/0014-4886(78)90050-X.

Scallet AC, Olney JW. Components of hypothalamic obesity: bipiperidyl-mustard lesions add
hyperphagia to monosodium glutamate-induced hyperinsulinemia. Brain Res. 1986;374(2):380-
384.d0i:10.1016,/0006-8993(86)90434-8.

Morris M], Tortelli CF, Filippis A, Proietto J. Reduced BAT function as a mechanism for obesity in
the hypophagic, neuropeptide Y deficient monosodium glutamate-treated rat. Regul Pept. 1998;75-
76:441-447.d0i:10.1016/S0167-0115(98)00100-1.

Chen W, Chen Z, Xue N, Zheng Z, Li S, Wang L. Effects of CB1 receptor blockade on monosodium
glutamate induced hypometabolic and hypothalamic obesity in rats. Naunyn Schmiedebergs Arch
Pharmacol. 2013;386(8):721-732. d0i:10.1007/s00210-013-0875-y.

Kim |D, Leyva S, Diano S. Hormonal regulation of the hypothalamic melanocortin system. Front
Physiol. 2014;5(December):1-7. doi:10.3389/fphys.2014.00480.

Abizaid A, Horvath TL. Brain circuits regulating energy homeostasis. Regul Pept. 2008;149(1-3):3-
10. doi:10.1016/j.regpep.2007.10.006.

Root AW, Root M]J. Clinical pharmacology of human growth hormone and its secretagogues. Curr
Drug Targets Immune Endocr Metab Disord. 2002;2(1):27-52. doi:.

Donahue LR, Beamer WG. Growth hormone deficiency in “little” mice results in aberrant body
composition, reduced insulin-like growth factor-I and insulin-like growth factor-binding protein-3
(IGFBP-3), but does not affect IGFBP-2, -1 or -4. ] Endocrinol. 1993;136(1):91-104. doi:.

Salvatori R, Hayashida CY, Aguiar-Oliveira MH, et al. Familial dwarfism due to a novel mutation of
the growth hormone-releasing hormone receptor gene. J Clin Endocrinol Metab. 1999;84(3):917-
923.d0i:10.1210/jcem.84.3.5599.

Berryman DE, List EO, Palmer A], et al. Two-year body composition analyses of long-lived GHR null
mice. Journals Gerontol - Ser A Biol Sci Med Sci. 2010;65(1):31-40. doi:10.1093 /gerona/glp175.
Berryman DE, List EO, Coschigano KT, Behar K, Kim JK, Kopchick J]. Comparing adiposity profiles
in three mouse models with altered GH signaling. Growth Horm IGF Res. 2004;14(4):309-318.
doi:10.1016/j.ghir.2004.02.005.

Butler AA, Kesterson RA, Khong K, et al. A unique metabolic syndrome causes obesity in the
melanocortin-3 receptor-deficient mouse. Endocrinology. 2000;141(9):3518-3521.
d0i:10.1210/endo0.141.9.7791.

Chen AS, Marsh D], Trumbauer ME, et al. Inactivation of the mouse melanocortin-3 receptor results
in increased fat mass and reduced lean body mass. Nat Genet. 2000;26(1):97-102.
doi:10.1038/79254.

Junnila RK, List EO, Berryman DE, Murrey JW, Kopchick J]. The GH/IGF-1 axis in ageing and
longevity. Nat Rev Endocrinol. 2013;9(6):366-376. d0i:10.1038 /nrendo.2013.67.

Giustina A, Mazziotti G, Canalis E. Growth hormone, insulin-like growth factors, and the skeleton.
Endocr Rev. 2008;29(5):535-559. d0i:10.1210/er.2007-0036.

Velloso CP. Regulation of muscle mass by growth hormone and IGF-I. Br ] Pharmacol.
2008;154(3):557-568. doi:10.1038/bjp.2008.153.

Liu ], Leroith D. Insulin-like growth factor I is essential for postnatal growth in reponse to growth
hormone. Endocrinology. 1999;140(11):5178-5184.

Lupu F, Terwilliger ]D, Lee K, Segre G V, Efstratiadis A. Roles of growth hormone and insulin-like
growth factor 1 in mouse postnatal growth. Dev Biol. 2001;229(1):141-162.
doi:10.1006/dbio.2000.9975.

Stratikopoulos E, Szabolcs M, Dragatsis I, Klinakis A, Efstratiadis A. The hormonal action of IGF1 in
postnatal mouse growth. Proc Natl Acad Sci U S A. 2008;105(49):19378-19383.
doi:10.1073/pnas.0809223105.

77



References

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

Salvatore E, Rinaldi C, Tucci T, et al. Growth hormone response to arginine test differentiates
between two subgroups of Huntington’s disease patients. ] Neurol Neurosurg Psychiatry.
2011;82(5):543-547. doi:10.1136/jnnp.2010.208553.

Saleh N, Moutereau S, Durr A, et al. Neuroendocrine disturbances in Huntington’s disease. PLoS
One. 2009;4(3). doi:10.1371/journal.pone.0004962.

Oakeshott S, Port R, Cummins-Sutphen J, et al. A mixed fixed ratio/progressive ratio procedure
reveals an apathy phenotype in the BAC HD and the z_Q175 KI mouse models of Huntington'’s
disease. PLoS Curr.2012:1-18. doi:10.1371/4f97 2cffe82cO0.

Urbach YK, Raber KA, Canneva F, et al. Automated phenotyping and advanced data mining
exemplified in rats transgenic for Huntington'’s disease. ] Neurosci Methods. 2014;234:38-53.
d0i:10.1016/j.jneumeth.2014.06.017.

Schmelzeis MC, Mittleman G. The hippocampus and reward: effects of hippocampal lesions on
progressive-ratio responding. Behav Neurosci. 1996;110(5):1049-1066. do0i:10.1037/0735-
7044.110.5.1049.

Baunez C, Amalric M, Robbins TW. Enhanced food-related motivation after bilateral lesions of the
subthalamic nucleus. ] Neurosci. 2002;22(2):562-568. doi:22/2 /562 [pii].

Bowman EM, Brown V]. Effects of excitotoxic lesions of the rat ventral striatum on the perception
of reward cost. Exp Brain Res. 1998;123(4):439-448. d0i:10.1007/s002210050588.

Eagle DM, Humby T, Dunnett SB, Robbins TW. Effects of regional striatal lesions on motor,
motivational, and executive aspects of progressive-ratio performance in rats. Behav Neurosci.
1999;113(4):718-731.

Robinson S, Rainwater AJ, Hnasko TS, Palmiter RD. Viral restoration of dopamine signaling to the
dorsal striatum restores instrumental conditioning to dopamine-deficient mice.
Psychopharmacology (Berl). 2007;191(3):567-578. d0i:10.1007 /s00213-006-0579-9.

Darvas M, Palmiter RD. Restriction of dopamine signaling to the dorsolateral striatum is sufficient
for many cognitive behaviors. Proc Natl Acad Sci U S A. 2009;106(34):14664-14669.
doi:10.1073/pnas.0907299106.

Darvas M, Palmiter RD. Restricting dopaminergic signaling to either dorsolateral or medial
striatum facilitates cognition. ] Neurosci. 2010;30(3):1158-1165. doi:10.1523 /JNEUROSCIL.4576-
09.2010.

Veeneman MM], Broekhoven MH, Damsteegt R, Vanderschuren LJM]. Distinct contributions of
dopamine in the dorsolateral striatum and nucleus accumbens shell to the reinforcing properties
of cocaine. Neuropsychopharmacology. 2012;37(2):487-498. doi:10.1038 /npp.2011.209.
Aberman JE, Ward SJ, Salamone ]D. Effects of dopamine antagonists and accumbens dopamine
depletions on time-constrained progressive-ratio performance. Pharmacol Biochem Behav.
1998;61(4):341-348. doi:10.1016/S0091-3057(98)00112-9.

Hamill S, Trevitt T, Nowend KL, Carlson BB, Salamone JD. Nucleus accumbens dopamine
depletions and time-constrained progressive ratio performance: Effects of different ratio
requirements. Pharmacol Biochem Behav. 1999;64(1):21-27. d0i:10.1016/S0091-3057(99)00092-
1.

Sanders AC, Hussain AJ, Hen R, Zhuang X. Chronic blockade or constitutive deletion of the
serotonin transporter reduces operant responding for food reward. Neuropsychopharmacology.
2007;32(11):2321-2329. d0i:10.1038/sj.npp.1301368.

Roberts DCS, Loh EA, Baker GB, Vickers G. Lesions of central serotonin systems affect responding
on a progressive ratio schedule reinforced either by intravenous cocaine or by food. Pharmacol
Biochem Behav. 1994;49(1):177-182. doi:10.1016/0091-3057(94)90473-1.

Pratt WE, Schall MA, Choi E. Selective serotonin receptor stimulation of the medial nucleus
accumbens differentially affects appetitive motivation for food on a progressive ratio schedule of
reinforcement. Neurosci Lett. 2012;511(2):84-88. d0i:10.1016/j.neulet.2012.01.038.

Wang GJ, Volkow ND, Logan ], et al. Brain dopamine and obesity. Lancet. 2005;357(9253):354-
357.d0i:10.1016/S0140-6736(00)03643-6.

Margetic S, Gazzola C, Pegg GG, Hill RA. Leptin: a review of its peripheral actions and interactions.
Int ] Obes Relat Metab Disord. 2002;26(11):1407-1433. doi:10.1038/sj.ijo.0802142.

Klok MD, Jakobsdottir S, Drent ML. The role of leptin and ghrelin in the regulation of food intake
and body weight in humans: A review. Obes Rev. 2007;8(1):21-34.d0i:10.1111/j.1467-
789X.2006.00270.x.

Elmquist JK, Bjgrbaek C, Ahima RS, Flier |S, Saper CB. Distributions of Leptin Receptor mRNA
Isoforms in the Rat Brain. ] Comp Neurol. 1998;15(395):535-547. doi:10.1002 /(SICI)1096-
9861(19980615)395:4<535::AID-CNE9>3.0.C0;2-2 [pii].

78



367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

References

Scott MM, Lachey JL, Sternson SM, et al. Leptin targets in the mouse brain. ] Comp Neurol.
2009;514(5):518-532. doi:10.1002/cne.22025.

Harvey J. Leptin regulation of neuronal excitability and cognitive function. Curr Opin Pharmacol.
2007;7(6):643-647. d0i:10.1016/j.coph.2007.10.006.

Harvey J. Leptin - A multifacted hormone in the Central Nervous System. Mol Neurobiol.
2003;28(3):245-258. doi:.

Morrison CD. Leptin signaling in brain: A link between nutrition and cognition? Biochim Biophys
Acta - Mol Basis Dis. 2009;1792(5):401-408. doi:10.1016/j.bbadis.2008.12.004.

Xu L. Leptin action in the midbrain: From reward to stress. ] Chem Neuroanat. 2014;61:256-265.
doi:10.1016/j.jchemneu.2014.06.007.

Lu X-Y, Kim CS, Frazer A, Zhang W. Leptin: a potential novel antidepressant. Proc Natl Acad Sci U S
A.2006;103(5):1593-1598. doi:10.1073 /pnas.0508901103.

Yamada N, Katsuura G, Ochi Y, et al. Impaired CNS leptin action is implicated in depression
associated with obesity. Endocrinology. 2011;152(7):2634-2643. d0i:10.1210/en.2011-0004.
Oomura Y, Hori N, Shiraishi T, et al. Leptin facilitates learning and memory performance and
enhances hippocampal CA1 long-term potentiation and CaMK II phosphorylation in rats. Peptides.
2006;27(11):2738-2749. d0i:10.1016/j.peptides.2006.07.001.

Kanoski SE, Alhadeff AL, Fortin SM, Gilbert JR, Grill H]. Leptin signaling in the medial nucleus
tractus solitarius reduces food seeking and willingness to work for food.
Neuropsychopharmacology. 2014;39(3):605-613. d0i:10.1038/npp.2013.235.

Figlewicz DP, Bennett JL, Naleid AM, Davis C, Grimm JW. Intraventricular insulin and leptin
decrease sucrose self-administration in rats. Physiol Behav. 2006;89(4):611-616.
doi:10.1016/j.physbeh.2006.07.023.

Alhadeff AL, Hayes MR, Grill HJ. Leptin receptor signaling in the lateral parabrachial nucleus
contributes to the control of food intake. AJP Regul Integr Comp Physiol. 2014;307(11):R1338-
R1344. do0i:10.1152/ajpregu.00329.2014.

Davis JF, Choi DL, Schurdak ]D, et al. Leptin regulates energy balance and motivation through
action at distinct neural circuits. Biol Psychiatry. 2011;69(7):668-674.
d0i:10.1016/j.biopsych.2010.08.028.

Enkel T, Berger SM, Schonig K, Tews B, Bartsch D. Reduced expression of nogo-a leads to
motivational deficits in rats. Front Behav Neurosci. 2014;8(January):1-7.
doi:10.3389/fnbeh.2014.00010.

Bradbury M]. Metabotropic glutamate receptor mGlu5 is a mediator of appetite and energy balance
in rats and mice. /] Pharmacol Exp Ther.2004;313(1):395-402. do0i:10.1124 /jpet.104.076406.
Roth ]D, D’Souza L, Griffin PS, et al. Interactions of amylinergic and melanocortinergic systems in
the control of food intake and body weight in rodents. Diabetes Obes Metab. 2012;14(7):608-615.
doi:10.1111/j.1463-1326.2012.01570.x.

Rasmussen EB, Huskinson SL. Effects of rimonabant on behavior maintained by progressive ratio
schedules of sucrose reinforcement in obese Zucker (fa/fa) rats. Behav Pharmacol.
2008;19(7):735-742. doi:10.1097 /FBP.0b013e3283123cc2.

Glass M], O’Hare E, Cleary JP, Billington C], Levine AS. The effect of naloxone on food-motivated
behavior in the obese Zucker rat. Psychopharmacology (Berl). 1999;141(4):378-384.
doi:10.1007/s002130050847.

Perry CA, Pravetoni M, Teske JA, et al. Predisposition to late-onset obesity in GIRK4 knockout mice.
Proc Natl Acad Sci U S A.2008;105(23):8148-8153. d0i:10.1073/pnas.0803261105.

Vaughan C, Moore M, Haskell-Luevano C, Rowland NE. Food motivated behavior of melanocortin-4
receptor knockout mice under a progressive ratio schedule. Peptides. 2006;27(11):2829-2835.
doi:10.1016/j.peptides.2006.07.008.

Hajnal A, Acharya NK, Grigson PS, Covasa M, Twining RC. Obese OLETF rats exhibit increased
operant performance for palatable sucrose solutions and differential sensitivity to D2 receptor
antagonism. Am ] Physiol Regul Integr Comp Physiol. 2007;293(5):1846-1854.
doi:10.1152/ajpregu.00461.2007.

Narayanaswami V, Thompson AC, Cassis LA, Bardo MT, Dwoskin LP. Diet-induced obesity:
dopamine transporter function, impulsivity and motivation. Int J Obes. 2013;37(8):1095-1103.
doi:10.1038/ijo0.2012.178.

la Fleur SE, Vanderschuren L], Luijendijk MC, Kloeze BM, Tiesjema B, Adan RA. A reciprocal
interaction between food-motivated behavior and diet-induced obesity. Int | Obes.
2007;31(8):1286-1294. d0i:10.1038/5j.ij0.0803570.

79



References

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

Blaisdell AP, Lau YLM, Telminova E, et al. Food quality and motivation: A refined low-fat diet
induces obesity and impairs performance on a progressive ratio schedule of instrumental lever
pressing in rats. Physiol Behav. 2014;128:220-225. do0i:10.1016/j.physbeh.2014.02.025.

Finger BC, Dinan TG, Cryan JF. Diet-induced obesity blunts the behavioural effects of ghrelin:
Studies in a mouse-progressive ratio task. Psychopharmacology (Berl). 2012;220(1):173-181.
doi:10.1007/s00213-011-2468-0.

Shin AC, Townsend RL, Patterson LM, Berthoud H-R. “Liking” and “wanting” of sweet and oily food
stimuli as affected by high-fat diet-induced obesity, weight loss, leptin, and genetic predisposition.
Am ] Physiol - Regul Integr Comp Physiol. 2011;301(5):R1267-R1280.
do0i:10.1152/ajpregu.00314.2011.

Finger BC, Dinan TG, Cryan JF. Progressive ratio responding in an obese mouse model: Effects of
fenfluramine. Neuropharmacology. 2010;59(7-8):619-626.
d0i:10.1016/j.neuropharm.2010.08.010.

Dunnett SB, Nathwani F, Brasted P]. Medial prefrontal and neostriatal lesions disrupt performance
in an operant delayed alternation task in rats. Behav Brain Res. 1999;106(1-2):13-28.
doi:10.1016/S0166-4328(99)00076-5.

Dunnett SB, White A. Striatal grafts alleviate bilateral striatal lesion deficits in operant delayed
alternation in the rat. Exp Neurol. 2006;199(2):479-489. doi:10.1016/j.expneurol.2006.01.013.
Dunnett SB, Meldrum A, Muir JL. Frontal-striatal disconnection disrupts cognitive performance of
the frontal-type in the rat. Neuroscience. 2005;135(4):1055-1065.
do0i:10.1016/j.neuroscience.2005.07.033.

White A, Dunnett SB. Fronto-striatal disconnection disrupts operant delayed alternation
performance in the rat. Neuroreport. 2006;17(4):435-441.
doi:10.1097/01.wnr.0000203625.09706.5d.

Izaki Y, Takita M, Akema T. Specific role of the posterior dorsal hippocampus-prefrontal cortex in
short-term working memory. Eur | Neurosci. 2008;27(11):3029-3034. doi:10.1111/j.1460-
9568.2008.06284.x.

Dobrossy MD, Svendsen CN, Dunnett SB. The effects of bilateral striatal lesions on the acquisition
of an operant test of short term memory. Neuroreport. 1995;6(15):2049-2053. doi:.

Rogers DC, Wright PW, Roberts JC, Reavill C, Rothaul AL, Hunter AJ. Photothrombotic lesions of the
frontal cortex impair the performance of the delayed non-matching to position task by rats. Behav
Brain Res. 1992;49(2):231-235.d0i:10.1016/S0166-4328(05)80169-X.

Porter MC, Burk JA, Mair RG. A comparison of the effects of hippocampal or prefrontal cortical
lesions on three versions of delayed non-matching-to-sample based on positional or spatial cues.
Behav Brain Res. 2000;109(1):69-81. doi:10.1016/S0166-4328(99)00161-8.

Do6brossy MD, Brooks S, Trueman R, Brasted PJ], Dunnett SB. Operant analysis of fronto-striatal
function in rodents. In: Buccafusco J], ed. Methods of Behavior Analysis in Neuroscience. 2nd ed. CRC
press / Taylor & Francis; 2009:1-23. doi:.

Fielding SA, Brooks SP, Klein A, Bayram-Weston Z, Jones L, Dunnett SB. Profiles of motor and
cognitive impairment in the transgenic rat model of Huntington'’s disease. Brain Res Bull.
2012;88(2-3):223-236.d0i:10.1016/j.brainresbull.2011.09.011.

Eagle DM, Baunez C, Hutcheson DM, Lehmann O, Shah AP, Robbins TW. Stop-signal reaction-time
task performance: Role of prefrontal cortex and subthalamic nucleus. Cereb Cortex.
2008;18(1):178-188. doi:10.1093 /cercor/bhm044.

Eagle DM, Robbins TW. Inhibitory control in rats performing a stop-signal reaction-time task:
Effects of lesions of the medial striatum and d-Amphetamine. Behav Neurosci. 2003;117(6):1302-
1317.d0i:10.1037/0735-7044.117.6.1302.

Eagle DM, Bari A, Robbins TW. The neuropsychopharmacology of action inhibition: Cross-species
translation of the stop-signal and go/no-go tasks. Psychopharmacology (Berl). 2008;199(3):439-
456.d0i:10.1007/s00213-008-1127-6.

Verbruggen F, Logan G. Response inhibition in the stop-signal paradigm. Trends Cogn Sci.
2008;12(11):418-424.d0i:10.1016/].tics.2008.07.005.Response.

Eagle DM, Baunez C. Is there an inhibitory-response-control system in the rat? Evidence from
anatomical and pharmacological studies of behavioral inhibition. Neurosci Biobehav Rev.
2010;34(1):50-72. doi:10.1016/j.neubiorev.2009.07.003.

Chudasama Y, Muir JL. A behaviouval analysis of the delayed non matching to position task: The
effects of scopolamine, lesions of the fornix and of the prelimbic region on mediating behaviours
by rats. Psychopharmacology (Berl). 1997;134(1):73-82. d0i:10.1007/s002130050427.

80



4009.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

431.

References

Schachar R, Logan GD, Robaey P, Chen S, Ickowicz A, Barr C. Restraint and cancellation: Multiple
inhibition deficits in attention deficit hyperactivity disorder. ] Abnorm Child Psychol.
2007;35(2):229-238. d0i:10.1007/s10802-006-9075-2.

Orduiia V, Valencia-Torres L, Bouzas A. DRL performance of spontaneously hypertensive rats:
Dissociation of timing and inhibition of responses. Behav Brain Res. 2009;201(1):158-165.
doi:10.1016/j.bbr.2009.02.016.

Cho YH, Jeantet Y. Differential involvement of prefrontal cortex, striatum, and hippocampus in DRL
performance in mice. Neurobiol Learn Mem. 2010;93(1):85-91. d0i:10.1016/j.nlm.2009.08.007.
Neill DB, Herndon ]JG. Anatomical specificity within rat striatum for the dopaminergic modulation
of DRL responding and activity. Brain Res. 1978;153(3):529-538. d0i:10.1016/0006-
8993(78)90337-2.

Dunnett SB, Iversen SD. Neurotoxic lesions of ventrolateral but not anteromedial neostriatum in
rats impair differential reinforcement of low rates (DRL) performance. Behav Brain Res.
1982;6(3):213-226.d0i:10.1016/0166-4328(82)90024-9.

Schmaltz LW, Isaacson RL. Effects of caudate and frontal lesions on retention and relearning of a
DRL schedule. ] Comp Physiol Psychol. 1968;65(2):343-348. doi:10.1037/h0025534.

Anderberg RH, Hansson C, Fenander M, et al. The stomach-derived hormone ghrelin increases
impulsive behavior. Neuropsychopharmacology. 2015;41(5):1-11. doi:10.1038/npp.2015.297.
Harrison AA, Everitt B], Robbins TW. Central serotonin depletion impairs both the acquisition and
performance of a symmetrically reinforced go/no-go conditional visual discrimination. Behav
Brain Res. 1999;100(1-2):99-112. d0i:10.1016/S0166-4328(98)00117-X.

Borquez M, Born |, Navarro V, Betancourt R, Inostroza M. Sleep enhances inhibitory behavioral
control in discrimination learning in rats. Exp Brain Res. 2014;232(5):1469-1477.
doi:10.1007/s00221-013-3797-5.

Yates JR, Darna M, Beckmann |S, Dwoskin LP, Bardo MT. Individual differences in impulsive action
and dopamine transporter function in rat orbitofrontal cortex. Neuroscience.
2016;313(November):122-129. doi:10.1016/j.neuroscience.2015.11.033.

Eagle DM, Wong JCK, Allan ME, Mar AC, Theobald DE, Robbins TW. Contrasting roles for dopamine
D1 and D2 receptor subtypes in the dorsomedial striatum but not the nucleus accumbens core
during behavioral inhibition in the stop-signal task in rats. /] Neurosci. 2011;31(20):7349-7356.
doi:10.1523/JNEUROSCI.6182-10.2011.

Bari A, Mar AC, Theobald DE, et al. Prefrontal and monoaminergic contributions to stop-signal task
performance in rats. / Neurosci. 2011;31(25):9254-9263. doi:10.1523 /JNEUROSCI.1543-11.2011.
Ballanger B, Van Eimeren T, Moro E, et al. Stimulation of the subthalamic nucleus and impulsivity:
Release your horses. Ann Neurol. 2009;66(6):817-824. d0i:10.1002/ana.21795.

Hershey T, Campbell MC, Videen TO, et al. Mapping Go-No-Go performance within the subthalamic
nucleus region. Brain. 2010;133(12):3625-3634. doi:10.1093 /brain/awq256.

Birrell JM, Brown V]. Medial frontal cortex mediates perceptual attentional set shifting in the rat. J
Neurosci. 2000;20(11):4320-4324. doi:20/11 /4320 [pii].

McAlonan K, Brown V]J. Orbital prefrontal cortex mediates reversal learning and not attentional set
shifting in the rat. Behav Brain Res. 2003;146(1-2):97-103. d0i:10.1016/j.bbr.2003.09.019.
Ragozzino ME. The contribution of the medial prefrontal cortex, orbitofrontal cortex, and
dorsomedial striatum to behavioral flexibility. Ann N Y Acad Sci. 2007;1121:355-375.
d0i:10.1196/annals.1401.013.

Hockly E, Cordery PM, Woodman B, et al. Environmental enrichment slows disease progression in
R6/2 Huntington'’s disease mice. Ann Neurol. 2002;51(2):235-242. d0i:10.1002/ana.10094.

Spires TL, Grote HE, Varshney NK, et al. Environmental enrichment rescues protein deficits in a
mouse model of Huntington’s disease, indicating a possible disease mechanism. ] Neurosci.
2004;24(9):2270-2276. doi:10.1523 /JNEUROSCI.1658-03.2004.

Li L, Tang BL. Environmental enrichment and neurodegenerative diseases. Biochem Biophys Res
Commun. 2005;334(2):293-297. d0i:10.1016/j.bbrc.2005.05.162.

Laviola G, Hannan AJ, Macri S, Solinas M, Jaber M. Effects of enriched environment on animal
models of neurodegenerative diseases and psychiatric disorders. Neurobiol Dis. 2008;31(2):159-
168.doi:10.1016/j.nbd.2008.05.001.

Rijkers T, Peetz A, Riither U. Insertional mutagenesis in transgenic mice. Transgenic Res.
1994;3(4):203-215. doi:.

Palmiter RD, Brinster RL. Germ-line transformation of mice. Ann Rev Genet. 1986;20:465-499,
do0i:10.1146/annurev.ge.20.120186.002341.

81



References

432.

433.
434.

435.

436.

Meisler MH. Insertional mutation of “classical” and novel genes in transgenic mice. Trends Genet.
1992;8(10):341-344. doi:.

lannaccone PM, Jacob HJ. Rats! Dis Model Mech. 2009;2(5-6):206-210. doi:10.1242/dmm.002733.
Yao R, Lecomte R, Crawford ES. Small-animal PET: What is it, and why do we need it? /] Nucl Med
Technol. 2012;40(3):157-165. d0i:10.2967/jnmt.111.098632.

Hoyer C, Gass N, Weber-Fahr W, Sartorius A. Advantages and challenges of small animal magnetic
resonance imaging as a translational tool. Neuropsychobiology. 2014;69(4):187-201.
doi:10.1159/000360859.

Lindstrom NM, Moore DM, Zimmerman K, Smith SA. Hematologic assessment in pet rats, mice,
hamsters, and gerbils: Blood sample collection and blood cell identification. Clin Lab Med.
2015;35(3):629-640. d0i:10.1016/j.c11.2015.05.011.

82



References

Figure references

Figure 1
1. Lanciego JL, Luquin N, Obeso JA. Functional neuroanatomy of the basal ganglia. Cold Spring Harb
Perspect Med. 2012;2:a009621
2. Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. 2015;18:7-21
Figure 2
1. Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. 2015;18:7-21
2. Bonelli RM, Cummings JL. Frontal-subcortical circuitry and behavior. Dialogues Clin Neurosci,
2007; 9:2:141-151
3. Levy R, Dubois B. Apathy and the functional anatomy of the prefrontal cortex-basal ganglia
circuits. Cereb Cortex. 2006; 16:7:916-928
4. Mitchell MR, Potenza MN. Recent insights into the neurobiology of impulsivity. Curr Addict Rep.
2014; 1:4:309-319
5. Verbruggen F, Logan GD. Response inhibition in the stop-signal paradigm. Trends Cogn Sci. 2008;
12:11:18-24
6. Bush G, Luu P, Posner MI. Cognitive and emotional influences in anterior cingulate cortex. Trends
Cogn Sci. 2000; 4:6:215-222
Figure 3
1. Hardman CD, Henderson JM, Finkelstein DI, Home MK, Paxinos G, Halliday GM. Comparison of the
basal ganglia inrats, marmosets, macaques, baboons, and human: volume and neuronal number
for the output, internal relay, and striatal modulating nuclei. ] Comp Neurol. 2002; 8:3:238-255
2. Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 6th edition. 2007. Elsevier.
Academic press. Figures 9, 14, 40 and 168
Figure 4
1. Voom P, Vanderschuren L], Groenewegen HJ, Robbins TW, Pennartz CM. Putting a spin on the
dorsal-ventral divide of the striatum. Trends Neurosci. 2004; 27:8:468-474
2. Schneider M, Koch M. Behavioral and morphological alterations following neonatal excitotoxic
lesions of the medial prefrontal cortex in rats. Exp Neurol. 2005; 195:1:185-198
3. Simon NW, Beas BS, Montgomery KS, Haberman RP, Bizon ]JL, Setlow B. Prefrontal cortical-striatal
dopamine receptor mRNA expression predicts distinct forms of impulsivity. Eur | Neurosci. 2013;
37:11:1779-1788
4. Sokolowski JD, Salamone ]D. Effects of dopamine depletions in the medial prefrontal cortex on
DRL performance and motor activity in the rat. Brain Res. 1994: 642:1-2:20-28
5. Dunnett SB, Nathwani F, Brasted P]. Medial prefrontal and neostriatal lesions disrupt
performance in an operant delayed alternation task in rats. Behav Brain Res. 1999; 106:1-2:13-28
6. IzakiY, Maruki K, Hori K, Nomura M. Effects of rat medial prefrontal cortex temporal inactivation
on a delayed alternation task. Neuosci Lett. 2001; 315:3:129-132
7. Porter MC, Burk JA, Mair RG. A comparison of the effects of hippocampal or prefrontal cortical
lesions on three versions of delayed non-matching-to-sample based on positional or spatial cues.
Behav Brain Res. 2000; 109:1:69-80
8. Kheramin S, Body S, Herrara FM, Bradshaw CM, Szabadi E, Deakin JF, Anderson IM. The effect of
orbital prefrontal cortex lesions on performance on a progressive ratio schedule: implications for
models of inter-temporal choice. Behav Brain Res. 2005; 156:1:145-152
9. Eagle DM, Baunez C. Is there an inhibitory-response-control system in the rat? Evidence from
anatomical and pharmacological studies of behavioral inhibition. Neurosci Biobehav Rev. 2010;
34:1:50-72
10. Mar AC, Walker AL, Theobald DE, Eagle DM, Robbins TW. Dissociable effects of lesions to

orbitofrontal cortex subregions on impulsive choice in the rat. ] Neurosci. 2011; 31:17:6398-6404

83



84



85

Publication I



@' PLOS ’ ONE

Reduced Motivation in the BACHD Rat Model of
Huntington Disease Is Dependent on the Choice of Food crosvax
Deprivation Strategy

OPEN a ACCESS Freely available online

Erik Karl Hakan Jansson®, Laura Emily Clemens®, Olaf Riess, Huu Phuc Nguyen*

Institute of Medical Genetics and Applied Genomics, University of Tuebingen, Tuebingen, Germany; and Centre for Rare Diseases, University of Tuebingen, Tuebingen,
Germany

Abstract

Huntington disease (HD) is an inherited neurodegenerative disease characterized by motor, cognitive, psychiatric and
metabolic symptoms. Animal models of HD show phenotypes that can be divided into similar categories, with the
metabolic phenotype of certain models being characterized by obesity. Although interesting in terms of modeling
metabolic symptoms of HD, the obesity phenotype can be problematic as it might confound the results of certain
behavioral tests. This concerns the assessment of cognitive function in particular, as tests for such phenotypes are often
based on food depriving the animals and having them perform tasks for food rewards. The BACHD rat is a recently
established animal model of HD, and in order to ensure that behavioral characterization of these rats is done in a reliable
way, a basic understanding of their physiology is needed. Here, we show that BACHD rats are obese and suffer from discrete
developmental deficits. When assessing the motivation to lever push for a food reward, BACHD rats were found to be less
motivated than wild type rats, although this phenotype was dependent on the food deprivation strategy. Specifically, the
phenotype was present when rats of both genotypes were deprived to 85% of their respective free-feeding body weight,
but not when deprivation levels were adjusted in order to match the rats’ apparent hunger levels. The study emphasizes the
importance of considering metabolic abnormalities as a confounding factor when performing behavioral characterization of
HD animal models.
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typically lose weight [4,5,6,7,8,9], the body weight and body
composition phenotypes of transgenic animal models of HD vary
[3]. Animals that express the full-length mutant huntingtin gene
typically show an increased body weight, due to increased fat mass
[10,11]. Although this is interesting in terms of modeling the
metabolic symptoms of HD, an increase in body weight has been
suggested to result in reduced performance on the rotarod [12,13],
a common test of motor capacity and limb coordination.
Metabolic phenotypes are also of interest when considering tests
of cognitive function, as these are often based on having food
deprived animals perform certain tasks to retrieve food rewards
[14]. Ideally, animals should be equally hungry and interested in
food rewards when performing such tests, as studies where

Introduction

Huntington disease (HD) is an autosomal dominantly inherited
neurodegenerative disease with a prevalence of 6 per 100,000 in
Europe and North America [1]. Development of HD is dependent
on a single mutation that results in the extension of the CAG
repeat sequence present in the gene for the Huntingtin protein [2].
HD patients display a range of symptoms that can be grouped into
motor, psychiatric, cognitive and metabolic symptoms. Symptoms
gradually worsen as the disease progresses, and due to the lack of
disease modifying treatments HD is invariably fatal.

There are numerous transgenic animal models of HD [3], and
as with any disease model, a major focus of working with these is to
assess how well their phenotypes mirror symptoms found in HD
patients. This is complicated due to the multitude of phenotypes
that are often present, and the potential risk of some phenotypes

motivational differences are present can give misleading results
[15]. Changes in body composition, such as the ones seen in HD
models, are likely to either be caused by or lead to a change in ad

confounding the assessment of others. The metabolic phenotypes
are especially interesting in this regard. While HD patients
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libitum food consumption. Unless careful adjustments are made,
such phenotypes might persist even after food deprivation. One
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proposed method to avoid this when working with HD models is
to adjust food deprivation levels until animals show similar
consumption rates in tests where they are given brief access to food
[16,17]. Similar tests are occasionally used to assess hunger and
food interest, [18,19,20,21] although in HD research one should
also consider that a slowed consumption rate could be caused by
motor impairments. Thus, detailed knowledge about body
composition and feeding behavior of an animal model, both when
deprived and ad libitum fed, is important for planning and
interpreting a variety of behavioral tests.

The BACHD rat is a recently established animal model for HD.
These rats carry a large construct containing the full-length gene
for human mutant Huntingtin, with its endogenous regulatory
sequences [22]. Previous studies have shown that BACHD rats
have motor impairments and neuropathological phenotypes
reminiscent of symptoms seen among HD patients [22]. In
addition, BACHD rats appear to be impaired in some cognitive
tests [23]. Previous studies have indicated that BACHD rats eat
less than WT rats [22], although the setup used for that particular
study demanded social isolation, and its validity for assessing
natural behavior has been questioned [24]. Further, although it
has been pointed out that BACHD rats appear obese [22], there
has not been any study on their body composition. Therefore, we
performed a longitudinal study where food intake was measured in
a social homecage setup, and body composition was assessed
through detailed dissections. As further behavioral characteriza-
tion of the BACHD rats will be dependent on tests that require
food deprivation, we also sought to evaluate an optimal food
deprivation strategy for BACHD rats. For this, consumption rate
of reward pellets and regular food, as well as performance in a
progressive ratio test with prefeedings was assessed at different
levels of food deprivation.

Materials and Methods

Animals

A total of 168 male rats were used for the study. These were
acquired from three separate in-house breeding events, with
heterozygous BACHD males from the TGS line [22] paired with
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WT females. All animals were on Sprague Dawley background.
Animals were genotyped according to previously published
protocols [22] and housed in type IV cages (38x55 cm), with
high lids (24.5 cm from cage floor), and free access to water. Food
availability and social conditions differed between the experimen-
tal groups. Rats used for ad libitum food intake and body
composition measurements were housed in genotype-matched
pairs, and had free access to food (SNIFF V1534-000 standard
chow) during the entire length of their respective test. Importantly,
food was provided on the cage floor and not on the cage top. Body
weight was measured weekly to assess general health, and cages
were changed twice per week. Rats used for hunger assessment
and PR tests were housed in genotype-matched groups of three
rats per cage. They had free access to food from the cage top until
the age of ten weeks. At that point, the rats were food deprived as
described below. Body weight was measured daily in order to
assess food deprivation levels, and cages were changed weekly.
The animal facility kept 21-23°C, 55-10% humidity, and was set
to a partially inverted light/dark cycle with lights on/off at 02:00/
14:00 during summer, and 01:00/13:00 during winter.

The seven groups of animals were used in different tests, as
described below. An overview of the animal groups, and the tests,
is shown in Figure 1. All experiments were approved by the local
ethics committee (Regierungspraesidium Tuebingen) and carried
out in accordance with the German Animal Welfare Act and the
guidelines of the Federation of European Laboratory Animal
Science Associations, based on European Union legislation

(Directive 2010/63/EU).

Ad libitum food consumption in a social homecage
environment

Ad libitum food consumption was measured using a total of 72
rats, acquired from one breeding event. At the age of five weeks,
all rats were arranged into genotype-matched pairs, and housed as
described above. This gave a total of 36 cages, 18 cages per
genotype. Cages with WT and BACHD rats were evenly
distributed over two racks, which were placed next to each other
in the same housing room. Food and water intake was assessed
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twice weekly, when cages were changed. Cages were changed on
Mondays and Thursdays during the last two hours of the light
phase. At each cage-changing event, a known amount of food was
placed inside each new cage, and the fresh water bottles were
weighed. The weights of the old water bottles as well as the weight
of the food left in each old cage were then measured to assess the
amount of food and water consumed since the last cage change.
The food was manually collected from the bedding of the old
cages. After removing large food pieces, the bedding was sifted in a
homemade sieve with a 1 mm mesh in order to collect small food
pieces generated by food grinding. The animals’ food and water
consumption was followed in this way until the age of 26 weeks.
Sifting of bedding materials started when animals were 15 weeks

old.

Dissection for body composition assessment

A detailed dissection was performed in order to study the body
composition of BACHD rats. Five different rat groups were
sacrificed at 1, 3, 6, 9, and 12 months of age respectively, with
each group being composed of 12 WT and 12 BACHD rats. The
rat groups used for dissection at 6, 9, and 12 months of age were
the same rats that were followed during the ad lbitum food
consumption test. The rat groups used for dissection at 1 and 3
months of age were acquired from a separate breeding. Housing
conditions were identical for all animals, and according to the
description above. Aside from the weekly food and water
consumption assessment made during the ad libitum food intake
test, food and water consumption were measured monthly as
animals aged. When rats reached an age of interest, a dissection
group was arranged based on the animals’ food consumption,
water intake, and body weights, so that the dissected group well
represented the full group.

Rats were sacrificed in a carbon dioxide chamber two to four
hours before dark-phase onset. Blood samples were collected after
sacrifice, through retro-orbital bleeding. Body lengths and body
weights were measured on the intact animals, with body length
measured from nose tip to tail tip. Additional measurements of
head, trunk, and tail lengths were measured from nose tip to back
of the head, back of the head to anus, and anus to tail tip,
respectively. After these external measurements, skin and subcu-
taneous adipose tissue deposits were removed and weighed. Then,
internal organs and adipose deposits located in the abdomen and
chest cavities were removed and weighed. The remaining carcass
was weighed before removal of the brain. By later subtracting the
brain weight, a measurement of bone and muscle weight (denoted
bone/muscle) was acquired for each rat. Dissection of a given age
group was carried out during four to six days, with rats of both
genotypes being assessed on each day.

Hunger assessment tests

Two tests were used to assess hunger levels in WT and BACHD
rats at three different food deprivation levels. A group of 24
animals with equal numbers of WT and BACHD rats was used for
both tests. This group was acquired from a breeding separate from
the ones used for the ad lbitum food consumption and body
composition measurements. As mentioned above, food deprivation
started when the rats were ten weeks old. Body weights were
compared to control data from age- and genotype-matched free-
feeding animals, on a weekly basis, in order to acquire
measurements of food deprivation levels (relative body weight).
It should be noted that the control data was not gathered in the
current study, but in previous tests. Rats were given small daily
amounts of food inside their social homecages, approximately four
hours after dark phase onset, to maintain food deprivation. During
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the first week of food deprivation, animals were habituated to the
reward pellets (Bio-Serv, Dustless Precision Pellets® F0021,
purchased through Bilaney Consultants, Duesseldorf, Germany)
by daily giving each cage a spoon-full of reward pellets together
with the daily amount of food. Behavior assessment started one
hour after dark phase onset, and was performed in the animals’
housing room, using soft red light. Rats were 13 weeks old when
behavioral assessment started.

Rats were assessed in both tests on each given testing occasion.
The first test assessed the rats’ interest in consuming 100 reward
pellets. The test used a glass cage (28.5x29%29.5 cm) with
mirrors, which allowed a good view of the feeding animals. At the
start of each trial, a rat was placed inside the cage, and was
allowed two explore it freely during two minutes. Afterwards, a
glass Petri dish containing 100 reward pellets was placed inside the
cage, in one of the corners that faced the experimenter. The rats
were then given a total of five minutes to consume the reward
pellets, while the experimenter scored their behavior. The
experimenter used two timers to separately record the total time
taken to consume the reward pellets, and the time each rat actually
spent eating. Thus, one timer was started when the rat first
discovered the pellets, and stopped either when all pellets were
consumed or when five minutes had passed. The second timer was
also started when the rat first discovered the pellets, but was
stopped whenever the rat stopped eating, and explored the test
arena. Roughly three hours were needed to assess all 24 rats. The
test schedule was arranged so that entire cages of BACHD and
WT rats were assessed in an alternating manner. Thus, three rats
of a given genotype were assessed in sequence, followed by three
rats of the other genotype. The experimenter was blinded to the
animals’ genotypes.

The second test assessed the rats’ interest in regular food. In this
test, rats were given free access to a large amount of food in their
homecages. Food was made available to the rats when four hours
remained of the dark phase. Identical amounts of food were placed
in the cage tops, with one-minute spacing between cages,
alternating between BACHD and WT cages. The remaining food
was then measured each half hour, until the end of the dark phase.
A final measurement was made at the end of the subsequent light
phase. At each measurement, the cages were briefly inspected for
larger pieces of food, as they occasionally dropped between the
bars of the cage lids.

The rats were assessed in these two tests on three separate
occasions. On the first, both WT and BACHD rats were deprived
to 85% of their respective free-feeding body weights. In an attempt
to reverse the phenotypes that were found, the food deprivation
levels were then adjusted so WT and BACHD rats were at 95 and
80% of their respective free-feeding body weights. On the final
trial, the previous deprivation levels were switched, so that WT
and BACHD rats were at 80 and 95% of their respective free-
feeding body weights. Each test occasion was separated by a week
of food deprivation, to allow gradual adjustment of deprivation
levels.

Progressive ratio test

A progressive ratio (PR) test was run to assess the rats’
motivation to work for a food reward at two different food
deprivation settings. A group of 24 animals with equal numbers of
WT and BACHD rats was used for the test. This group was
acquired from the same breeding as the group used for the hunger
tests described above. Food deprivation was initiated and
maintained as described above. Behavioral assessment started 30
minutes after dark phase onset, in a room separate from the
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animals’ housing room, using soft red light. Rats were 11 weeks old
when behavioral assessment started.

A bank of six operant conditioning chambers (Coulbourn
Instruments, H10-11R-TC with H10-24 isolation boxes, pur-
chased through Bilaney Consultants, Duesseldorf, Germany) was
used to run the test. Each chamber was equipped with two
retractable levers, placed 6 cm above the chamber floor,
protruding 2 cm from the wall. The levers were placed on either
side of a central pellet receptacle trough, which was placed 2 cm
above the chamber floor. The pellet receptacle trough contained a
yellow light, which was used to signal the delivery of a reward
pellet in all protocols described below. The chambers also
contained a red house light, on the wall opposite from the levers
and pellet receptacle trough, which shined during the full duration
of the training sessions. A water bottle was also available on this
wall, to ensure ad lbitum access to water during testing. All
protocols were designed and run with Graphic State 4.1.04. Rats
were given single daily sessions, meaning that a total of four daily
runs with all six operant chambers were needed to assess the whole
group. Each run assessed three WT and three BACHD rats in a
determined order, so that a given rat was trained on the same time
of day through the entire test. Each rat was assigned to a specific
operant chamber, although this was arranged so that each operant
chamber was used to assess equal numbers of WT' and BACHD
rats. Rats received their daily regimen of regular food four hours
after the completion of the last run of the day.

During initial training, rats of both genotypes were deprived to
85% of their respective free-feeding body weights. Afterwards, all
rats received two habituation sessions in the conditioning
chambers. During these, both levers were retracted and a single
reward pellet was delivered to the pellet trough at 10, 15, 20, 25,
or 30-second intervals. The pellet delivery interval varied in a
pseudo-randomized fashion so that each set of five deliveries used
each given interval once. Pellet retrieval, or failure to retrieve the
pellet within five seconds after delivery, lead to the start of the next
pellet delivery interval. After the habituation sessions, rats were
trained to lever push for a pellet reward. During these sessions,
both levers were extended into the chamber, but only one was
reinforced. Rats were either trained to push the right or the left
lever, with the reinforced lever position being counter-balanced
within the genotype groups. During training, the experimenter
would reward rats for approaching, sniffing and touching the
reinforced lever, until rats started to reliably push the lever on their
own. During this, each lever push was rewarded with one pellet.
Training continued until rats completed 100 lever pushes within a
30-minute session, without any help from the experimenter. The
rats were then trained on an FR3 protocol, where they had to push
the reinforced lever three times before being rewarded with a
pellet. When a rat completed 100 ratios within a 30-minute
session, it progressed to an FR5 protocol. Rats now had to push
the reinforced lever five times before being rewarded with a pellet.
Training on the FR5 protocol continued until rats completed 100
ratios within a 30-minute session, on three consecutive sessions.
Afterwards, rats were trained on a PR protocol adapted from [16].
In the current protocol, the ten first ratios were of FR5 type.
Afterwards, the required number of lever pushes increased after
each completed ratio. During this progression, the required
number of lever pushes increased in an arithmetic fashion within
each block of ten ratios, but also changed between the blocks, to
give an overall exponential progression. Thus, during the first,
second and third block of ten ratios, the ratio requirement
increased with one, three and five pushes per completed ratio,
respectively. The PR sessions lasted 80 minutes. The main
behavioral parameter of interest was a set of break points, defined
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as the first ratio where a rat made no responses on the reinforced
lever during 10, 25, 50, 100, 300 or 600 seconds. Rats were
trained until both genotype groups reached a stable performance,
which in this case required 18 sessions. Performance during the six
last sessions was defined as baseline performance.

Once stable PR performance had been reached, the rats were
challenged in a set of four prefeeding tests. During these tests, the
rats were fed specific amounts of reward pellets or regular food,
just prior to their daily PR session. Rats were prefed by placing
them in individual cages that contained the specified amount of
food. Each prefeeding condition was assessed once, in the
following order: 100 reward pellets, 250 reward pellets, 4.5 g of
regular food, 11.25 g of regular food. Each prefeeding test was
separated by two regular PR sessions to ensure that rats returned
to their baseline performance.

After completion of the first round of prefeeding tests, the food
deprivation level of WT rats was adjusted until they consumed
food at the same rate as BACHD rats. Consumption rate was
assessed daily by measuring the amount of food consumed during
15 minutes of free access to regular food, placed in the cage tops of
the rats’ homecages. The rats were still given daily PR sessions
during food deprivation adjustments. The food consumption tests
were run four hours after completion of the last PR run, i.e. at the
time when the rats were usually given their daily food ration.
When WT rats had reached a consumption rate equal to that of
BACHD rats, six additional PR sessions were run to establish a
new baseline. The prefeeding tests were then repeated in the same
manner as described above. Rats were 20 weeks old at the end of
the test.

Statistical analyses

All statistical analyses were conducted using GraphPad Prism
v.6.01 (GraphPad Software, San Diego California USA, http://
www.graphpad.com).

Food consumption in the ad libitum food consumption test was
analyzed both in terms of the absolute amount of food consumed
and the amount of food consumed relative to the animals’ body
weight. The main analysis of food consumption was based on the
weight of large food pieces, as the food debris gathered through
sifting of the bedding material also contained hair and bedding
pleces. A separate analysis where food consumption was corrected
for the amount of food debris was still performed. For this, the
mean amount of food debris was calculated for each cage, based
on their longitudinal data. This was then added to the weight of
the large food pieces measured at each cage changing. For the
relative food consumption, rats in a given cage were assumed to
eat equal amounts of food. The approximate amount of food
consumed by one of the rats was subsequently related to the mean
body weight of the two rats. Two-way repeated measures
ANVOAs were used to analyze body weight as well as absolute
and relative food consumption. Age was used as within-subject
factor, and genotype as between-subject factor.

For data gathered in the dissection study, body weight, absolute
weight of adipose and bone/muscle tissues, as well as bone/muscle
weight relative to body length were analyzed using regular two-
way ANOVAs. The factors of interest were still age and genotype.
The weights of adipose tissue, bone/muscle tissue and internal
organs relative to body weight were analyzed in individual t-tests,
or Mann-Whitney tests, between genotypes, within each age
group. As the observed phenotypes did not vary between different
adipose tissue deposits, only the combined weight of all deposits
will be addressed here. One BACHD rat meant for the dissection
of six months old animals died before the dissection, making that
particular age group 12 WT and 11 BACHD rats.
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Results from the two hunger tests were analyzed both within
and between each testing occasion. For each test occasion of the
reward pellet consumption test, the time needed to consume the
pellets was analyzed with t-tests to compare the two genotypes.
The time spent exploring the test arena was only analyzed on the
first test occasion, using t-test, as rats showed essentially no interest
in exploring the arena on later trials. One BACHD rat was
excluded from the analysis of the last trial, as he failed to consume
all reward pellets within the maximum trial time. The amount of
food consumed during the food consumption test was on each test
occasion analyzed with two-way repeated measures ANOVA,
using time as within-subject factor, and genotype as between-
subject factor. To better understand the effect of repeated testing
and food deprivation levels, the time needed to consume 100
reward pellets, and the amount of food consumed during the first
30 minutes of the food consumption test were analyzed in
additional detail. Thus, data from all three test-occasions were
analyzed in two-way repeated measures ANOVAs, using genotype
as between-subject factor, and either session number or food
deprivation level as within-subject factor. Analysis of baseline
performance during the PR test was also made with repeated
measures two-way ANOVAs, with break point as within-subject
factor, and genotype as between-subject factor. Drops in
motivation during prefeeding sessions were analyzed for the 600-
seconds break point, as a percentage of the ratio reached during
the two preceding PR sessions. Once again, repeated two-way
ANOVAs were used to analyze the results, using prefeeding
condition as within-subject factor, and genotype as between-
subject factor. Separate analyses were performed for prefeeding
with reward pellets, and regular food. Bonferroni post-hoc test was
used to follow up any significant effects of genotype, or interaction
effects found in the two-way ANOVAs. Alpha for all analyses was
set to 0.05.

Results

Ad libitum food consumption

To assess BACHD rats’ growth and food consumption in a low-
stress and social environment, we housed genotype-matched rats
in pairs (Figure 2A), and measured their weekly body weight and
food consumption. Rats of both genotypes grew steadily during the
test, as indicated by the significant effect of age on body weight
(p<<0.0001, Fio1 1449y =2766) (Figure 2B). BACHD and WT rats
grew at a similar rate, and showed similar body weights through
the entire test, with no significant genotype effect or age x
genotype interaction. The rats’ food consumption also changed
with age (p<0.0001, Fio0680) =110.5) (Figure 2C). In general,
food consumption increased gradually until the age of nine weeks,
and then slowly dropped. Importantly, WI' and BACHD rats
consumed equal amounts of food between six and eight weeks of
age, but there were a number of differences seen at older ages. At
nine and ten weeks of age, BACHD rats appeared to consume
more food that WT rats, although this did not reach statistical
significance. Directly following this, food consumption dropped
steadily among BACHD rats, while WT rats remained arguably
stable until the age of 16 weeks. Due to this, BACHD rats
eventually ate less than WT rats, as indicated by the significant
results from the posi-hoc analysis at 17 weeks of age and onwards
(p<<0.05-0.01). The difference in how food consumption changed
with age among BACHD and WT rats was also evident in a
significant age x genotype interaction (p<<0.0001, Fooes0 =
19.06). Relating food consumption to the rats’ body weight gave
largely the same results, with a significant age effect (p<<0.0001,
Feoes80) =1930) and age x genotype interaction (p<<0.0001,
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Foo,680) =12.99) (Figure 2D). However, this analysis made the
increased food intake among young BACHD rats more apparent,
with the post-hoc test indicating significant differences between
BACHD and WT at seven to ten weeks of age (p<<0.01-0.0001).
In contrast, the decreased food consumption among old BACHD
rats was less apparent, with the post-hoc test only indicating a few
significant data points at 18 to 21 weeks of age (p<<0.05-0.01). It
should be noted that BACHD rats produced less food debris
compared to WT rats (Figure S1A and B). Correcting for this did
not dramatically affect the food consumption phenotype, although
the genotype differences became less apparent (Figure SI1C).
Finally, BACHD rats consumed dramatically less water compared
to WT rats (Figure S1D).

Body composition of BACHD rats

In order to assess BACHD rats’ body composition, we dissected
BACHD and WT rats at five different ages. As expected, older rats
weighed more, leading to a significant age effect on body weight
(p<<0.0001, Fiy 109 =444.1) (Figure 3A). In line with previous
data, there were no differences in body weight between the
genotypes in any age group, and also no significant difference in
apparent growth. The body composition of BACHD rats was
however different from that of WT rats. BACHD rats had
significantly lower percentage of bone and muscle (p<<0.001, all
ages), and higher percentage of adipose tissue (p<<0.05-0.001) in
all age groups (Figure 3B). These differences were also apparent
when analyzing the absolute weights of the respective tissues. Both
WT and BACHD rats gained adipose tissue with age, as indicated
by a significant age effect on the weight of total adipose tissue (p<
0.0001, Fy 109) = 142) (Figure 3C). However, BACHD rats carried
an excess amount of adipose tissue, as indicated by both a
significant genotype effect (p<<0.0001, F 99y =81.25), and
significant results from the post-hoc analysis of all groups, except
the one-month old rats (p<<0.05-0.0001). There was also a
significant age x genotype interaction (p<<0.0001, ¥y 109y =7.686)
that was dependent on data from the one and three months old
groups. The bone/muscle weight also increased with age for both
genotypes (p<<0.0001, Fy 109) =555.4) (Figure 3D). However,
BACHD rats were found to have significantly less bone/muscle
tissue compared to WT rats in all but the one-month old age
groups. This was indicated both by a significant genotype effect
(p<<0.0001, F1 109y =70.69), and significant results from the post-
hoc analysis (p<0.01-0.0001). A significant age x genotype
interaction (p<<0.001, Fi 109y =4.18) also indicated that there
was a difference in the rats’ growth. Importantly, this effect was
dependent on the data of the one-month old group.

The rats’ body length also increased with age for both genotypes
(p<<0.0001, F4 109y = 1517), although a significant genotype effect
(p<<0.0001, F1 109y =86.46) and post-hoc tests (p<<0.01-0.0001)
revealed that BACHD rats were smaller than WT (Figure 3E).
This was apparent in all age groups except the one-month old
animals. It should, however, be noted that one-month old
BACHD rats were shorter than WT rats when analyzing litter-
matched groups (data not shown). The reduced body length
among BACHD rats was mainly due to them having shorter tails
and heads compared to WT rats (Figure S2).

BACHD rats also showed a lower amount of bone/muscle
tissues in relation to their body length (Figure 3F). Rats of both
genotypes gained relative amounts of bone and muscle with age
(p<<0.0001, Fi4 109y =570.6). However, BACHD rats had lower
relative amounts of bone and muscle from three months of age, as
evident from a significant genotype effect (p<<0.0001, F(; 109) =
47.32) and post-hoc analysis (p<0.05-0.0001).
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* (p<0.01) **, (p<<0.001) *** and (p<<0.0001) ****,
doi:10.1371/journal.pone.0105662.g002

Assessment of hunger during food deprivation of BACHD
rats

Two tests based on voluntary consumption of reward pellets and
regular food, were run to assess BACHD rats’ hunger level at
different levels of food deprivation (Figure 4A). When both WT
and BACHD rats were deprived to 85% of their respective free-
feeding body weights, BACHD rats were found to consume both
reward pellets and regular food at a slower rate than WT rats
(Figure 4B). In the pellet consumption test, BACHD rats needed
longer time to eat the reward pellets (p<<0.01), but did not spend
more time exploring the arena, compared to WT rats. The slower
feeding speed led to a significant increase in trial time for BACHD
rats (data not shown). In the food consumption test, BACHD rats
were found to have eaten less than WT rats at almost all
investigated intervals, as evident from the significant genotype
effect (p<0.01, F(1 5y = 14.62), and the significant results from the
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post-hoc analysis (p<0.05-0.01). It should be noted that a
difference in actual consumption rate was only seen during the
first 30 minutes, resulting in an initial difference in the amount of
food consumed, which then persisted through the remaining part
of the test. This difference in behavior gave a significant time x
genotype interaction (p<<0.01, Fg54) =2.840) in the amount of
food consumed by the rats.

In an attempt to reverse the phenotypes described above, the
food deprivation levels were adjusted so that BACHD and WT
rats were at 80 and 95% of their respective free-feeding body
weights (Figure 4C). In the pellet consumption tests, BACHD rats
now needed a similar amount of time to consume the reward
pellets, although there was a borderline significant trend towards
BACHD rats needing more time (p = 0.0535). With the exception
of one WT rat, all rats spent the entire trial eating, and showed
minimal interest in exploring the test arena. In the food
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Figure 3. Body composition assessed through dissection. (A-F) Data from the dissection groups as stated in the graph titles. The graphs
show group mean plus standard error of the mean. Two-way ANOVA results are displayed above each graph, and significant results from post-hoc
analysis are displayed inside each graph. Significant genotype differences are indicated by (p<<0.05) *, (p<<0.01) **, (p<<0.001) *** and (p<<0.0001) ****,
For (B), ANOVA was not performed, and the indicated differences concern single comparisons between WT and BACHD rats within the age groups.
Significant differences are indicated with “a” and “b"” for differences in the relative amount of adipose and bone/muscle tissue respectively, written

according to the same grading as above.
doi:10.1371/journal.pone.0105662.g003

consumption tests, BACHD and W rats consumed food at the
same rate during the first 150 minutes. During the remaining part
of the test, WT rats ate more, eventually leading to a significant
difference in the total amount of food consumed during the test
(p<<0.01). The behavioral differences led to a significant time x
genotype interaction effect (p<<0.0001, Fi9 54y = 8.642).

In a final test, the food deprivation levels were adjusted so that
BACHD and WT rats were at 95 and 80% of their respective free-
feeding body weights (Figure 4D). At this point, BACHD rats
consumed the reward pellets at the same rate as WT rats, as the
aforementioned trend was no longer present. With the exception
of two BACHD rats, all rats spent the entire trial eating, and
showed minimal interest in exploring the test arena. One BACHD
rat did not consume all reward pellets within five minutes. In the
food consumption test, BACHD rats were once again found to
have consumed less food than W'T at all investigated intervals,
resulting in a significant genotype effect (p<<0.001, F(; 5) =42.52),
and significant results from the post-hoc analysis (p<<0.05-0.0001).
BACHD rats ate at a slower rate during the first hour. The
consumption rate gradually declined among W' rats, while it
gradually increased among BACHD rats, ending up at similar
levels after 150 minutes. This difference in behavior gave a
significant time x genotype interaction (p<<0.0001, Fg54) =8.47)
in the amount of food consumed by the rats.

A more detailed analysis of the results was performed with the
aim of better assessing the impact of food deprivation levels on the
consumption rate in the two tests. Separate two-way ANOVA
analysis of the time needed to consume 100 reward pellets, using
genotype as between-subject factor, and either food deprivation
level or the number of test sessions as within-subject factor,
revealed similar statistical results (Figure 5A). In either case, there
was a significant genotype effect (p<<0.05, F(; 91y =5.476), and
performance on the first session, where both genotypes were
deprived to 85%, differed significantly between genotype groups
(p<<0.05). Both analyses also revealed a significant effect of their
respective within-subject parameter (p<<0.01, F9 4o =7.861 and
6.6333 for session and deprivation level, respectively). However,
inspection of the graphed data indicated that the time needed to
consume the reward pellets did not clearly decrease with
increasing food deprivation levels, but did so with increased
numbers of test sessions. Performing the same analyses on the
amount of food consumed during the first 30 minutes of the food
consumption test revealed different results (Figure 5B). Both
analyses once again revealed a significant genotype effect (p<
0.01, Fu =15.59), and significant effects of their respective
within-subject parameters (p<<0.01, Fy 19 =8.220 and 17.04 for
session and deprivation level, respectively). Post-hoc analysis of
data analyzed in terms of food deprivation level revealed a
significant difference in consumption rate when rats of both
genotypes were deprived to 85% of their free-feeding body weight.
This was also found when analyzing the data in terms of the
number of test sessions given to the rats, although that analysis also
revealed a significant difference in consumption rate during the
third session. In contrast to the results from the pellet consumption
test, the consumption rate in the food consumption test appeared
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to gradually increase with an increased food deprivation level,
while not showing any gradual change during repeated testing.

Progressive ratio performance during different levels of
food deprivation

To better assess differences in the motivational state among the
rats, a progressive ratio test was run with two different food
deprivation settings. All rats learned to push the lever in order to
obtain a reward pellet, although there were some discrete
behavioral differences between WT and BACHD rats during the
initial training steps. During habituation, BACHD rats made
fewer entries into the pellet receptacle (Figure S3A, B) and were
initially slower at retrieving the pellets (Figure S3C). During CRF,
FR3 and FR5 training, BACHD rats were generally slower at both
retrieving the pellets, and returning to the reinforced lever (Figure
S4 and S5).

During the fixed ratio part of the PR protocol, BACHD rats
were still slower at retrieving the reward pellets, but they no longer
showed an increase in lever return latencies (Figure S6). These
results were largely unaffected when food deprivation levels were
adjusted. WT rats tended to take longer time to complete the FR5
ratios, although this became significant only after adjustment of
their deprivation level (Figure S6). Importantly, there were no
overt differences between genotypes in the overall response
frequency on the rewarded lever during the fixed ratios (Figure
S6). The same was true for the mean number of lever pushes made
on the non-reinforced lever during the entire PR session (Figure
S7).

Analysis of how the rats reached a series of break points, when
all were deprived to 85% of their free-feeding body weight,
revealed both a significant genotype effect (p<<0.01, F(i 99
=10.66) and differences in the three highest break points (p<<
0.01), with BACHD rats reaching lower ratios (Figure 6A). These
differences were not present when the food deprivation level of
WT rats had been adjusted so that their food consumption rate
matched that of BACHD rats. Similarly, when all rats were
deprived to 85% of their free-feeding body weight, BACHD rats
responded with more pronounced drops in motivation during
prefeeding of both reward pellets and regular food, as indicated by
significant genotype effects (p<<0.01, Fj 99y =9.461 and p<<0.01,
F 21y =8.343 for reward pellet and regular food prefeeding,
respectively) and prefeeding x genotype interactions (p<<0.001,
Fo,44y =11.19 and p<<0.05, F(; o1y =8.341 for reward pellet and
regular food prefeeding, respectively) (Figure 6B). Once again,
these phenotypes were not present when the food deprivation level
of WT rats had been adjusted, leading to identical responses in the
prefeeding tests. It should be noted that only the last break point,
break point 600, was suitable for prefeeding analysis. Prefeeding
induced a strong interest in water among WT rats, which
dramatically affected their early break points (data not shown). It
should also be noted that there was a significant difference in body
weight once the food deprivation levels had been adjusted, with
WT rats being significantly heavier than BACHD rats (data not
shown). The WT rats weighed roughly 50 g more than BACHD
rats, resulting in them being at 95% of their free-feeding body
weight.
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doi:10.1371/journal.pone.0105662.g004
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Discussion

Body composition and food intake of BACHD rats

Many transgenic animal models of HD show an altered body
weight compared to their WT littermates. Animals that express a
fragment of the disease-causing gene typically have a reduced
body weight [25,26,27], while the ones that express the full-length
gene typically have an increased body weight [10,11]. We show
here, that although BACHD rats did not differ from WT rats in
terms of body weight, they displayed several changes in body
composition. Strikingly, BACHD rats carried an excess amount of
adipose tissue. This is in line with phenotypes of other full-length
models of HD, as the increased body weight of BACHD and
YAC128 mice has been shown to at least in part be due to an
increase in adipose tissue mass [28,29]. It should be pointed out
that R6/2 and N171-82Q mice, which only express a fragment of
the disease-causing gene, also carry excess amounts of adipose
tissue [25,30]. R6/2 mice have further been shown to maintain
this increased fat mass even when they start to lose weight [25].
Thus, the increase in adipose tissue seems to be a common
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phenotype of transgenic HD models, although it does not always
result in obesity.

Increased amounts of adipose tissue could theoretically be the
result of increased food intake, decreased home cage activity,
metabolic disturbances, or a combination of the three. While
BACHD mice have been shown to eat more than their WT
littermates [28], R6/2 and YAC128 mice have been found to have
unchanged food intake [25,29]. A previous study on BACHD rats,
in which food intake was followed from three to eighteen months
of age, indicated that the transgenic rats ate less than their WT
littermates [22]. These results were well reproduced here, despite
the different housing conditions. The current study also assessed
food intake at ages younger than three months, where BACHD
rats appeared to consume more food compared to WT rats. It
should be noted, however, that the appearance of the food
consumption phenotypes was to some degree dependent on
whether or not the weight of the consumed food was normalized to
the animals’ body weight. The aim of this normalization was to
relate the rats’ food intake to a measurement of their body size,
and through this investigate if the reduced food intake among
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BACHD rats could be due to them being smaller than WT rats.
Using body weight as an approximation of body size is, however,
probably only suitable at young ages, as the body weight of older
BACHD rats is distorted due to obesity. Thus, further studies are
needed to reach conclusions on this matter. In addition, as food
intake phenotypes are unlikely to explain the increase in adipose
tissue, metabolic parameters of BACHD rats need to be further
characterized. In this regard, it is important to note that the
obesity phenotype of BACHD mice was abolished when the
expression of mutant Huntingtin was silenced in the hypothalamus
[28]. Interestingly, hypothalamic lesions can induce obesity that is
not always associated with increased food intake, but can persist
despite unchanged or even reduced food intake [31,32,33,34,35].
The differential effects appear to depend on which specific
neuronal population is damaged [35,36], which might relate to the
common phenotype of increased fat mass, but varied food intake
seen across HD animal models.

In the current study, BACHD rats were shown to have a smaller
body size and disproportionately lower amount of bone/muscle
tissue compared to WT rats. Information about similar parameters
is scarce for other HD models, although YAC128 mice have been
shown to have unchanged lean body mass [29], while R6/2 mice
show a progressive reduction in lean body mass as they age [25].
These are both in contrast to the bone/muscle phenotype seen in
BACHD rats, as the lower amount of bone/muscle tissue seen in
the current study did not seem to progress with age. Instead, the
body size and bone/muscle phenotypes seen in the BACHD rats
appeared to be caused by discrete developmental deficits and
stunted growth. It is unlikely that these phenotypes were the result
of malnutrition during testing, as food was available ad libitum on
the cage floor. It is possible, however, that BACHD pups might
have had difficulties when competing for mothers’ milk, leading to
malnutrition at early ages. Such factors have been shown to affect
the growth of animals from large litters [37]. Alternatively, the
growth of BACHD rats might be disturbed on a molecular level, as
Huntingtin has been shown to be important during fetal
development [38]. The fact that BACHD rats had smaller heads
compared to WT rats is particularly interesting, as similar
symptoms have been seen in HD gene-carriers [39]. Thus, the
discrete developmental deficits found in the BACHD rats might be
closely connected to developmental deficits of human patients.

Food deprivation and motivation of BACHD rats

Behavioral assessment of HD animal models through the use of
operant conditioning tests is of interest, as cognitive symptoms are
common in HD patients and might become valuable to clinically
track disease progression and treatment effects [40,41,42]. Many
conditioning protocols require food deprivation in order to both
efficiently train the animals to perform a given task and to
maintain high performance. However, food deprivation of HD
models requires extra care as they can be expected to have
changes in body composition. To better understand how to
optimally food deprive BACHD rats, we assessed their interest in
food in a total of three different tests.

Free intake of reward pellets and regular food is sometimes used
to assess an animal’s hunger level and interest in food
[18,19,20,21]. In the current study, WT and BACHD rats
deprived to 85% of their free-feeding body weight did not seem to
differ in their interest in consuming 100 reward pellets, although
BACHD rats needed more time to eat all pellets. Food deprivation
levels were then adjusted in an attempt to reverse the phenotypes,
however, this did not seem to affect the rats’ behavior. Instead,
both the time spent exploring the arena and the time needed to
consume all pellets decreased with repeated testing. The training
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effect on the consumption rate eventually led to BACHD rats
consuming the reward pellets at an equal rate compared to WT
rats. There were indications that rats deprived to 95% of their
free-feeding body weight spent more time exploring the arena
compared to rats deprived to 80%, but this generally concerned
one or two rats of an entire group of twelve. As the current
protocol did not appear to be sensitive even to large changes in
food deprivation levels, it is unlikely to be a suitable test for
assessing discrete differences in food interest. It is also clear that
the apparent training effect could be misinterpreted as a food
deprivation effect, if one assessed a given group of animals
repeatedly with the aim of gradually adjusting their food
deprivation level. The slowed consumption speed seen among
BACHD rats in the pellet consumption test is, however, an
interesting phenotype on its own. While eating, rats typically stood
on all four paws and used their tongue to pick up the pellets. Thus,
the slower feeding rate among BACHD rats is likely due to
impairments in quite basic processes that are needed for eating.
These could include impaired chewing, swallowing or tongue
movements as well as reduced saliva production. It is tempting to
hypothesize that the slower feeding speed among BACHD rats
could be due to phenotypes similar to the tongue protrusion
symptoms that are often seen among HD patients [43,44].
Interestingly, there are protocols for measuring tongue protrusion
[45] in rats, although these tests must be performed carefully, as
the smaller head size of BACHD rats likely means that they have
shorter tongues as well.

In the regular food consumption test, BACHD rats consumed
less food than W'T rats when both groups were deprived to 85% of
their respective free-feeding body weight. Consumption rate
during the first 30 minutes of the test changed in a predictable
way when deprivation levels were adjusted, with more deprived
rats eating at a faster rate. This suggests that the protocol was well
suited for the assessment of food interest and hunger levels. Our
results further showed that when BACHD and WT rats were
deprived to 80 and 95% of their respective free-feeding body
weights, they consumed food at an identical rate for the initial 150
minutes, indicating that the rats were equally hungry. As the test
session continued, BACHD rats once again ate less than WT rats,
which likely reflected differences in the rats’ satiety levels. It should
be noted that the feeding behavior of either genotype did not
significantly differ when comparing their 80 and 85% food
deprivation test sessions. Thus, although the test seems suitable to
assess food interest, it does not appear to be very sensitive.
Assessing food consumption in single animals, rather than in
groups, would most likely improve the test’s sensitivity. It would
further allow separate scoring of the time spent eating and the time
spent not eating, as it was done in the reward pellet consumption
test. However, despite extensive habituation, we have found it
difficult to get our rats to efficiently consume regular food in any
other setup than their home cages. As the test did not allow
separate scoring of the time the rats spent feeding and doing other
activities, it was not possible to conclude if the difference in
consumption rate was strictly due to a difference in hunger and
food interest. This idea is especially difficult to support when
considering the results of the pellet consumption test. In an
attempt to reach a conclusion on the matter, we ran a PR test with
prefeedings.

When both WT and BACHD rats were deprived to 85% of
their respective free-feeding body weight, BACHD rats were
clearly less motivated to work for food rewards in the PR test.
Similar phenotypes have been found in other HD models [16,46]
and they are typically discussed in terms of apathy, which is a
common symptom among HD patients [47,48]. However,
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BACHD rats also responded with more pronounced drops in
motivation during the prefeeding tests, which would typically be
interpreted as BACHD rats being less hungry compared to WT
rats [49,50,51]. This would also support the idea that the BACHD
rats’ lower consumption rate in the first session of the food
consumption test was to some degree caused by lower hunger and
food interest. When the food deprivation level of WT rats was
adjusted to achieve equal food consumption rates to those of the
BACHD rats, all genotype differences that were previously seen in
the PR test disappeared. As WT and BACHD rats did not differ
during prefeeding tests, it is reasonable to assume that they were
equally hungry and that the food consumption test was suitable for
establishing food deprivation levels that ensured this. As they also
no longer differed in baseline performance, the motivational deficit
seen in the first PR test was likely dependent on a difference in
hunger levels, rather than an apathy-related phenotype. It is
interesting to note that after the food deprivation levels had been
adjusted, BACHD rats weighed approximately 50 g less than WT
rats. This difference was similar to the one found in bone/muscle
tissue, suggesting that WT and BACHD rats carried a similar
amount of adipose tissue. Secretion of leptin, which affects satiety
and food intake [52,53], is proportional to adipose tissue mass
[54], and it is possible that the food deprivation adjustment led to
equal hunger and food interest due to equal levels of leptin.
Importantly, higher leptin levels have been shown to reduce
motivation in PR tests [55], which gives a possible explanation for
the initial motivational difference.

Most of the conclusions above are based on the idea that
prefeeding responses depend exclusively on hunger levels and not
on other aspects of motivation. One could argue that animals that
suffer from motivational deficits not related to hunger, might also
respond stronger on the prefeeding tests. Thus, seeking a situation
where animals respond equally to prefeeding could in itself lead to
the lack of differences in PR performance. It is therefore important
to note that other studies have found motivational differences
despite identical responses on prefeeding tests [51], and that
motivational deficits have been found in BACHD mice after
adjusting deprivation levels until animals consumed food at the
same rate [16]. It should also be noted that the true nature of the
motivational phenotype seen here is mainly of importance when
such phenotypes are being characterized. If one simply wishes to
minimize motivational differences when working with BACHD
rats, regardless if these are due to hunger levels or other aspects of
motivation, adjusting deprivation levels so that WT and BACHD
rats consume regular food at a comparable rate should suffice.
Still, the current study only considered quite young animals. It is
possible that older BACHD rats suffer from motor impairments
that could affect the validity of the food consumption test. Also,
motivational phenotypes not related to hunger might become
apparent among older BACHD rats. We aim at addressing these
ideas in a longitudinal study of PR performance.

Summary

In the current study, BACHD rats were found to have
metabolic disturbances, which is in line with other animal models
of HD. We further found that unless these phenotypes were taken
into consideration during food deprivation, BACHD rats were less
motivated than WT rats in a progressive ratio test. Thus,
metabolic phenotypes are important to consider as possible
confounding factors when assessing apathy-related phenotypes of
BACHD rats. The same is likely true for other HD animal models
with metabolic abnormalities.

Our results further indicated that basing the animals’ food
deprivation levels on their consumption rates of regular food was a
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convenient way to avoid motivational differences between
BACHD and WT rats. Thus, previous studies that applied this
method when studying apathy in HD animal models [16] likely
avoided hunger-based motivational differences, and our results
support the future use of this method. It is also important to
consider its use in behavioral tests where the main readout is not
directly related to apathy or motivation, such as [17], as
motivational differences have been shown to affect animals’
behavior in such tests too [15].

Supporting Information

Figure S1 Food debris and water consumption during
the ad libitum food consumption test. (A) The approximate
daily amount of food debris produced per cage (calculated from a
three- to four-day average), plotted against the age of the rats. (B)
The approximate amount of food debris per cage relative to the
average food consumption per cage, plotted against the age of the
rats. (C) The approximate daily food consumption per rat
(calculated from the weekly food consumption per cage) after
accounting for food debris left in the cages, plotted against the age
of the rats. (D) The approximate daily water consumption per rat
(calculated from the weekly water consumption per cage), plotted
against the age of the rats. The graphs indicate group mean plus
standard error of the mean. Two-way ANOVA results are
displayed above each graph, and results from post-hoc analysis
are shown for individual data points. Significant genotype
differences are indicated by (p<<0.05) *, (p<<0.01) **  (p<<0.001)
*#* and (p<<0.0001) ***_ For (D), WT and BACHD rats differed
highly significant (****) for all data points between 11 and 26
weeks of age.

(TIF)

Figure S2 Body length measurements. (A-D) Data from
length measurement as stated in the graph titles. The graphs show
group mean plus standard error of the mean. Two-way ANOVA
results are displayed above each graph, and significant results from
post-hoc analysis are displayed inside each graph. Significant
genotype differences are indicated by (p<0.05) *, (p<<0.01) **, (p<
0.001) *** and (p<<0.0001) ik,

(TTF)

Figure S3 Habituation to the operant conditioning
boxes. (A) The total number of head entries made into the pellet
receptacle during habituation sessions. (B) The total time spent
with the head inside of the pellet receptacle during habituation
sessions as a measurement of the duration of receptacle visits. (G)
The mean latency to enter the pellet receptacle after the delivery
of a reward pellet. The graphs indicate group mean plus standard
error of the mean. Two-way ANOVA results are displayed above
each graph, and results from post-hoc analysis are shown for
individual data points. Significant genotype differences are
indicated by (p<<0.05) *, (p<<0.01) **, (p<<0.001) *** and (p<
0.0001) #3%,

(TIF)

Figure S4 Performance on the CRF protocol. Results from
the final session of CRF training are shown as indicated by graph
titles. Session duration measured the time the rats needed to
complete 100 ratios. Retrieval latency measured the time between
the release of the reinforced lever and the entry into the pellet
receptacle. Lever return latency was defined as the interval
between the first receptacle entry following reward delivery and
the lever push that followed. Graphs indicate the performance of
individual rats and group mean. Results from t-tests or Mann-
Whitney tests are indicated in the graphs. Significant genotype
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differences are indicated by (p<<0.05) *, (p<<0.01) **, (p<<0.001) ***
and (p<<0.0001) ****,
(TIF)

Figure S5 Performance on fixed ratio protocols. Results
for several basic parameters of FR3 and FR5 protocols are shown
as indicated by the graph titles. Session duration measured the
time the rats needed to complete 100 ratios. Ratio duration
measured the time between the first and last lever push of each
ratio. Ratio interval was defined as the time between the last lever
push of one ratio and the first lever push of the ratio that followed.
Retrieval latency measured the time between the release of the
reinforced lever and the entry into the pellet receptacle. Lever
return was defined as the interval between the first receptacle entry
following reward delivery and the first lever push of the ratio that
followed. Scatter plots of FR3 results indicate the performance of
individual rats and group mean. Results from t-tests or Mann-
Whitney tests are indicated in the graphs. Only results from the
final session, where rats performed at criterion, are displayed. Line
graphs of FR5 results indicate group mean plus standard error of
the mean, plotted against the training session. Only the three final
sessions, where rats performed at criterion, are included. Two-way
ANOVA results are displayed at the top right corner of each FR5
graph, and significant results from post-hoc analysis are shown for
individual data points. Significant genotype differences are
indicated by (p<<0.05) *, (p<<0.01) **, (p<<0.001) *** and (p<
0.0001) #k,

(TIF)

Figure S6 Performance on the fixed ratio part of the
progressive ratio protocol. Results for the basic parameters of
the ten FRS ratios run at the start of each PR session. (A) Data
from sessions where BACHD and WT rats were both deprived to
85% of their respective free-feeding body weights. (B) Data from
sessions where food deprivation was adjusted to match the food
consumption rate of BACHD and WT rats. Details for each
parameter are described in the figure legend of Figure S4 and S5.
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Figure S1. Food debris and water consumption during the ad libitum food consumption test. (A)
The approximate daily amount of food debris produced per cage (calculated from a three- to four-day
average), plotted against the age of the rats. (B) The approximate amount of food debris per cage relative
to the average food consumption per cage, plotted against the age of the rats. (C) The approximate daily
food consumption per rat (calculated from the weekly food consumption per cage) after accounting for
food debris left in the cages, plotted against the age of the rats. (D) The approximate daily water
consumption per rat (calculated from the weekly water consumption per cage), plotted against the age of
the rats. The graphs indicate group mean plus standard error of the mean. Two-way ANOVA results are
displayed above each graph, and results from post-hoc analysis are shown for individual data points.
Significant genotype differences are indicated by (p<0.05) * (p<0.01) ** (p<0.001) *** and
(p <0.0001) **** For (D), WT and BACHD rats differed highly significant (****) for all data points
between 11 and 26 weeks of age.
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Figure S2. Body length measurements. (A-D) Data from length measurement as stated in the graph
titles. The graphs show group mean plus standard error of the mean. Two-way ANOVA results are
displayed above each graph, and significant results from post-hoc analysis are displayed inside each graph.
Significant genotype differences are indicated by (p<0.05) * (p<0.01) ** (p<0.001) *** and
(p < 0.0001) ****,
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Figure S3. Habituation to the operant conditioning boxes. (A) The total number of head entries made
into the pellet receptacle during habituation sessions. (B) The total time spent with the head inside of the
pellet receptacle during habituation sessions as a measurement of the duration of receptacle visits. (C)
The mean latency to enter the pellet receptacle after the delivery of a reward pellet. The graphs indicate
group mean plus standard error of the mean. Two-way ANOVA results are displayed above each graph,
and results from post-hoc analysis are shown for individual data points. Significant genotype differences
are indicated by (p < 0.05) *, (p < 0.01) **, (p < 0.001) *** and (p < 0.0001) ****,
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Figure S4. Performance on the CRF protocol. Results from the final session of CRF training are shown
as indicated by graph titles. Session duration measured the time the rats needed to complete 100 ratios.
Retrieval latency measured the time between the release of the reinforced lever and the entry into the
pellet receptacle. Lever return latency was defined as the interval between the first receptacle entry
following reward delivery and the lever push that followed. Graphs indicate the performance of individual
rats and group mean. Results from t-tests or Mann-Whitney tests are indicated in the graphs. Significant
genotype differences are indicated by (p < 0.05) *, (p < 0.01) **, (p < 0.001) *** and (p < 0.0001) ****,

109



Publication I

Supplementary Figures

Mean retrieval latency Mean ratio interval Mean ratio duration Session duration

Mean lever return latency

FR3 FR5
2000 1600
e
1500 ™ 14001
o AT,
Aa,a 4o00]
©1000] —=— A
~ I%]EID A,
5 = A 1000
500 o
800
ol . ol .
WT BACHD 0 1 2 3
15- 8-
6.
O
10 .
n u] A 44
5{ _O 4
E 0 AAAA 2
A
0 . . (i} .
WT BACHD 0 1 2 3
15- 10
*
) B ° I\I\I
A
—_ ] A, A 4
) A A
~ % AAA 64 6\6_ﬁ
51 —E—U—DDDDD AA
O al
ol . ol .
WT BACHD (] 1 2 3
1.5- 1.5-
A *
12] i N 1.3
] AL
= DDDDD EYvY s X 1.14
~ 0.9 Aa
DI:IDD A 0.9
0.6- 071
o.oT . , o.oI ,
WT BACHD 0 1 2 3
15- 8-
7.
10 - ol
@ o AAAAAA
51 b 0 5
?_ A AA
I:IDDD 41
ol . o
WT BACHD 0 1 2 3
Session

110

Session: xx*
Genotype: *
Session x Genotype: NS

Session: xxxx
Genotype: NS
Session x Genotype: NS

Session: NS
Genotype: *
Session x Genotype: NS

Session: *
Genotype: *
Session x Genotype: NS

Session: *
Genotype: *
Session x Genotype: NS

O wT
-+ BACHD



Publication I
Supplementary Figures

Figure S5. Performance on fixed ratio protocols. Results for several basic parameters of FR3 and FR5
protocols are shown as indicated by the graph titles. Session duration measured the time the rats needed
to complete 100 ratios. Ratio duration measured the time between the first and last lever push of each
ratio. Ratio interval was defined as the time between the last lever push of one ratio and the first lever
push of the ratio that followed. Retrieval latency measured the time between the release of the reinforced
lever and the entry into the pellet receptacle. Lever return was defined as the interval between the first
receptacle entry following reward delivery and the first lever push of the ratio that followed. Scatter plots
of FR3 results indicate the performance of individual rats and group mean. Results from t-tests or Mann-
Whitney tests are indicated in the graphs. Only results from the final session, where rats performed at
criterion, are displayed. Line graphs of FR5 results indicate group mean plus standard error of the mean,
plotted against the training session. Only the three final sessions, where rats performed at criterion, are
included. Two-way ANOVA results are displayed at the top right corner of each FR5 graph, and significant
results from post-hoc analysis are shown for individual data points. Significant genotype differences are
indicated by (p < 0.05) *, (p < 0.01) **, (p < 0.001) *** and (p < 0.0001) ****,

111



Publication I
Supplementary Figures

A  WT 85% BACHD: 85%

Lever return latency Pellet retrieval latency  Interval between ratios Duration of ratios

Lever push freugency

(s) (s) (s) (s)

(pushes/s)

3

N
=)

-
(%]

-
o

0.5

o
=)

-
o

o

|
=)

=N
(3.}

-
o

ol
o

o
=)

o

E‘

Lever push freugency

(=]

4 6
Ratio

10

Ratio: #x+x
Genotype: NS
Ratio x Genotype: NS

Duration of ratios

Ratio: ##*x
Genotype: NS
Ratio x Genotype: NS

Interval between ratios

Ratio: #xx*
Genotype: **
Ratio x Genotype: *

Ratio: ##%*
Genotype: NS
Ratio x Genotype: NS

Ratio: x#xx
Genotype: NS
Ratio x Genotype: »

vy

Pellet retrieval latency

Lever return latency

(pushes/s)

o
o

0.5

0.0

10

-
3,

-
o

o
)

O WT =« BACHD

112

WT: 95%
*
*
E\ﬁﬂﬂﬁ‘ﬁ-ﬁﬁ
0 2 4 6 8 10
0 2 4 6 8 10
.
i}
/PIJ/VJ/LI
0 2 4 6 8 10
0 2 4 6 8 10
3
* %
0 2 4 6 8 10
Ratio

BACHD: 85%

Ratio: *
Genotype: **
Ratio x Genotype: NS

Ratio: *#xx
Genotype: NS
Ratio x Genotype: *x

Ratio: xxx*
Genotype: »*
Ratio x Genotype: «x

Ratio: #**
Genotype: NS
Ratio x Genotype: *

Ratio: *#xx
Genotype: NS
Ratio x Genotype: »*



Publication I
Supplementary Figures

Figure S6. Performance on the fixed ratio part of the progressive ratio protocol. Results for the basic
parameters of the ten FR5 ratios run at the start of each PR session. (A) Data from sessions where BACHD
and WT rats were both deprived to 85% of their respective free-feeding body weights. (B) Data from
sessions where food deprivation was adjusted to match the food consumption rate of BACHD and WT rats.
Details for each parameter are described in the figure legend of Figure S4 and S5. Lever push frequency
was calculated based on the pushes made on the reinforced lever during the full length of a ratio, i.e. the
ratio duration plus interval to subsequent ratio. Results displayed were obtained from the sessions used
for baseline curves in Figure 6A. The graphs indicate group mean plus standard error of the mean. Two-
way ANOVA results are displayed at the top right corner of each graph, and results from post-hoc analysis
are shown for individual data points. Significant genotype differences are indicated by (p <0.05) *,
(p<0.01) ** (p <0.001) ***and (p < 0.0001) ****
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Figure S7. Mean number of errors for the fixed ratio part of the progressive ratio protocol. Errors
made by the rats during the ten FR5 ratios run at the start of each PR session. (A) Data from sessions
where BACHD and WT rats were both deprived to 85% of their respective free-feeding body weights. (B)
Data from sessions where food deprivation was adjusted to match the food consumption rate of BACHD
and WT rats. Results were obtained from the sessions used for baseline curves in Figure 6A. Graphs
indicate the performance of individual rats and group mean. Results from t-tests or Mann-Whitney tests
are indicated in the graphs. Significant genotype differences are indicated by (p < 0.05) *, (p <0.01) **
(p <0.001) **and (p < 0.0001) ****,
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Abstract

Huntington disease is an inherited neurodegenerative disorder characterized by motor, cog-
nitive, psychiatric and metabolic symptoms. We recently published a study describing that
the BACHD rat model of HD shows an obesity phenotype, which might affect their motiva-
tion to perform food-based behavioral tests. Further, we argued that using a food restriction
protocol based on matching BACHD and wild type rats’ food consumption rates might
resolve these motivational differences. In the current study, we followed up on these ideas
in a longitudinal study of the rats’ performance in a progressive ratio test. We also investi-
gated the phenotype of reduced food consumption rate, which is typically seen in food-
restricted BACHD rats, in greater detail. In line with our previous study, the BACHD rats
were less motivated to perform the progressive ratio test compared to their wild type litter-
mates, although the phenotype was no longer present when the rats’ food consumption
rates had been matched. However, video analysis of food consumption tests suggested that
the reduced consumption rate found in the BACHD rats was not entirely based on differ-
ences in hunger, but likely involved motoric impairments. Thus, restriction protocols based
on food consumption rates are not appropriate when working with BACHD rats. As an alter-
native, we suggest that studies where BACHD rats are used should investigate how the
readouts of interest are affected by motivational differences, and use appropriate control
tests to avoid misleading results. In addition, we show that BACHD rats display distinct
behavioral changes in their progressive ratio performance, which might be indicative of stria-
tal dysfunction.

Introduction

Huntington disease (HD) is an autosomal dominantly inherited neurodegenerative disorder,
which is caused by a specific mutation in the gene for the huntingtin protein [1,2]. The

PLOS ONE | DOI:10.1371/journal.pone.0173232 March 8,2017 1/41

118


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173232&domain=pdf&date_stamp=2017-03-08
http://creativecommons.org/licenses/by/4.0/

@' PLOS | ONE

Progressive ratio performance and feeding behavior of BACHD rats

decision to publish, or preparation of the
manuscript.

Competing interests: Authors BF and LEC are
employees of QPS Austria. There are no patents,
products in development, or marketed products to
declare. This does not alter our adherence to PLOS
ONE policies on sharing data and materials.

mutation concerns an expansion of the CAG repeat sequence present in the gene’s first exon,
which results in an elongated stretch of glutamine in the translated protein. Patients who carry
an allele with more than 40 CAG repeats invariably develop HD [3,4]. During the disease pro-
cess there is extensive neuronal loss, starting in the caudate nucleus of the striatum, but even-
tually encompassing most brain regions [5-7]. This results in a wide range of clinical signs that
are commonly grouped into motor, psychiatric, cognitive and metabolic symptoms [8]. There
are currently no disease-modifying treatments available for HD, and the disease is invariably
fatal [2,8,9].

Several different transgenic animal models of HD have been generated [2, 10-14]. Thus, a
large amount of work in HD research concerns the characterization of these animal models to
better understand which aspects of the disease are well represented in a given model, which
ones are not present, and which aspects might be unique to the model itself. When considering
behavioral characterization studies, one also has to consider that as the models are likely to
show a range of different phenotypes (disease-related or not), some might confound the read-
outs of others. As an example, metabolic phenotypes have been found to confound tests that
assess motoric function [15,16].

Our group primarily works with the BACHD rat model of HD. These rats carry a trans-
genic construct that contains the full-length disease-causing human gene with 97 CAG/CAA
repeats [17]. We recently published a study where we concluded that male BACHD rats, simi-
lar to other HD models that carry the full-length disease-causing gene, show a strong obesity
phenotype [18]. Interestingly, we found that although the rats were obese, their body weight
was still similar to that of their wild type (WT) littermates due to developmental deficits
(reduced body size, disproportionally low muscle weight). In addition, the obesity phenotype
persisted despite the fact that the BACHD rats generally consumed less food compared to WT
rats [18].

One of the reasons for us favoring a rat model over any of the mouse models was the wider
range of cognitive tests that are available for rats. However, the apparent metabolic phenotypes
of the male BACHD rats raised some concerns. Specifically, we were concerned that these phe-
notypes might result in BACHD rats being less motivated than WT rats when performing vari-
ous tests of cognitive function, as many of these are based on working for food rewards [19].
Motivational differences have been shown to affect both apparent cognitive abilities and choice
of strategy in the Barnes maze [20]. For most cognitive tests, it is not known how a motiva-
tional difference affects the animals’ performance. Thus, interpretations of behavioral pheno-
types found in an animal model that might show reduced motivation should be done carefully.

In our initial study we therefore ran a progressive ratio test to assess male BACHD rats’
motivation to perform lever pushes for a food reward [18]. Specifically, we assessed the perfor-
mance during both a standard and an alternative food restriction protocol. The standard food
restriction protocol was based on common practice, where all animals are food restricted until
they reach a specified body weight, typically 85% of their free-feeding weight [18,19]. Using
this protocol, we found that BACHD rats were less motivated than their WT littermates to per-
form the test. This was an interesting phenotype on its own, as it might be related to apathy
symptoms that are frequently found in HD patients [21,22]. However, as the BACHD rats are
obese without showing an increased body weight it would also mean that they likely carried
more adipose tissue compared to WT rats during this restriction protocol. This would in turn
mean that they likely had an increased serum concentration of leptin, a protein that is secreted
from adipose tissue and regulates energy metabolism [23]. Importantly, changes in leptin sig-
naling within the central nervous system have been shown to affect motivation in the progres-
sive ratio test [24-26]. Specifically, increased leptin levels are able to reduce motivation
[24,25], while knock-down of leptin receptors can increase motivation [26]. Thus, the reduced
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motivation among male BACHD rats might have been a result of their metabolic phenotypes.
The alternative food restriction protocol aimed to elucidate this. Rather than being based on
reaching a specific relative body weight, this protocol was based on adjusting the rats’ food
restriction level so that their apparent hunger and food interest was similar [18]. The rats’
apparent hunger was assessed by measuring their food consumption rates in a test where they
were given free access to food during 15 minutes. When maintained on the standard food
restriction protocol, male BACHD rats consumed food at a lower rate compared to WT rats,
although this could be resolved by giving WT rats an increased daily amount of food. When
BACHD and WT rats showed comparable food consumption rates, there was no longer any
difference in motivation to perform the progressive ratio test. Thus, we suggested that motiva-
tional differences between BACHD and WT rats can be expected when using standard food
restriction protocols, that these phenotypes are likely caused by metabolic phenotypes rather
than psychiatric phenotypes, and that the alternative food restriction protocol might be more
suitable to use during tests of cognitive characterization [18].

The study itself still had certain shortcomings, which we have sought to cover in the follow-
up study presented here. Briefly, our first study only considered rats of relatively young ages
(2-4 months of age) and we here aimed to further investigate to what extent the findings were
reproduced at older ages. Further, we have investigated the rats’ body composition during the
alternative food restriction protocols as well as how the leptin levels among BACHD and WT
rats changed during different parts of our tests (i.e. during the different food restriction proto-
cols). Additional control tests have been performed in order to exclude fatigue and satiation as
confounding factors in the progressive ratio results. Finally, more detailed evaluation of the
food consumption test used for assessing the rats” apparent hunger, and a separate test allow-
ing assessment of individual animals’ feeding behavior, have been performed in order to better
understand the nature of the reduced food consumption rate seen among male BACHD rats.

Material and methods
Animals

A total of 48 male rats were used for the study. These were acquired from two separate in-
house breeding events, with hemizygous BACHD males from the TG5 line [17] paired with
WT females (Crl:CD(SD), Charles River, Germany). All animals were on Sprague-Dawley
background. Animals were genotyped according to previously published protocols [17] and
housed in genotype-matched groups of three in type IV cages (38 x 55cm), with high lids
(24.5cm from cage floor). Rats had free access to water through the entire study. During exper-
iments, body weight was measured daily to track the rats’ relative food restriction level and
assess basic health. Between experiments, body weight was measured weekly. During experi-
ments, rats were food restricted according to two protocols described in detail below and in
[18]. During both protocols, each cage was given a specific daily amount of food (SNIFF
V1534-000 standard chow) to maintain appropriate restriction levels. Rats had free access to
food between the experiments.

The animal facility kept 21-23°C, 55-10% humidity, and was set to a partially inverted
light/dark cycle with lights on/off at 02:00/14:00 during summer, and 01:00/13:00 during
winter.

The 48 rats were split into two groups of 24 rats, both composed of 12 WT and 12 BACHD
rats. The first group was used for a longitudinal progressive ratio test, leptin measurements
and endpoint dissection to investigate body composition. This group will be referred to as
Group L. The second group was used for a longitudinal pasta-handling test, although the
results from this are not considered here (unpublished data) (see [27] for protocol). They were
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also used for the detailed study of BACHD rats’ food consumption phenotypes, which is pre-
sented here. This group will be referred to as Group II. Group I was tested at 2, 7, 12 and 17
months of age in the progressive ratio test, while the leptin measurements were only per-
formed at the last age. The results from the test at 2 months were presented in our previous
publication [18] and will only be referred to in this publication. Group II was assessed in the
pasta-handling test at 2, 7 and 12 months of age. The detailed study of BACHD rats’ food con-
sumption presented here was performed at the end of their 12 months experiment. Fig 1 pres-
ents an overview of the tests performed with the two different animal groups.

All experiments were approved by the local ethics committee (Regierungspraesidium Tue-
bingen) and carried out in accordance with the German Animal Welfare Act and the guide-
lines of the Federation of European Laboratory Animal Science Associations, based on
European Union legislation (Directive 2010/63/EU).

Food restriction protocols

As noted above, two different food restriction protocols were used throughout the study. The
first one focused on restricting the animals to a specific relative body weight. During this, both
BACHD and WT rats were restricted until they reached 85% of their respective free-feeding
body weight. This relative body weight, or food restriction level, was calculated using previ-
ously gathered data from growth curves of BACHD and WT rats. Thus, the calculations could
be made with gender, age and genotype-matched values and took normal growth into account.
This protocol was used as the start point for all tests described below, and will be referred to as
the standard food restriction protocol.

Once data from performance on the standard food restriction protocol had been gathered,
the restriction was changed to the alternative protocol. As noted above, this restriction was
based on the rats’ food consumption rates (assessed in a test described in [18] and below),
rather than their relative body weight. During this, the amount of food given to the WT rats
was increased, while the amount given to BACHD rats was kept more or less constant, until
WT and BACHD rats showed similar food consumption rates. At that point, data for a second
baseline was gathered.

It should be noted that it was rarely possible to give the exact same amount of food during
extended periods of time to either of the genotypes, as both the standard and alternative
restriction still had to take natural growth into account.

Progressive ratio

As mentioned above, Group I was used for a longitudinal experiment using the progressive
ratio test. This was the same group of animals that had been used for our initial study [18], and
only the results from their test runs at 7, 12 and 17 months of age will be presented here. A
detailed description of the protocol and setup is available elsewhere [18], and is only described
briefly in the current publication.

Behavioral assessment started 30 minutes after dark phase onset, in a room separate from
the animals’ housing room, using soft red light. A bank of six operant conditioning chambers
(Coulbourn Instruments, H10-11R-TC) was used to run the test. Each chamber was equipped
with two retractable levers, one on either side of a central pellet receptacle trough equipped
with a yellow light. This light was used to signal the delivery of a reward pellet. The chambers
contained a red house light on the wall opposite from the levers and pellet receptacle trough,
which shone during the full duration of the training sessions. A water bottle was also available
on this wall, to ensure ad libitum access to water during testing. The progressive ratio protocol
was designed and run with Graphic State 4.1.04. Rats were given single daily sessions, meaning
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Fig 1. Study overview. The study used two groups of rats that were assessed in different behavioral tests, as indicated in the figure.
The horizontal arrows indicate the time frame during which the work was performed, with the different tests ages indicated in text
boxes. Gray-colored boxes and text indicate tests that are presented elsewhere, but constitute important information about the rats’
behavioral testing experience. Group | was used in a longitudinal progressive ratio test with a total of four test ages. Different control
tests were used at different ages, as detailed in the Material and Methods section. The results from the first age are presented
elsewhere [18]. Group |l was used for the detailed analysis of the reduced food consumption rate seen among BACHD rats. This
analysis was only performed at a single test age. The group had previous experience in a pasta-handling test, the results of which will
be published elsewhere.

doi:10.1371/journal.pone.0173232.9001

that a total of four daily runs with all six operant chambers were needed to assess the whole
group. Each run assessed three WT and three BACHD rats in a determined order, so that a
given rat was trained on the same time of day through all tests. Each rat was assigned to a spe-
cific operant chamber, although this was arranged so that each operant chamber was used to
assess equal numbers of WT and BACHD rats. Rats received their daily amount of regular
food four hours after the completion of the last run of the day.

At each test age the rats were first put on food restriction for approximately 14 days. This
aimed at restricting both WT and BACHD rats to 85% of their respective free-feeding body
weights, as described above. At the first test age, all rats were then habituated to the operant
conditioning boxes and subjected to initial lever-training protocols before finally being trained
on the progressive ratio protocol. These steps are described in detail elsewhere [18]. For all
subsequent ages (i.e. the results presented in the current publication), rats were directly trained
on the final progressive ratio protocol, as no other retraining appeared to be necessary.

The main aim of the progressive ratio test is to assess how many lever pushes a rat is willing

to perform in order to get a reward pellet (Bio-serv, Dustless Precision Pellets™ F0021,
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purchased through Bilaney consultants, Duesseldorf, Germany). At the start of each test ses-
sion, both levers were extended into the conditioning chamber, allowing rats to interact with
them. The levers remained in this position for the full duration of the test session. One lever
was reinforced, while the other one was non-reinforced. The exact position (i.e. left or right
lever) of the reinforced and non-reinforced lever was counter-balanced for the two genotypes
and remained constant for individual rats through all experiments. Pushing the reinforced
lever resulted in reward pellets being delivered. At the start of each session, the rats needed to
push five times in order to receive a reward pellet. After ten completed ratios, i.e. ten pellets
received, the number of required pushes increased after each completed ratio. The increase
was made in an arithmetic fashion within each block of ten ratios, but also changed between
the blocks, to give an overall exponential progression. Thus, during the first, second and third
block of ten ratios, the ratio requirement increased with one, three and five pushes per com-
pleted ratio, respectively. The sessions lasted 80 minutes. The main behavioral parameter of
interest was a set of break points, defined as the first ratio where a rat made no responses on
the reinforced lever during 10, 25, 50, 100, 300 or 600 seconds. Rats were trained until both
genotype groups had reached a stable performance. A baseline was then constructed from the
last few sessions as detailed below.

Once a baseline had been achieved using the standard food restriction protocol, the alterna-
tive food restriction protocol was initiated. During this, the rats were still given daily progres-
sive ratio sessions, but in addition, a food consumption test was run each day at the time when
the rats would normally receive their daily amount of food. As noted above, WT rats were then
given an increased amount of food until they showed a comparable food consumption rate to
BACHD rats. At that point, data for a stable baseline of progressive ratio performance was
once again gathered. When a second baseline had been obtained, the rats were put back on
free feeding and the test ended.

Although the exact number of sessions used for the different progressive ratio baselines pre-
sented in this publication differed, none used fewer than six consecutive sessions. It should
also be noted that the feeding test was run on a weekly basis during training on the standard
food restriction protocol. As mentioned in [18], the training took a substantial amount of time
at each age, and despite the intention of assessing the rats’ behavior at 2, 7, 12 and 17 months
of age, the more exact ages for the baselines presented in [18] and here are 2-4, 7-9, 12-14 and
17-19 months of age.

Several parameters were analyzed in addition to the set of break points described above.
These included the total number of completed ratios (i.e. rewards obtained), the total number
of pushes performed on the reinforced lever, the total number of pushes performed on the
non-reinforced lever and several parameters regarding the latency to retrieve the reward pel-
lets. For this, there was first the full retrieval latency, calculated from the delivery of the pellet
to the point where the rat entered the pellet trough to retrieve it. This parameter was then split.
This produced the latency to leave the reinforced lever, which measured the time from delivery
of the reward pellet to the OFF-signal of the last lever push the rat performed on the reinforced
lever. The latency to move from the lever to the pellet trough was then calculated separately,
measuring the time from the OFF-signal of the last lever push to the point when the rat entered
the pellet trough. Two additional parameters were added to describe the latency to leave the
reinforced lever in greater detail. The first one calculated the number of excessive pushes (i.e.
additional pushes performed after the delivery of the reward pellet) that the rats performed on
the reinforced lever before retrieving the pellet. The result of this parameter was expressed as
the mean number of excessive pushes performed per completed ratio. The other parameter
calculated the latency to leave the lever specifically on ratios where no excessive pushes were
performed, and was called the latency to release the reinforced lever.
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Separate analysis for the first ten FR5 ratios was also performed, including a set of slightly
different parameters. These constituted the latency to perform the first lever push, the time
needed to complete a given ratio, the latency to return to the reinforced lever after retrieving
the reward pellet and the pellet retrieval latency (calculated as the full retrieval latency
explained above).

Progressive ratio control tests

In our initial study [18], a set of prefeeding tests was used to further evaluate the motivational
difference between WT and BACHD rats. On each test occasion, the rats were fed a fixed
amount of either regular food or reward pellets prior to performing the progressive ratio test.
The resulting drop in motivation was then analyzed and discussed. In total, the rats were
assessed in four different test sessions, which were presented on alternating days with normal
progressive ratio tests. These prefeeding tests were repeated at the 7-9 months test age. How-
ever, on that occasion both WT and BACHD rats failed to return to their baseline performance
during sessions that separated the prefeeding tests. Instead, the rats gradually became less
motivated with each prefeeding test being run. Because of this, the results were excluded from
the current manuscript. In addition, the prefeeding tests were not rerun at the subsequent test
ages.

During the 12-14 and 17-19 months test ages, the rats’ progressive ratio performance was
also assessed at satiety, before food restriction according to the standard protocol was initiated.
We hypothesized that the results would be similar to the ones obtained when using the alterna-
tive food restriction protocol, as WT and BACHD rats should in both cases be equally hungry
and/or satiated. These tests used the same basic progressive ratio protocol, but the sessions
were only 45 minutes long. In addition, the test sessions were started two hours after the dark-
phase onset, to give both WT and BACHD rats ample time to finish their main feeding bout of
the dark phase.

Another control test was added during the 12-14 and 17-19 months test ages. In this proto-
col, there was no progression, and the required number of lever pushes was kept at five pushes
through the entire session (FR5 protocol). Single sessions of this protocol were run after estab-
lishing the satiety baseline at 12-14 months, and all three baselines at 17-19 months of age (i.e.
satiety, standard food restriction and alternative food restriction). The sessions were run on
the same time schedule as the standard progressive ratio protocol, had the same maximum
duration, but sessions also ended once a rat had acquired 200 pellets. This protocol was run in
order to investigate if the motivational differences in progressive ratio performance might
have been caused by BACHD rats becoming fatigued or satiated during the sessions.

Leptin measurements

During the 17-19 months test age of Group I, blood samples were collected after establishing
each progressive ratio baseline (i.e satiety, standard food restriction and alternative food
restriction). At each stage, the blood samples were collected the day after the FR5 control test
had been run. In addition, a fourth set of blood samples was collected at the endpoint of the
experiment, when rats were sacrificed and dissected as described below. Samples were col-
lected during the same time of day on all occasions. The first three sets of samples were col-
lected from the rats’ tail vein. This was done by inserting a needle of 0.6 mm diameter into the
vein and collecting roughly 1 ml of whole blood into a microcentrifuge tube. No anesthesia or
specific fixation method were required for this procedure, as the rats had been extensively han-
dled by the experimenters during the study. After collection, the samples were allowed to clot
while being kept on ice, and were then centrifuged at 5°C with 1000g, for 30 minutes. The
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resulting blood serum was collected and stored at -80°C until ELISA analysis was performed
approximately 10 months later.

Leptin concentrations were measured at QPS Austria GmbH (Grambach, Austria) using a
Quantikine ELISA kit (Mouse/Rat leptin Quantikine ELISA kit, R&D systems, Austria,
Vienna). Serum samples from animals at satiety were diluted 1:10 and 1:20 for WT and
BACHD rats, respectively. For all other samples, dilution series of 1:2.5, 1:5 and 1:10 were pre-
pared. The final sample preparation resulted in an additional 1:2 dilution, according to the
kit’s accompanying protocol. Concentration measurement was based on the supplied leptin
standard. Duplicate samples were analyzed for satiety samples. For other samples, a mean con-
centration was calculated based on 1-3 samples, depending on how many samples from the
dilution series were within the range of the standard curve. For most samples, this resulted in
duplicate measurements.

Body composition analysis

After completing the set of tests run at 17-19 months of age, the rats of Group I were sacrificed
while they were still maintained on the alternative food restriction protocol. Briefly, the rats
were sacrificed in a carbon dioxide chamber two to four hours before dark-phase onset. Body
lengths and body weights were then measured on the intact animals, with body length mea-
sured from nose tip to tail tip. Additional measurements of head, trunk and tail length were
taken from nose tip to back of the head, back of the head to anus and anus to tail tip, respec-
tively. Afterwards, blood samples were collected transcardially and processed as described
above. The rats were then subjected to a detailed dissection aimed at investigating their body
composition. First, skin and subcutaneous adipose tissue deposits were removed and weighed.
Then, internal organs and adipose deposits located in the abdomen and chest cavity were
removed and weighed. The remaining carcass was weighed to obtain a measurement of bone
and muscle weight (denoted bone/muscle). The dissection of Group I was performed during
four consecutive days.

Standard food consumption test

The standard food consumption test was used at several points during the study to assess the
rats’ food consumption rates and formed the basis of the alternative food restriction protocol.
The protocol for this test has been described in our initial study of the BACHD rats’ food con-
sumption rates [18], and similar protocols have been described by others [28-33]. The aim of
the test is to acquire a basic measurement of the rats’ apparent interest in food, i.e. hunger lev-
els. For this, a small amount of food was placed in the cage tops of the rats’ homecages (approx-
imately 50 g, the exact weight differed between cages (+/- 5 g), but was carefully noted, down
to two decimals). The food was then left there for 15 minutes. Afterwards, the remaining food
in each cage was measured.

As noted above, the food consumption tests were run in connection to the actual time of
feeding for the rats. After calculating how much food the rats consumed during the test, this
amount was subtracted from the cages’ daily food amount.

For Group I, this test was run weekly during the progressive ratio training when rats were
maintained on the standard food restriction protocol, and daily during the progressive ratio
training when rats were maintained on the alternative food restriction protocol. For Group II,
where characterizing the food consumption rate phenotype was the primary aim, the test was
run daily during both food restriction protocols. Specifically, the rats’ behavior during the
standard food restriction protocol was first assessed during eight consecutive days to establish
a baseline of their performance. Afterwards, they were run in the individual food consumption
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test as described below. Once that had been completed, the rats were run on the standard food
consumption test for an additional three sessions. During these three days, videos of the rats’
performance were recorded. Afterwards, a single session was run where the food was placed
on the cage floors instead of the cage tops. When all of that was done, the rats were put on the
alternative food restriction, and the standard food consumption test was once again run daily,
until BACHD and WT rats showed similar food consumption rates. At that point, the rats
were again run in the individual food consumption test. After this, the rats were assessed in the
standard food consumption test during three consecutive days in order to gather videos of
their performance. The video scoring of the tests is described in detail below.

Individual food consumption test

The fact that the standard food consumption test is run in groups, leads to some drawbacks.
As an example, detailed scoring of the number of bites and duration of chewing episodes can-
not reliably be scored from videos of the test. Because of this, we also sought to evaluate the
consumption rates and feeding behavior of individual animals, in Group II. Through their
pasta-handling test (data not shown), the rats had been extensively habituated to a roughly
cube-shaped glass cage (28.5 x 29 x 29.5 cm, also described in [18]). Because of this, they read-
ily consumed regular food inside the same setup, which made them suitable for the current
study. In addition, the setup allowed for good quality close-up videos of the rats’ behavior.

As noted above, the rats were assessed in this test after stable baselines of their performance
in the standard food consumption test had been established (during both food restriction pro-
tocols). Each animal was given single daily sessions where they were placed inside the glass
cage and given a single food piece. The trial then continued until the rats had consumed the
food piece. The entire trial was video-recorded to allow for subsequent video scoring (see
below). The food pieces had been filed down to approximately 2.4 g (+/- 0.1 g) (the exact
weight of each food piece was noted, down to two decimals) to achieve consistent weight and
blunt edges for all trials. During both the standard and alternative food restriction, several ses-
sions were run in order to establish stable baseline performance. At the end of the test, the rats’
head length, from nose tip to the back of the head, was measured.

Video analysis

As noted, video recordings of both the standard and the individual food consumption tests
were made to better investigate the nature of the phenotypes that had been found. During
scoring, experimenters were blinded to the rats’ genotypes, while this was not the case when
the videos were gathered. All video scoring was performed using the Observer XT software
(v.12.5.927, Noldus, The Netherlands, Wageningen). The following behaviors were scored for
the standard food consumption test:

Food-oriented behaviors. This included all behaviors that could be argued to be food-ori-
ented. In addition to the more specific behaviors noted below, this primarily considered occa-
sions when the rats appeared to be searching through the bedding material for food pieces, but
in general included most behaviors performed at or around the food crib. In contrast, behav-
iors where the rats investigated smells and sounds from outside the cage, or general activity
in the part of the cage that was not situated below the food crib, was not considered food-
oriented.

Food crib attention. Episodes of food-crib attention were scored when the rats clearly
investigated the food inside the food crib. Naturally, this included the time they actively spent
biting on food pieces, but also occasions where they only sniffed the food or clearly angled
their heads towards it while being in its direct vicinity.
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Biting episode. This was specifically scored when the rats where actively biting or trying
to bite the food pieces in the food crib.

Consuming a separate food piece. On occasion, rats would bite off a larger food piece, or
find a food piece in the bedding material below the food crib. They would then frequently take
the piece in their mouth, walk away from the food crib and sit still in another part of the cage.
Although it was rarely directly visible, it was assumed that they were then actively consuming
the food piece, which was scored as a separate behavior. The behavior was clearly distinguish-
able from both grooming and resting, as the rats sat very still in a hunched position, rather
than performing typical grooming movements or lying down.

Through the tests sessions, these behaviors occurred in episodes of different durations. For
each behavior, the total number of episodes, the mean episode duration and the total time
spent doing a specific type of behavior was calculated. From this, the total time spent on two
other behavioral parameters were calculated. General food crib attention was calculated by
subtracting the total time of biting episodes from the total time spent paying attention to the
food crib. The parameter thus described the total time the rats spent on more cursory investi-
gations of the food crib. Other food-oriented behaviors was calculated by subtracting the total
time spent paying attention to the food crib and the total time spent consuming a separate
food piece from the total time spent on arguably food-oriented behaviors. Finally, the latency
to initiate biting was calculated for food crib attention episodes where biting occurred.

For both the standard and alternative food restriction protocols, only one video per cage
was analyzed. The videos were chosen so that the rats’ food consumption rate on the analyzed
session was a good approximation of their baseline performance. For a given cage, scoring was
made on each individual rat, although the tail and ear markings that were used for identifying
them were not visible on the videos. Thus, the rats were given arbitrary names based on their
position inside the cage at the session start, to keep them apart during scoring.

The scoring of the individual food consumption test focused on the detailed behavior of
how the rats consumed single food pieces. In general, the rats spent essentially no time doing
general exploration of the setup, so a separate scoring of this was not necessary. Thus, the fol-
lowing parameters were scored:

Time needed to consume the food piece. Rats were considered to be feeding when clearly
biting and gnawing on the food piece. In addition, making clear chewing motions when either
holding the food piece or standing in its direct vicinity and remaining focused on it was con-
sidered active feeding. Rats were not considered to be actively feeding if they were walking
around investigating the setup or were clearly not focusing on the food pellet, even if these
behaviors often included some chewing motions. In addition, eating food dust from the cage
floor was excluded from the active feeding time. Still, it should be noted that these behaviors
were rare.

Number, duration and frequency distribution of biting episodes. A biting episode was
considered any phase where the rats were actively biting or gnawing pieces off of the main
food piece. The start of these episodes was clearly identifiable with the rat using its forepaws to
lift the food piece upwards, and simultaneously lowering its head, in order to position the food
piece into its open mouth. The specific nature of the biting episode could then be quite vary-
ing, although the rat typically either bit a single piece off or performed several gnawing
motions with its lower jaw. The end of the biting episode, and the start of the chewing episode,
was then scored when the rat lifted its head from the food piece and started chewing. In addi-
tion to calculating the total number and mean duration of biting episodes, the frequency distri-
bution of biting episodes with different durations was analyzed. This analysis used 15 bins of
0.2 seconds, and a final bin containing biting episodes that were longer than three second.
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Number, duration and frequency distribution of chewing episodes. Once the rat had
managed to bite a piece off from the main food piece, it typically spent some time chewing
before returning to bite another piece off. The chewing episodes were considered to end when
the rat initiated another biting episode. Through this, the bouts of active feeding were split
into several alternating biting and chewing episodes. In addition to calculating the total num-
ber and mean duration of chewing episodes, the frequency distribution of chewing episodes of
different durations was analyzed. This analysis used 25 bins of 0.2 seconds, and five bins of
three seconds for longer chewing episodes.

On some occasions the rats bit off pieces that were too large to eat in a single bite. The rats
would then drop the main food piece and hold on to the piece that was bitten off, in order to
bite smaller pieces off from it. These events were scored as a single biting episode, as no chew-
ing was initiated. On other occasions, the rats would bite a piece off and then spend some time
using small mouth movements to get the whole piece into their mouths before actually starting
to chew it. On these occasions, the chewing episode was considered to start from the point that
the rats had bitten the piece off in order to include also the small mouth movements. Thus, the
biting episodes included behaviors that aimed at getting a comfortable food piece off of the
food pellet while the chewing episodes included behaviors that focused on managing to chew
and swallow those food pieces.

In addition to the parameters above, the theoretical bite size for each rat was calculated
based on the number of biting episodes the rats had made and the measured weight of the
food pellet. Further, the food consumption rate was calculated based on the food pellet’s
weight and the time needed to consume it.

Statistical analysis

Analysis of baseline performance during the progressive ratio test comprised of several differ-
ent graphing and analysis methods. Single comparisons of BACHD and WT performance
were subjected to t-test, t-test with Welch correction or Mann-Whitney test depending on the
data’s apparent distribution. Parameters presented in curves were analyzed with two-way
repeated measures ANOVAs using in most cases genotype as between-subject factor and
break point, age, food restriction protocol or behavioral protocol as within-subject factor.
Sidak’s multiple comparison post-hoc test was used to follow up on any significant effects of
genotype, or on interaction effects found in the two-way ANOV As. Analysis of performance
during the FR5 part of the progressive ratio protocol (i.e. performance during the first ten
ratios) was performed in the same manner, but with ratio being used as within-subject factor.
During the study, some rats became ill and had to be sacrificed. Thus the n of the analyses
changed as follows: 7-9 months data (WT: 12, BACHD: 11), 12-14 months data (WT: 12,
BACHD: 11) and 17-19 months data (WT: 12, BACHD: 9 for data from standard food restric-
tion, WT: 11, BACHD: 9 for data from alternative food restriction). Analysis of age progres-
sion excluded animals for which data was not available at all ages. No other exclusion criteria
were used.

To gain further information of the rats’ progressive ratio performance, data from the final
break point (break point 600) from all baselines established during standard and alternative
food restriction was analyzed in a three-way ANOVA. The analysis used genotype as between-
subject factor and age and food restriction protocol as within-subject factors. Significant two-
way interactions were graphed and pairwise analyses were made using Sidak’s multiple com-
parison post-hoc test. As the analysis included age, data from rats that had been sacrificed
before the end of the study were excluded. This put the n for the analysis at 11 for WT and 9
for BACHD rats.
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Parameters investigated in connection to leptin level analysis were analyzed through a series
of single comparisons between BACHD and WT rats, using t-test, ¢-test with Welch correction
or Mann-Whitney test depending on the data’s apparent distribution. Curves and ANOVAs
were avoided due to the strong non-normal distribution in WT rats’ leptin levels, which was
found to influence statistical readouts and obscure the findings concerning the alternative
food restriction protocol. The current approach was chosen to avoid excluding experimentally
sound data. Analysis was performed on the 11 WT and 9 BACHD rats for which progressive
ratio data and blood samples were available at all three baselines (satiety, standard food restric-
tion and alternative food restriction). WT rats were, in addition, subjected to paired analysis of
body weight, leptin levels and BP600 for the two different food restriction protocols.

Parameters from dissection results were also analyzed in a series of single comparisons
between BACHD and WT rats, using t-test, t-test with Welch correction or Mann-Whitney
test depending on the data’s apparent distribution.

Curves comparing mean baseline food consumption rates during standard and alternative
food restriction protocols, for both the standard and individual food consumption tests,
were analyzed with two-way repeated measures ANOVA. As above, these used genotype as
between-subject factor and restriction protocol as within-subject factor. Sidak’s multiple com-
parison post-hoc test was used to follow up on any significant effects of genotype, or interaction
effects. In addition, performance of WT rats was subjected to paired analysis, comparing the
performance on both restriction settings. Additional curves showing food consumption rate
on all test sessions are included in the figures for descriptive purpose. The standard food con-
sumption test was based on mean consumption rates for cages, resulting in an n of 4 for both
WT and BACHD rats. The individual food consumption test was based on individual perfor-
mances. Group II consisted of a total of 12 WT and 12 BACHD rats. However, 2 WT rats had
to be excluded from the analysis, as they did not reliably consume the food piece during the
alternative food restriction protocol, leaving an n of 10 WT and 12 BACHD rats.

The video analysis of the standard food consumption test focused on a series of individual
comparisons between WT and BACHD rat performance, using t-test, t-test with Welch cor-
rection or Mann-Whitney test depending on the data’s apparent distribution. No specific
analysis of behavioral changes due to the change of food restriction protocol was performed,
although additional graphs depicting the change, but using the statistics of the individual com-
parisons, were made. This was because the rats’ actual identity was not visible in the videos,
and thus repeated measures analysis could not be performed. Scoring within each baseline per-
formance was done on an individual basis, giving an n of 12 for both WT and BACHD rats.

Video analysis of behavior during the individual food consumption test was only performed
for the alternative food restriction protocol, as the restriction protocol did not appear to have
any effect on food consumption rate in this test. Analysis consisted of a series of individual
comparisons between WT and BACHD rat performance, using ¢-test, ¢-test with Welch cor-
rection or Mann-Whitney test depending on the data’s apparent distribution. In addition, the
distribution of biting and chewing episodes of different durations were analyzed with two-way
repeated measures ANOVA using genotype as between-subject factor and episode duration as
within-subject factor. The analysis was performed on both absolute numbers of episodes and
data related to the total number of episodes performed. No post-hoc analysis was performed.
As noted above, the analysis used 10 WT and 12 BACHD rats. An additional distribution anal-
ysis with fewer episode duration bins was also performed. This analysis used a series of indi-
vidual comparisons between BACHD and WT rats, applying tests describe above, rather than
atwo-way ANOVA.

Alpha for all analyses was set to 0.05. The three-way ANOVA was performed with SPSS sta-
tistics v.20.0.0 (IBM Corporation, Armonk, New York, USA, http://www.ibm.com). All other
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statistical analyses were conducted using GraphPad Prism v.6.01 (GraphPad Software, San
Diego California USA, http://www.graphpad.com).

Results
Survival

Most rats remained healthy through the entire duration of the study, and only a few rats
(three BACHD and one WT rat from Group I) were sacrificed due to illness. In all cases, the
illnesses concerned tumors. Although the higher incidence of sacrifice among BACHD rats
in this study might suggest that BACHD rats show a generally shorter life span than WT rats,
we have not seen any consistent indications of this when considering all studies performed at
our institute.

Progressive ratio

The results from Group I’s performance on the progressive ratio test at four months of age
[18] were well reproduced when the rats were retested at older ages in the current study (Figs 2
and 3). Specifically, BACHD rats performed fewer pushes on the reinforced lever, completed
fewer ratios and reached lower breakpoints compared to WT rats when the standard food
restriction protocol was used (Fig 2A). Rats of both genotypes appeared to be gradually less
motivated to perform the test as they aged (Fig 2B), although the motivational differences
between the genotypes remained largely unchanged. Still, post-hoc analysis revealed that a sub-
tle progression effect might be present. When using the alternative food restriction protocol,
the genotype differences were no longer present and BACHD and WT rats consistently
showed similar levels of motivation in the progressive ratio test (Fig 3A). This was primarily
due to a clear drop in motivation among WT rats, although performance also dropped slightly
among BACHD rats. Performance on the alternative food restriction protocol showed no sta-
tistically significant change with age, although weak trends indicated that the motivation
dropped slightly (Fig 3B). Pushes on the non-reinforced lever were rare for both genotypes at
all ages and on both food restriction protocols, with no indication of genotype or interaction
effects (S1 Fig). Rats of both genotypes performed their highest number of non-reinforced
lever pushes during the 7-9 months test period when the standard food restriction protocol
was used. At all following baselines, the number of non-reinforced pushes appeared to remain
stable.

The results from the three-way ANOVA analysis of break point 600 supported the results
described above and added certain analysis elements (Fig 4). The ANOVA did not reveal any
overall effect of genotype, while both the restriction protocol and age had a general impact on
break point 600 (Fig 4A). Further, each of the reported two-way interactions (Genotype x
Restriction protocol, Genotype x Age, and Restriction protocol x Age) were significant,
although the Genotype x Age interaction was considerably weaker than the others (Fig 4A).
The three-way interaction (Restriction protocol x Age x Genotype) was, in contrast, not signif-
icant (Fig 4A). The significant two-way interactions were subjected to further analysis (Fig
4B). From this, it was once again noted that although both WT and BACHD rats dropped in
motivation between the two baselines, the effect was stronger among WT rats. This effect likely
caused the significant Genotype x Restriction protocol interaction. The analysis further indi-
cated that as rats grew older, their performance appeared to drop at a faster rate among
BACHD rats compared to WT rats. This likely caused the significant Genotype x Age interac-
tion effect. Finally, the performance difference between rats maintained on the standard and
alternative food restriction protocols was particularly strong during the 7-9 months test age.
This likely caused the significant Restriction protocol x Age interaction effect.

PLOS ONE | DOI:10.1371/journal.pone.0173232 March 8,2017 13/41

130


http://www.graphpad.com

@' PLOS | ONE

Progressive ratio performance and feeding behavior of BACHD rats

A Pushes on Completed Break
reinforced lever ratios points
8 3500~ 70A 50+ E \éVATCHD .
< » 601
9 2800- b m] * 404 *
0 5 g o™ A,a
£ 9 2100 u] T o 30
> T 404 ]
PE 2 o B4 o I W
~NGC % A 5 3] A o
g 5 1400 —go— AA 3 204
8 S P T E 20 ——
_ . enotype: *
:E, 700 H A AA o 10 10 Break point: ***
Z Interaction: **
Cowr BACHD CwWT BACHD 15 25 50 100 300 600
Break point
@ 35001 70- 500 o wr
2 - 4 BACHD i
£ 2800 3 40-
= u *
<® 5 § % Ogp *
NG a2 *% 3 3] TYV &
~ £ © 1400; O e 204
@ = A A 20
o 1 t\jjjj A A Q A | Genotype: ns
g 790 _‘;AT“_ o 10 10 Break point: **
4 Interaction: **
0 r A 0 . : ol —— . ——
WT BACHD WT BACHD 15 25 50 100 300 600
Break point
o 35007 70, 501 o wr
2 - -4 BACHD - b
9 2800 8 404 .
o S 50
o2 % © Fkk
2 < 2 2100 o 40 o 30
| € 2 % ‘a =
D g 5 1400- _— 5 301 WYL PN
o % E 204
= J A Q Genotype: ns (P =0.07)
g 700 A (8] 104 10 Break point: ***
2 m Interaction: **
Cowr BACHD CowWT BACHD 15 25 50 100 300 600
Break point
B Pushes on Completed Break point
reinforced lever ratios 600
@ 20007 o wr 607 O wr 607 o wr
2 4 BACHD 4 BACHD 4 BACHD
7] 0
3 1500 2 * x D\H\_’E,*
5 S 40 40-
> ° o I\\\\‘\I~§\\-i
2 1000 2 ©
6 5 x
5 £ 20 201
a 5007 Genotype: * 8 Genotype: ** Genotype: *
g Age: ™ Age: ™ Age: ™
2 Interaction: ns Interaction: ns Interaction: ns
0 T T T 0 T T T 0 T T T
7-9 12-14  17-19 7-9 12-14 1719 7-9 12-14 1719
Age (months) Age (months) Age (months)

Fig 2. Primary readouts of progressive ratio performance during standard food restriction. The graphs show the
performance of Group | in the progressive ratio test, when rats were maintained on the standard food restriction protocol.
(A) displays the baseline performance at the three older ages. The mean number of pushes performed on the reinforced
lever and mean number of completed ratios are displayed in scatter plots, where each data point represents an individual
animal’s performance. The groups’ mean values are also indicated. The graphs for break point analysis display the ratio
where a given break point was reached, with group mean plus standard error being shown. (B) displays the age
progression of the main readouts. The graphs indicate group mean plus standard error. For the scatter plots, significant
results from t-test or Mann-Whitney test are shown inside the graphs. For (B) as well as for all break point graphs, repeated
two-way ANOVA results are displayed inside the graphs, and results from post-hoc analysis are shown for individual data
points in case significant genotype differences were detected. (P < 0.05) *, (P<0.01) ** and (P < 0.001) ***.
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Fig 3. Primary readouts of progressive ratio performance during alternative food restriction. The graphs show the
performance of Group | in the progressive ratio test, when animals were food restricted so that their food consumption rates were
matched. (A) displays the baseline performance at the three older ages. The mean number of pushes performed on the reinforced
lever and mean number of completed ratios are displayed in scatter plots, where each data point represents an individual animal’s
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graphs indicate group mean plus standard error. For the scatter plots, significant results from t-test or Mann-Whitney test are shown
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inside the graphs. For (B) as well as for all break point graphs, repeated two-way ANOVA results are displayed inside the graphs, and
results from post-hoc analysis are shown for individual data points in case significant genotype differences were detected. (P < 0.05)
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doi:10.1371/journal.pone.0173232.9003
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BACHD rats were consistently found to have longer full pellet retrieval latencies compared
to WT rats, regardless of which food restriction protocol was used (Fig 5A). As described in
the Material and Methods section, the full pellet retrieval latency was composed of the latency
to leave the reinforced lever and the time needed to move from the reinforced lever to the pel-
let receptacle. BACHD rats were slightly slower than WT rats in terms of leaving the reinforced
lever (Fig 5B), which appeared to be caused by them making a higher number of excessive
lever pushes before retrieving the pellet (Fig 5C), rather than having problems with simply
releasing the lever (Fig 5D). In addition, BACHD rats were consistently found to be slower
than WT rats in moving from the reinforced lever to the pellet trough (Fig 5E), which likely
represented the main cause of their slowed full retrieval latency. Concerning age progression,
WT rats showed stable pellet retrieval latencies, while BACHD rats appeared to become slower
as they were retested (Fig 5A and 5E). The number of excessive lever pushes (Fig 5C), and
other parameters (Fig 5B and 5D), remained arguably stable with increasing age.

There were no striking differences between the BACHD and WT rats’ performance during
the FR5 phase of the progressive ratio test (S2 Fig). Still, there was a trend indicating that
BACHD rats needed longer time than WT rats to complete the very first ratio of the session
(S2B Fig). In addition, BACHD rats were again found to need significantly longer time than
WT rats to retrieve the reward pellets on both food restriction protocols (S2C Fig).

Progressive ratio control tests

During the test performed at 2-4 months of age, we used a prefeeding control test [18]. The
aim was to control for differences in the BACHD and WT rats’” hunger levels. As mentioned in
the Material and Methods section, this was repeated for the 7-9 months test, but the results
were excluded, as the rats did not reliably return to their baselines between the prefeeding
tests. A separate set of control tests was thus added at 12-14 and 17-19 months of age. On
both occasions, the rats were assessed in the progressive ratio test and in an FR5 test at satiety.
During the 17-19 months test, the FR5 protocol was also run after establishing the progressive
ratio baselines for the standard and alternative food restriction protocols. At satiety, BACHD
rats were less motivated than WT rats to perform the progressive ratio test (Fig 6A), but were
equally motivated to perform the FR5 test (Fig 6B). This was true for both test ages. Impor-
tantly, both BACHD and WT rats completed more ratios (Fig 6A and 6B) and performed
more pushes on the reinforced lever (Fig 6C) during the FR5 protocol compared to the pro-
gressive ratio protocol. When comparing progressive ratio test performances during satiety
and the standard food restriction protocol, rats of both genotypes showed increased motiva-
tion to lever-push for rewards on the latter. This effect appeared to be somewhat stronger
among WT rats, particularly at the last test age (S3 Fig).

During the last test age, the FR5 control test was repeated when the rats were maintained
on the standard and alternative food restriction protocols. During this, most of the rats
reached the maximum of 200 reward pellets without making larger breaks, and thus no
detailed analysis of break points could be made. Instead, the primary readouts were the num-
ber of completed ratios and the number of lever pushes performed on the reinforced lever.
Similar to the FR5 test at satiety, there were no differences between BACHD and WT rats in
these parameters, and both completed more ratios (Fig 7A) and performed more lever pushes
(Fig 7B) compared to their progressive ratio performance.

Leptin measurements

BACHD rats showed no significant difference in body weight compared to WT rats at either of
the different baselines (Fig 8A), but along with the poorer progressive ratio performance (Fig 8B),
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Fig 5. Detailed analysis of pellet retrieval latency during the progressive ratio test. The graphs show
age progression of various parameters related to the latency to retrieve the reward pellet during progressive
ratio testing of Group |. Results from both food restriction protocols are shown. (A) shows the full retrieval
latency, while (B)—(E) show its individual components. Detailed information on how the different parameters
were measured is described in the Material and Methods section. The graphs indicate group mean plus
standard error. Repeated two-way ANOVA results are displayed inside each graph, and results from post-hoc
analysis are shown for individual data points in case significant genotype differences were detected.
(P<0.05) *, (P<0.01) **and (P<0.001) ***,

doi:10.1371/journal.pone.0173232.9005
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Fig 6. Progressive ratio and FR5 control test performance during satiety. The graphs show performance of Group | in the
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doi:10.1371/journal.pone.0173232.9006

they showed significantly higher serum concentrations of leptin (Fig 8C). The difference in leptin
levels was strongest at satiety and during the standard food restriction protocol. Although the dif-
ference was milder during the alternative food restriction protocol, it was still present. Paired
analyses of WT rats further showed that the switch from standard to alternative food restriction
resulted in them becoming heavier (Fig 8D) and being less motivated to perform the progressive
ratio test (Fig 8E), while having increased serum leptin concentrations (Fig 8F).

Body composition analysis

The detailed dissection of Group I at the study’s endpoint indicated that BACHD and WT rats
did not differ in body weight (Fig 9A), but in body composition (Fig 9B). Specifically, BACHD
rats carried a larger amount of adipose tissue than WT rats (Fig 9C), displayed higher serum
concentrations of leptin (Fig 9D) and had lower absolute and relative bone/muscle tissue mass
(Fig 9E and 9F, respectively). Although BACHD rats have regularly been found to be shorter
than WT rats in our institute, no significant difference in the total body length was found in
this cohort. A trend was, however, present due to the BACHD rats having significantly shorter
tails (data not shown).

Standard food consumption test

When the standard food restriction protocol was used, BACHD rats of Group II consistently
consumed less food than WT rats in the standard food consumption test (Fig 10A). When WT
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Fig 7. FR5 control test performance during standard and alternative food restriction. The graphs show
comparisons of Group I’s performance on the progressive ratio and FR5 control tests, when rats were
maintained on the standard and alternative food restriction protocols. The number of completed ratios (A) and
number of lever pushes performed on the reinforced lever (B) were analyzed, as detailed break point analysis
could not be performed. The graphs display group mean plus standard error. Repeated two-way ANOVA
results are displayed inside each graph, and results from post-hoc analysis are shown for individual data
points in case significant genotype differences were detected. (P < 0.05) *, (P<0.01) ** and (P<0.001) ***.

doi:10.1371/journal.pone.0173232.9007

rats were given more food on a daily basis they responded with reduced food consumption
rates (Fig 10A). Through careful adjustments of their feeding regimen it was possible to obtain
a setting where they showed comparable food consumption rates to the BACHD rats (i.e. the
alternative food restriction protocol) (Fig 10A). Baseline values of the rats’ performance were
created, using all sessions performed on the standard food restriction protocol and the last ten
sessions performed on the alternative food restriction protocol. Statistical analysis of these
baselines showed a clear change in food consumption rate among WT rats due to the adjust-
ment (Fig 10B and 10C). Similar results were obtained for Group I and for several other animal
groups that we have assessed (data not shown). Notably, there was no apparent change in the
phenotype when the food was placed on the cage floor instead of in the food crib, although rats
of both genotypes consumed generally more food in the former setting (S4 Fig).

Detailed video scoring of the rats’ behavior during the standard food consumption test did
not indicate any striking differences between WT and BACHD rats when they were main-
tained on standard food restriction (Fig 11). WT rats consumed more food during the con-
sumption test compared to BACHD rats (Fig 11A), in line with their behavior during baseline
performance (Fig 10A). Rats of both genotypes spent comparable amounts of time on arguably
food-oriented behaviors, such as paying attention to and biting the food that had been placed
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doi:10.1371/journal.pone.0173232.g008
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**and (P<0.001) ***,

doi:10.1371/journal.pone.0173232.9010

in the food crib (Fig 11B). However, further analysis revealed that BACHD rats had a higher
number of both food crib attention (Fig 11C) and biting episodes (Fig 11D). These were, how-
ever, shorter compared to WT rats’, resulting in the comparable total time spent on either
behavior (Fig 11B). Furthermore, BACHD rats had a shorter latency to initiate biting, but
there was no difference in how often a food crib attention episode developed into a biting epi-
sode (Fig 11D). There was also no difference between genotypes regarding the number of
times the rats bit off larger food pieces (Fig 11E). There were, however, trends indicating that
BACHD rats took less time to consume such a piece compared to WT rats and that they bit off
a separate piece at a slightly lower frequency (Fig 11E). In line with this, there was a significant
difference in the total time spent consuming separate food pieces, with BACHD rats spending
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Fig 11. Video scoring of behavioral parameters from the standard food consumption test during standard food
restriction. Group II's performance on the standard food consumption test during the standard food restriction protocol
was subjected to detailed video analysis. (A) shows the consumption rate measured for individual cages on the video
scored session. (B)—(E) display the behavior of individual rats during the same session. (B) shows the total amount of time
spent on different behaviors, in relation to the duration of the test session. (C)—(E) show details concerning some of the
behaviors, indicating the number of behavioral episodes, mean episode duration, frequency of behavior and the latency to
initiate the behaviors. Frequency relates to the percentage of food crib attention episodes that turn into biting episodes (D)
and episodes were rats consume a separate food piece (E). Significant results from t-test or Mann-Whitney tests are
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displayed inside each graph. (P < 0.05) *, (P<0.01) ** and (P<0.001) ***. Results in (B) were corrected for multiple
comparisons using the Sidak method. Significance levels that were lost through this approach are indicated with a

doi:10.1371/journal.pone.0173232.9011

less time on this activity compared to WT rats (although the difference was no longer signifi-
cant when multiple comparison corrections were considered) (Fig 11B).

As noted, WT and BACHD rats consumed comparable amounts of food when they were
maintained on the alternative food restriction protocol (Fig 12A). Interestingly, under these
conditions WT rats spent less time than BACHD rats on food-oriented behaviors (Fig 12B).
This was primarily due to them spending less time than BACHD rats on general food crib
attention, while the time spent actively biting the food, consuming separate food pieces and
performing other food-oriented behaviors did not significantly differ between the genotypes
(Fig 12B). BACHD rats still showed a higher number of food crib attention episodes compared
to WT rats, although there was no longer any difference in the mean duration of individual
episodes (Fig 12C). The rats’ behavior during biting episodes was similar to what was found
during the standard food restriction protocol, with BACHD rats showing a higher number of
episodes, a shorter mean duration of individual episodes, but no difference in biting episode
frequency compared to WT rats. However, in contrast to the previous results, there was no dif-
ference between WT and BACHD rats in the latency to initiate biting (Fig 12D). As noted
above, BACHD rats spent in total less time than W'T rats on consuming separate food pieces
when the standard food restriction protocol was used (Fig 11B). An opposite trend was found
during the alternative food restriction (Fig 12B and 12E). Specifically, WT rats showed fewer
episodes where they consumed separate food pieces compared to BACHD rats (Fig 12E).
Interestingly, there was a trend indicating that W rats still bit off food pieces at a higher fre-
quency (Fig 12E). As before, there was no difference between WT and BACHD rats concern-
ing the mean duration of episodes spent consuming separate food pieces.

In addition to the analysis shown in Figs 11 and 12, a series of curves were made to better
display how the WT rats” behavior changed as a result of the change in food restriction proto-
col (S5 and S6 Figs). As expected from the results described above, WT rats showed a specific
drop in the time spent on food-oriented behavior (S5B Fig) due to a drop in the time spent on
general food crib attention (S5E Fig). This in turn appeared to be due to a drop in the mean
duration of individual food crib attention episodes, rather than a drop in the number of such
episodes (S6A Fig). In line with this, the latency to initiate biting among W'T rats was reduced
when the alternative food restriction protocol was used (S6B Fig).

Individual feeding test

Most rats reliably consumed the full food piece without frequent or extensive breaks, regard-
less of which food restriction protocol was used. Two WT rats, however, did not reliably con-
sume the food pellet during the alternative restriction and had to be excluded from the
analysis. During both restriction protocols, WT and BACHD rats showed a relatively high
consumption rate on initial sessions compared to their stable baseline performance (Fig 13A).
For analyzing mean baseline consumption rates, sessions 5-15 and 5-12 were used for the
standard and alternative food restriction protocols, respectively. BACHD rats showed a gener-
ally lower food consumption rate compared to WT rats during both restriction protocols,
although the phenotype was somewhat stronger when the rats were maintained on the alterna-
tive food restriction (Fig 13B). The change in food restriction protocol did not appear to have
a major impact on the WT rats’ performance (Fig 13C), with the exception of the aforemen-
tioned two rats that generally lost interest in consuming the food pellet.
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Fig 12. Video scoring of behavioral parameters from the standard food consumption test during alternative food
restriction. Group II's performance on the standard food consumption test during the alternative food restriction protocol
was subjected to detailed video analysis. (A) shows the consumption rate measured for individual cages on the video
scored session. (B)—(E) display the behavior of individual rats during the same session. (B) shows the total amount of time
spent on different behaviors, in relation to the duration of the test session. (C)—(E) show details concerning some of the
behaviors, indicating the number of behavioral episodes, mean episode duration, frequency of behavior and the latency to
initiate the behaviors. Frequency relates to the percentage of food crib attention episodes that turn into biting episodes (D)
and episodes were rats consume a separate food piece (E). Significant results from t-test or Mann-Whitney tests are
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displayed inside each graph. (P<0.05) *, (P<0.01) ** and (P< 0.001) ***_ Results in (B) were corrected for multiple
comparisons using the Sidak method. Significance levels that were lost through this approach are indicated with a

parenthesis.

doi:10.1371/journal.pone.0173232.g012

Video scoring was performed on videos gathered on the first, fifth, sixth and seventh test
session of the alternative food restriction test. The first session was chosen due to the pheno-
type being particularly strong, while session 5-7 were thought to represent baseline perfor-
mance. Individual biting and chewing episodes were easily identifiable in the videos and made
up >96% of the time scored as active feeding (data not shown). The unaccounted time was
most likely lost due to the manual nature of the scoring method, which resulted in slight breaks
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Fig 13. Food consumption rates in the individual food consumption test. Group II's performance in the
individual food consumption test at 12 months of age on standard and alternative food restriction is displayed.
(A) shows the performance on individual sessions, while (B) and (C) show comparisons of baseline
performance during the different food restriction protocols. In (A) and (B) the symbols indicate group mean
plus standard error, in (C) the symbols indicate individual WT rats. For (B), repeated two-way ANOVA results
are indicated inside the graph, and results from post-hoc analysis are displayed in case WT and BACHD
differed significantly. For (C), significant results from paired t-test is indicated. (P < 0.05) *, (P<0.01) ** and
(P<0.001) ***,

doi:10.1371/journal.pone.0173232.9013
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between the scored behaviors whenever a switch between biting and chewing episodes
occurred. Video analysis of the first session indicated that BACHD rats needed more time
than WT rats to consume the food pellet (Fig 14A). In addition, BACHD rats required more
bites compared to WT rats (Fig 14B) and consequently had a smaller estimated bite size (Fig
14C). Although there was no difference in the mean duration of individual biting episodes (Fig
14D), curves showing the biting episode duration distribution still clearly indicated a behav-
ioral difference between the rats (Fig 14E and 14H). While WT rats had a small range of rela-
tively fast bites, BACHD rats showed a slightly right-shifted and broadened peak, indicating
that they had slightly longer biting episodes compared to WT rats (Fig 14E and 14H). There
was no difference between the genotypes in the mean chewing episode duration (Fig 14F).
Detailed analysis of the chewing episode duration distribution indicated that BACHD rats had
a higher number of short chewing episodes compared to WT rats (Fig 14G), although the rela-
tive distribution of chewing episodes did not indicate any behavioral differences between the
genotypes (Fig 14I).

As noted above, the food consumption rate phenotype was noticeably weaker during base-
line performance. This was also true for the phenotypes found in the video scoring. BACHD
rats still needed more time than WT rats to consume the food pellet (S7A Fig), but there was
no longer any statistical difference in the number of bites (S7B Fig) or the estimated bite size
(S7C Fig). BACHD rats still showed a shift towards making longer biting episodes compared
to WT rats (S7E Fig), although it was less pronounced than during the first test session (Fig
14E). BACHD rats did again not show any indications of having a changed chewing behavior
during baseline performance (S7F, S7G and S7I Fig). When splitting the total time needed to
consume the food pellet (S8A Fig) into the total time spent biting (S8B Fig) and the total time
spent chewing (S8C Fig), BACHD rats spent specifically more time chewing compared to WT
rats. Additional analysis of chewing episode distribution, using a different set of bins, indicated
that BACHD rats had more chewing episodes of intermediate duration (1.6-5.0 s) compared
to WT rats (S8D Fig). BACHD rats also showed an increased total amount of time chewing
specifically within this range of chewing episodes (SSE Fig), without showing a difference in
mean chewing episode duration (S8E Fig).

Finally, the BACHD rats of Group II were found to have shorter heads compared to their
WT littermates (S9A Fig). However, this did not appear to have any major influence on the
rats’ food consumption rates (S9C and S9D Fig).

Discussion

Progressive ratio performance and motivational phenotype of BACHD
rats

One of the aims of the current study was to evaluate if our initial findings concerning the
BACHD rats’ performance in the progressive ratio test [18] were reproducible at older ages.
This was clearly the case. At all investigated ages, BACHD rats were less motivated than WT
rats to perform the test when the standard food restriction protocol was used. When the alter-
native food restriction protocol was used, WT and BACHD rats reliably showed comparable
motivation to perform the test. Ultimately, the results are likely to also be reproducible with
other groups of BACHD rats, as they do not appear to be caused by unspecific variations in
performance.

Our initial interpretation regarding the motivational deficit in the BACHD rat was that it
was likely to be caused by metabolic, rather than psychiatric disturbances [18]. We hypothe-
sized that when the rats were maintained on standard food restriction, WT rats were hungrier
than BACHD rats, resulting in them being more motivated to perform lever pushes for a food

PLOS ONE | DOI:10.1371/journal.pone.0173232 March 8,2017 28/41

145



o @
@ : PLOS | QNE Progressive ratio performance and feeding behavior of BACHD rats

A Pellet B Number C Estimated
consumption time of bites bite size
400- 150~ 100~
*kk b
A i
300 AL o -
A Ll L oo T
o A A 2 o Y
v 200 oo a % g _:AA_ g’ = AA
A O AM =~ 40{ 0,00 A, A
dn0 A,a 50 B0 A oo TV
100- Dﬁ HognO 35 AAAAA
0 r r 0 : r o r r
WT BACHD WT BACHD WT BACHD
D Mean biting E Biting
episode duration duration distribution
2.0 20- Genotype: **
g Duration: ***
k-] Interaction: **
1.5 A o 15
2 0 wT
o a - BACHD
Z 10| o A A % 10
- "a A @
YWY 2
0.5 D:U:DD E 54
z
0.0 T r 0
wT BACHD N LN AN N '1:" '»b‘ 'vb '13’ 2
QQ Q'} Q Q" O N '\f} '\Pl \g’ N?’ '1, fl,q’ '1. fL ’],
Duration (s)
F Mean chewing G Chewing
episode duration duration distribution
31 10- Genotype: **
g Duration: ***
(=] A -g 84 Interaction: **
O A,
A (7]
{ O0— 2 O wr
A, A 2 g 4 BACHD
0 oB A, s
= DD AAA e 44
[
1 E-]
E 2
z
o r T 0 — L]
wT BACHD PURCITC NI S P s s U IR
Qﬁ I QQ’ \'], R ‘LQ q’bn 'I«‘b n;} 'b% blb btb‘ h% %Q \"P«

Duration (s)

-

Relative biting Relative chewing

duration distribution duration distribution

7 50 Genotype: ns 7] 151 Genotype: ns
L Duration: *** 3 Duration: ***
8 404 Interaction: *** 9) Interaction: ns
a O wr a
@
w301 4 BACHD 2
[<} o
) )
g 201 ©
= <
3 g
o 104 2
[ [
o o o o

IS IR RGP 'b° o PNESINININ TSSO TSN GN FRANS '\°

QQQ'Lth Qﬁ Q% \e \q, \b‘ \e \ﬁmﬁ ,L'\,,»b- '1«%'1«% > Qh Q% ,\'» \6 '1«“ Wh ,L‘b ,,;b ,bt, b-° b-b' b“b Q Q

Duration (s) Duration (s)

Fig 14. Video scoring of the individual food consumption test during alternative food restriction.
Group II's performance on the first session of the individual food consumption test during the alternative food
restriction protocol was subjected to detailed video analysis. (A)—(D) and (F) indicate the performance of
individual rats. Significant results from t-test or Mann-Whitney test are shown. (E), (G), (H) and (I) show
frequency distribution curves for biting and chewing episodes of different durations, indicating group mean
plus standard error. The bins used are described in detail in the Material and Methods section. Note that the x-
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axis in (G) and (1) only labels every other bin. Results from repeated two-way ANOVA are displayed inside the
graphs. (P<0.05) *, (P<0.01) ** and (P<0.001) ***,

doi:10.1371/journal.pone.0173232.9014

reward. The alternative food restriction protocol sought to adjust the food restriction levels of
the rats, so that they became equally hungry. As this reliably resolved the motivational deficit
in the progressive ratio test, we considered it unlikely that the initial phenotype had been
caused by psychiatric deficits. In the current study, we aimed at further evaluating this idea by
performing the progressive ratio test while the rats had free access to food. This constituted a
second feeding condition (on top of the alternative food restriction), where WT and BACHD
rats should be equally hungry (i.e. in this case satiated). However, in contrast to their behavior
during the alternative food restriction, BACHD rats were found to be less motivated than the
WT rats in this setting (i.e. similar to the rats’ behavior during the standard food restriction).
Importantly, this did not appear to be due to BACHD rats becoming satiated or fatigued at an
earlier point than WT rats, as performance on the FR5 control test (where rats of both geno-
types performed more pushes and consumed more pellets compared to the progressive ratio
sessions) did not differ between the genotypes (for the same reason, the BACHD rats’ reduced
motivation during the standard food restriction is likely not caused by fatigue or satiety). Ulti-
mately, a difference in hunger levels is unlikely to fully explain the motivational deficit found
in BACHD rats performing the progressive ratio test. Still, the phenotype might be otherwise
connected to the rats’ metabolic disturbances.

As previously noted, male BACHD rats are obese [18]. Leptin, an endocrine hormone
secreted from white adipose tissue [23], has been shown to affect rats’ motivation to perform
the progressive ratio test. Specifically, increased leptin signaling has been found to reduce
motivation [24,25], while knock-down of leptin receptors has been found to increase motiva-
tion [26]. Interestingly, leptin has been shown to decrease motivation in progressive ratio tests
both at satiety [24,25] and during food restriction [26]. Because of this, we hypothesized that
the motivational deficit seen in BACHD rats during satiety and the standard food restriction
was caused by an obesity-related increase in serum leptin levels. We further hypothesized that
this phenotype would be resolved through the use of the alternative food restriction protocol.
To evaluate this, we measured serum leptin levels in Group I during their different perfor-
mance baselines. The results clearly indicated that BACHD rats had higher leptin levels than
WT rats both at satiety and when the standard food restriction protocol was used. However,
although the difference was less apparent during the alternative food restriction, it was not
fully resolved. In line with this, the dissection results clearly showed that the BACHD rats still
carried more adipose tissue than WT rats when they were maintained on the alternative food
restriction. Thus, the results appear to argue against the hypothesis that the BACHD rats” moti-
vational deficit is caused primarily by their obesity. Still, it is not known how large the differ-
ence in leptin levels would have to be in order to result in such a phenotype. In relation to this,
it is also unknown, if the neuronal circuits necessary for leptin signaling are intact in BACHD
rats. To better understand the current results, it would therefore be of interest to investigate
dose-response curves for leptin’s effect on BACHD and WT rats’ progressive ratio perfor-
mance. In addition, it would be important to study the expression of leptin receptors in the
BACHD rats’ mid- and hindbrain, as these regions appear to be involved in progressive ratio
performance [24,26,34] (interestingly, leptin receptors in the hypothalamus appear to be of
less importance [26]).

However, further studies of the integrity of the BACHD rats’ leptin system are unlikely to
offer any final conclusions regarding whether or not their motivational deficit is caused by
their obesity. For this, efforts should be made to elucidate the cause of the rats’ obesity, so that
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lean BACHD rats might be obtained and subsequently assessed in the progressive ratio test.
Interestingly, inactivating mutant huntingtin expression in the hypothalamus of BACHD mice
completely resolved their obesity phenotype [35]. Although the cause for the obesity pheno-
types might differ between BACHD mice and BACHD rats (obesity in the mouse model has
been suggested to be due to overeating [35], while this does not appear to be the case in the rat
model [17,18]), both could be due to hypothalamic pathologies, involving different subregions
[36]. Regarding BACHD rats, the arcuate nucleus is particularly interesting, as lesioning this
region has been shown to result in obesity without associated hyperphagia [36-40]. Interest-
ingly, the lesions appear to target neuron populations that are involved in regulating the release
of growth hormone [40-43]. In line with this, down-regulation of growth hormone signaling
has been found to result in growth impairments coupled with obesity [44-46], i.e. specifically
the phenotypes that we have previously noted in male BACHD rats [18]. Moreover, one of the
peripheral functions of growth hormone is to stimulate the release of IGF-1 from the liver
[47], and we have repeatedly found that male BACHD rats have lower serum levels of IGF-1
(unpublished data). Thus, the growth hormone signaling axis and the integrity of the arcuate
nucleus are of great interest for future work with the BACHD rats. In connection to this,
detailed investigation of the similarities and differences in male and female BACHD rats’ phys-
iologies would be of importance.

The phenotype of reduced motivation among BACHD rats remained arguably stable when
the rats were retested at older ages. Still, there were some indications that a subtle progressive
worsening of the phenotype might be present (i.e. the post-hoc analysis shown in Fig 2B and
the results from the three-way ANOVA Genotype x Age interaction effect). However, addi-
tional longitudinal studies of the BACHD rats’ progressive ratio performance would be neces-
sary to conclude if this is truly the case. Based on HD’s clinical presentation, one would expect
disease-related phenotypes in animal models to progressively worsen with age. In line with
this, other phenotypes found in the BACHD rats have shown strong progressive change even
at ages below four months [17,48,49], which is well within the ages investigated in the current
study. Still, it is worth noting that the obesity phenotype did not appear to change with age
during our previous study [18], so if that indeed causes the motivational phenotypes one
would expect the latter to remain reasonably stable as well. Still, not all psychiatric symptoms
in HD patients clearly progress with age either [50]. For example, while apathy appears to pro-
gressively worsen, depression does not [22,50-52]. Performance in the progressive ratio test
at satiety has been suggested to be primarily affected by the rats’ hedonic value of the food
reward, while motivation to perform the test during food restriction is thought to be more gov-
erned by the induced energy imbalance (i.e. hunger) [53, 54]. As the BACHD rats were less
motivated to perform the test at satiety, it is possible that their motivational phenotype is at
least to some extent due to anhedonia, which is an aspect of depression that has been impli-
cated in HD [55]. In the end, the apparent lack of progression seen in the BACHD rats’ moti-
vational deficit does not offer any clear insight into the specific nature of the phenotype.

Although the alternative food restriction protocol only changed the WT rats’ restriction
conditions, BACHD rats also showed drops in motivation between the performance baselines
established on the standard and alternative restriction protocols. During the 7-9 months test,
this was primarily caused by the set of prefeeding tests described in the Material and methods
section. As noted, both WT and BACHD rats failed to return to their initial performance base-
line between the prefeeding tests, and their motivation instead dropped with each session. As
the prefeeding tests were run between the establishment of performance baselines on the stan-
dard and alternative restriction, the BACHD rats show a clear drop in motivation when the
two are compared directly. As the same issue concerned the WT rats, the change in restriction
protocol appeared to have a particularly pronounced effect on performance during the 7-9
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months test (as indicated by the significant Restriction protocol x Age interaction effect
revealed by the three-way ANOVA). The drop in motivation that was seen among BACHD
rats during the later test ages was instead likely related to a specific aspect of the food restric-
tion. As noted, both the standard and alternative food restriction protocols took natural
growth into account, which meant that the amount of food given to the rats was continuously
adjusted. We have in other studies found that the current calculations result in a slight over-
correction of the food restriction (due to the expected growth being overestimated). The error
increases with experiment duration, although we have not found any strong behavioral effects
of this and have reliably been able to establish stable performance baselines. Still, this is likely
the reason for the small drop in motivation seen among BACHD rats when directly comparing
their baselines from the current study.

One final and important aspect to consider in the current progressive ratio results concerns
the readouts that were not directly related to the rats’ motivation, as these indicated that
BACHD rats might suffer from striatal impairments. First, there is the slowed food pellet
retrieval seen among BACHD rats. From the several Skinner box-based tests that we have run
so far at our institute, this phenotype is found in almost all test protocols and animal groups
(largely unpublished, but see [18]). Thus, it offers an interesting and reproducible phenotype
to work with, although it is at this point unclear if the impairment is caused by motoric or psy-
chiatric deficits. Similar phenotypes have been found in the TgHD rat model of HD [56] and
rats with lesions to the dorsolateral striatum [57]. Second, BACHD rats were found to perform
an increased number of excessive (i.e. perseverative) lever pushes. This has also been seen in
rats with lesions to the dorsal striatum [57]. Interestingly, such lesions do not appear to affect
the rats’ overall motivation to perform the progressive ratio test [57]. Thus, the slowed pellet
retrieval latency and the increase in perseverative lever pushes suggest that the BACHD rats
suffer from some kind of striatal dysfunction, which is likely separate from what causes their
motivational impairment. In line with this, the slowed pellet retrieval and perseverative
responding were present on both standard and alternative food restriction.

Food consumption rate phenotypes of BACHD rats

In our initial study [18], we used a food consumption test (the standard food consumption
test) in order to estimate the rats’ apparent hunger and food interest, as similar methods had
been used by others [28-33]. In the current study, we sought to extend our initial work by add-
ing a video-based scoring of the rats’ behavior in the standard food consumption test, and also
assess how they consume individual food pieces (individual food consumption test). When the
standard food restriction protocol was used, BACHD rats were found to have a lower food
consumption rate compared to WT rats in both tests. In contrast, when the alternative food
restriction protocol was used, there was no difference in the rats’ food consumption rate in the
standard food consumption test, while BACHD rats were still slower than WT rats in the indi-
vidual food consumption test.

BACHD rats were found to require more biting episodes than WT rats in order to con-
sume the food pellets in the individual food consumption test. As all rats were given food
pellets of comparable size, the results suggest that BACHD rats also took smaller bites com-
pared to WT rats. This phenotype could be related to BACHD rats having problems with bit-
ing larger pieces off from the food pellet, with keeping a large amount of food inside their
mouths or with efficiently chewing and swallowing a large food piece. Importantly, the defi-
cit did not appear to be due to the BACHD rats’ smaller heads, and did not seem to be
strongly influenced by hunger. In addition to requiring a higher number of biting episodes
to consume the pellets, the BACHD rats’ biting episodes were slightly longer than the WT
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rats’. It is possible that BACHD and WT rats used similar techniques for biting pieces off
from the food pellet. If so, the BACHD rats’ longer biting episodes might indeed indicate
that they had problems biting pieces off. However, the results might also be due to BACHD
rats preferring more time-consuming techniques (such as gnawing rather than performing
distinct bites) compared to WT rats. More detailed scoring would be required to determine
if that was the case. Further characterization work would also be necessary in order to deter-
mine if this could explain the BACHD rats’ smaller bite size, and whether or not it would be
related to a motoric impairment. The duration of single biting episodes among both WT and
BACHD rats were still short compared to the chewing episodes. Therefore, the latter likely
had a stronger impact and probably contributed more to the BACHD rats’ food consump-
tion rate phenotype. In line with the hypothesis that BACHD rats made smaller bites com-
pared to WT rats, analysis revealed that they showed a higher absolute (but not relative)
number of short chewing episodes. If BACHD rats were as skillful as WT rats at chewing and
swallowing, while managing smaller volumes of food during each chewing episode, one
might have expected them to show a more pronounced shift towards shorter chewing epi-
sodes. The apparently unchanged frequency distribution of chewing episodes could thus
indicate that BACHD rats indeed have problems with chewing and swallowing. In this
regard, it is worth considering that the smaller bite size discussed above might constitute a
compensatory mechanism, allowing BACHD rats to maintain optimal (i.e. seemingly
unchanged) chewing. Impaired chewing and swallowing could be due to motoric impair-
ments, although other possibilities should also be considered. Specifically, we have found
that BACHD rats have disproportionally small salivary glands (unpublished results), which
might impair their ability to form a convenient food bolus. HD patients often suffer from
problems regarding eating, with particularly frequent problems when swallowing [58-61].
We have repeatedly performed tests where WT and BACHD rats are allowed to consume a
large amount of the reward pellets used in the Skinner boxes (see [18] for a published exam-
ple). Typically, BACHD rats are slightly slower than WT rats during initial sessions of this,
but quickly reach a comparable consumption rate. Importantly, consumption of these small
reward pellets appears to involve very limited chewing behavior, suggesting that other
aspects (such as tongue protrusion and swallowing) are more important determinants of the
food consumption rate in this test. Given the BACHD rats’ generally unimpaired perfor-
mance in these tests, their ability to swallow is most likely not strongly impaired. In addition,
we have performed several tests where BACHD rats were allowed to consume spaghetti
pieces (unpublished data). Feeding behavior under these circumstances appears to involve
biting primarily with the incisors, and once again limited chewing. Again, BACHD rats have
generally been found to show comparable consumption rates to WT rats in this test. Thus,
the key factor causing the BACHD rats’ slowed food consumption in the individual food
consumption test might concern the test’s strong dependency on chewing and/or the forma-
tion of a convenient bolus for swallowing. Further efforts should be made to characterize the
noted consumption rate deficit, as it constitutes an interesting and robust phenotype seen
among the BACHD rats.

Our initial interpretation of the slowed consumption rate among BACHD rats in the stan-
dard food consumption test was that they were less hungry compared to WT rats, and that the
alternative restriction protocol resolved this difference. The results from the current study do
not strongly support this idea, but do not necessarily refute them either. When the standard
restriction protocol was used, BACHD and WT rats generally behaved in a comparable way.
They showed similar amounts of food-oriented behaviors and spent the same amount of time
on both paying attention to the food in the food crib and actively trying to bite pieces off from
it. As it is clear that BACHD rats still consumed less food than WT rats, it is reasonable to

PLOS ONE | DOI:10.1371/journal.pone.0173232 March 8,2017 33/41

150



@' PLOS | ONE

Progressive ratio performance and feeding behavior of BACHD rats

assume that their biting behavior was less efficient. The analysis also indicated that BACHD
rats performed more but shorter biting episodes compared to WT rats. Based on the results
from the individual food consumption test, it seems fair to assume that this might be due to
them taking a high number of smaller bites, while WT rats made a low number of larger bites.
This is further supported by the fact that episodes where rats consumed a separate food piece
did not differ in length between the genotypes. If BACHD and WT rats had bitten off pieces of
comparable size, one would expect these consumption episodes to be longer among BACHD
rats (according to the results of the individual food consumption test). Thus, the nature of the
reduced food consumption rate among BACHD rats seems at first glance to be comparable
between the standard and individual food consumption tests. Ultimately, this suggests that the
phenotype seen in the standard food consumption tests during standard food restriction is pri-
marily due to them taking smaller bites, which (based on the results from the individual food
consumption test) might not be strongly affected by hunger.

The alternative food restriction protocol sought to match WT and BACHD rats’ food con-
sumption rates (with the assumption that this represented the rats” hunger level). This pri-
marily focused on giving more food to WT rats, and as a consequence, there was a clear
change in their behavior. Most notably, the amount of time spent on food-oriented behaviors
and paying attention to the food crib dropped below the level of BACHD rats. This appeared
to be largely a result of WT rats making shorter visits to the food crib, rather than fewer.
This, in turn, seemed to be due to the WT rats showing a reduced latency to initiate biting
episodes. In contrast, the time spent biting at the food remained unchanged and comparable
to both their behavior during the standard food restriction protocol and to that of the
BACHD rats. As the WT rats still consumed less food under these circumstances, the results
suggest that their biting behavior had now become less efficient. Due to the limitations of the
video quality, it remains unclear if the unidentified hunger-sensitive behaviors that modu-
lated the WT rats’ biting efficiency were the same as the ones causing the BACHD rats’
reduced food consumption rate during the standard food restriction protocol. As noted, a
reduced bite size might be the cause of the BACHD rats’ reduced consumption rate in the
standard food consumption test. A change in bite size could theoretically also explain the
change in the WT rats’ consumption rate during the alternative food restriction. The latter
is, in contrast to the former, not supported by the results from the individual food consump-
tion test, as bite size appeared to be unaffected by the change in food restriction protocol.
Still, it should be noted that food consumption behavior in these two tests might not be
directly comparable. In the standard food consumption test, the rats remain in their home
cage and are allowed to consume food if they are interested. In contrast, in the individual
food consumption test the rats are more or less forced to consume the food piece before
being allowed to return to their home cage. Thus, the latter test might have conditioned the
rats to eat as fast as possible, rather than based on how hungry they were. This might have
resulted in the evaluated parameters’ (e.g. bite size) apparent resistance to a change in hunger
levels. Importantly, it is clear that hunger was not the only factor that affected the rats’ per-
formance in the individual consumption test, as both WT and BACHD rats showed very
high consumption rates during early sessions and needed several sessions to approach a sta-
ble baseline performance. This was despite the fact that the rats were maintained on a con-
stant feeding regimen. Thus, while bite size appears to be unaffected by hunger in the
individual food consumption test, it might still be sensitive to hunger in the standard food
consumption test. Ultimately, it is therefore still possible that the less efficient biting behav-
ior of BACHD rats in the standard food consumption test during standard food restriction is
caused by them being less hungry compared to WT rats. Additional work is needed before a
final conclusion regarding this matter can be reached.
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The more extensive investigation of WT and BACHD rats’ food consumption behavior in
the current study was in part performed to better understand the progressive ratio phenotype
of the BACHD rats. As noted, the BACHD rats’ motivational deficit cannot be fully explained
by a difference in hunger or leptin levels. Based on the results above, it can be further argued
that the standard food restriction constitutes a suitable protocol, as it seems to induce similar
food interest among WT and BACHD rats. In addition, one can argue that the lower food con-
sumption rates among BACHD rats could primarily be caused by non-hunger related differ-
ences in feeding behavior. If so, the alternative food restriction protocol would only serve to
mask the underlying phenotype rather than to resolve it. This would also suggest that the
apparent lack of a motivational deficit in the progressive ratio test during the alternative food
restriction is coincidental. Ultimately, the true phenotype of the BACHD rats would be a
reduced motivation to perform the progressive ratio test, likely based on a psychiatric deficit.
However, as noted above, the influence of the BACHD rats’ obesity and increased leptin levels
on their progressive ratio performance is not clear, and conclusive results still have to be
obtained. Likewise, the exact nature of the food consumption rate phenotype in the standard
food consumption test remains unclear, and could still involve more discreet hunger-related
behaviors than the ones scored here.

Connection to previously noted motor impairments of the BACHD rats

Other studies have sought to directly investigate the presence of motor impairments among
the BACHD rats [17,48,49]. These have revealed early (onset at one to two months of age) pro-
gressive deficits in the BACHD rats’ ability to maintain balance on a rotating rod [17,48,49],
and late (onset at twelve to fourteen months) deficits in unhindered gait [17,48]. The results
from the current study suggest that yet another kind of motor function (i.e. orofacial) might be
disturbed in the BACHD rat, and is worth investigating further. From the results we have gath-
ered so far, these impairments appear to show an early onset [18], without any clear progres-
sion with age. All together, the results suggest that BACHD rats might suffer from a range of
different motor impairments, which become apparent and progress differently throughout
their disease development. However, the influence that possible confounding factors (such as
repeated exposure to the stressful rotarod test and the BACHD rats’ changed physiology) have
had on these motor impairments has not been investigated. Thus, additional work is needed
before conclusions on the overall picture of the BACHD rats’ motor impairments can be
drawn.

Assessing BACHD rats’ performance in food-based tests

One of the overarching aims of our research is to investigate the presence of cognitive impair-
ments in the BACHD rat. A large concern when considering this has been the BACHD rats’
metabolic phenotypes and the possibility that these could confound the readouts of a given
behavioral protocol. Although it remains unclear if the obesity phenotype is the main cause of
the BACHD rats’ reduced motivation to perform the progressive ratio test, the consistent dif-
ference in motivation is of importance when considering other behavioral protocols. Notably,
differences in motivation have been found to result in remarkable differences in behavior [20].
In our initial publication [18], we argued that the alternative food restriction protocol consti-
tutes a good approach to achieve an experimental setting where WT and BACHD rats are
comparably motivated to perform a given food-reinforced behavioral test. Although the cur-
rent results also largely argue for that, the use of the alternative food restriction protocol can
no longer be fully supported. This is primarily due to the fact that it is based on matching the
rats’ food consumption rates, with the assumption that this represents a good measurement of
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hunger. As noted, the exact nature of the BACHD rats’ reduced food consumption rates is not
clear, and it might be influenced by non-hunger related feeding impairments. However, the
standard food restriction protocol clearly results in WT and BACHD rats having different met-
abolic characteristics, and would likely result in them being differently interested in perform-
ing a given food-reinforced test. As neither protocol is optimal on its own, we suggest that any
behavioral characterization performed with BACHD rats in food-reinforced tests should
include appropriate control tests. These should aim at investigating how the readouts of the
given test are affected by changes in motivation. If phenotypes are found in parameters that
are sensitive to changes in motivation, interpretations should be made carefully.

Another option is to use cognitive tests that do not rely on food reinforcements. Specifi-
cally, tests that make use of larger maze setups frequently use the possibility of returning to the
home cage as an incentive for rats to perform the given task. Such a protocol has previously
been used for evaluating reversal learning in BACHD rats [62] (the authors specifically argued
that avoiding food restriction would be preferable when considering the difference in ad libi-
tum food consumption first described in [17]). Still, this should also be done with some cau-
tion, as BACHD rats have repeatedly been found to show reduced anxiety in a test of
exploration behavior [17,49]. Such a phenotype might under some circumstances result in
them having a reduced interest in returning to their home cage compared to WT rats. Thus,
further investigation of the use of this kind of reinforcement should also be made before con-
sidering it a better alternative.

Conclusions and final remarks

The current study does not offer any final conclusions regarding the reduced motivation and
food consumption rate found among male BACHD rats. It does, however, support the results
of our initial study [18], indicating that BACHD rats are likely to be less motivated than WT
rats to perform food-reinforced tasks when standard food restriction protocols are used.

In addition, detailed analysis of progressive ratio performance revealed that BACHD rats
were reliably slower at retrieving the reward pellets, and had an increased tendency to perform
excessive lever pushes. Both phenotypes appeared to be unrelated to their lower motivation,
and might be indicators of striatal dysfunction.

We further found clear indications that male BACHD rats are slower than WT rats in con-
suming single pieces of standard rodent chow, suggesting a non hunger-related feeding
impairment reminiscent of eating problems in HD patients. Because of this, we no longer con-
sider it advisable to use the standard food consumption test as a test of hunger when working
with BACHD rats.

As the presence of motivational differences between WT and BACHD rats is a possible con-
founding factor when working with food-based tests, and as the alternative food restriction
protocol is not necessarily better than the standard restriction protocol, we suggest that any
work with BACHD rats and food-reinforced tests should include appropriate control tests.

Supporting information

S1 Fig. Pushes on the non-reinforced lever during the progressive ratio test. Age progres-
sion of the number of pushes on the non-reinforced lever during the progressive ratio test per-
formed with Group I is shown. (A) shows performance during the standard food restriction
protocol, while (B) shows performance during the alternative food restriction protocol. The
graphs indicate group mean plus standard error. Repeated two-way ANOVA results are dis-
played in each graph, and results from post-hoc analysis are shown for individual data points
in case significant genotype differences were detected. (P < 0.05) *, (P < 0.01) ** and
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(P < 0.001) ***.
(TIFF)

S2 Fig. FR5 phase of the progressive ratio test on standard and alternative food restriction.
Group I's performance during the FR5 phase of the progressive ratio test, during both food
restriction protocols, is shown. Data was created based on the overall performance on all test
ages, as no consistent change with age was found for the parameters. Detailed information on
how the different parameters were measured is given in the Material and Methods section. (A)
indicates the performance of individual rats and group mean. Significant results from Mann-
Whitney test are shown inside the graphs. (B)-(D) show group mean plus standard error.
Repeated two-way ANOVA results are displayed inside the graphs, and results from post-hoc
analysis are shown for individual data points in case significant genotype differences were
detected. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***,

(TIFF)

S3 Fig. The effect of food restriction on break point 600. The graphs show comparisons of
the number of ratios completed at break point 600 for Group I during their progressive ratio
baselines at satiety and the standard food restriction protocol. (A) shows data from the tests
performed at 12-14 months of age. (B) shows data from the tests performed at 17-19 months
of age. The curves indicate group mean plus standard error, repeated two-way ANOV A results
are displayed inside the graphs, and results from post-hoc analysis are shown for individual
data points in case significant genotype differences were found. (P < 0.05) *, (P < 0.01) ** and
(P < 0.001) ***.

(TIFF)

S4 Fig. Performance in the standard food consumption test using different food place-
ments. When Group II was maintained on the standard food restriction protocol, one session
of the standard food consumption test was run with the food placed inside of the cage (on the
cage floor) instead of in the food crib. Data from this session is compared to the performance
baseline of the standard food consumption test. The curve indicates group mean plus standard
error, repeated two-way ANOVA results are displayed inside the graph. Post-hoc analysis did
not reveal significant genotype differences. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.
(TIFF)

S5 Fig. Effect of the change in food restriction protocol on the behavior in the standard
food consumption test (part I). The graphs show the change in Group II’s behavior in the
standard food consumption test, when the food restriction protocol was changed from the
standard to the alternative approach. Graphs indicate group mean plus standard error. (A) dis-
plays results from repeated two-way ANOVA inside the graph and post-hoc analysis at data
points where performance between the genotypes differed significantly. (B)-(G) concern the
total amount of time spent on the different scored behaviors, and show significant results from
t-test or Mann-Whitney test for single comparisons between the genotypes on either restric-
tion protocol (see also Figs 10B and 11B). (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.
(TIFF)

S6 Fig. Effect of the change in food restriction protocol on the behavior in the standard
food consumption test (part II). The graphs show the change in Group II’s behavior in the
standard food consumption test, when the food restriction protocol was changed from the
standard to the alternative approach. Graphs indicate group mean plus standard error. The
graphs concern details regarding the number of behavioral episodes, their mean duration, fre-
quency and initiation latency of the different scored behaviors. Significant results from ¢-test
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or Mann-Whitney test for single comparisons between the genotypes on either restriction
protocol are shown (see also Figs 10C-10E and 11C-11E). (P < 0.05) *, (P < 0.01) ** and
(P < 0.001) ***.

(TIFF)

S7 Fig. Video scoring of individual food consumption test baseline during alternative food
restriction protocol. Group II’s mean performance on session 5-7 of the individual food con-
sumption test during the alternative food restriction protocol was subjected to detailed video
analysis in order to investigate baseline behavior. (A)-(D) and (F) indicate the performance of
individual rats. Significant results from ¢-test or Mann-Whitney test are shown in case signifi-
cant genotype differences were found. (E), (G), (H) and (I) show frequency distribution curves
for biting and chewing episodes of different durations, indicating group mean plus standard
error. The bins used are described in detail in the Material and Methods section. Note that the
x-axis in (G) and (I) only labels every other bin. Results from repeated two-way ANOVA are
displayed inside the graphs. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.

(TIFF)

S8 Fig. Further analysis of the performance difference found in the individual food con-
sumption test. Group II’s performance on session 5-7 of the individual food consumption
test during the alternative food restriction protocol was subjected to detailed video analysis in
order to investigate baseline behavior. As the initial analysis of these sessions (see S7 Fig) did
not clearly reveal the same phenotypes as found in the first session (see Fig 14), additional
parameters were analyzed. These particularly concerned the total time spent biting (B) and
chewing (C) the food, as well as the frequency distribution of chewing episodes of different
durations, using different bins (E) (compare to Fig 14E, 141 and S7E, S7I Fig). Graphs indicate
the performance of individual rats and group mean. Significant results from ¢-test or Mann-
Whitney test are shown. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.

(TIFF)

S9 Fig. Head size phenotype and its influence on the individual food consumption test.
The head size of the rats in Group II was measured at the endpoint of the study, and a brief
analysis was made to evaluate if this parameter had any strong influence on the rats’ perfor-
mance. For this, the food consumption of a subgroup of rats with comparable head size was
investigated. As noted in previous studies [18], BACHD rats were found to have smaller heads
than WT rats (A). (B) displays the comparable head sizes in the subgroup used for further anal-
yses. (C) displays the mean food consumption rates of both the full groups and the subgroups
with comparable head sizes (see also Fig 12). (D) shows the mean food consumption rate dur-
ing baseline performance for the subgroup. (A), (B) and (D) indicate data from individual rats.
(C) indicates group mean plus standard error. For (A), (B) and (D), significant results from ¢-
test or Mann-Whitney test are shown. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.

(TIFF)
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S1 Fig. Pushes on the non-reinforced lever during the progressive ratio test.

Age progression of the number of pushes on the non-reinforced lever during the progressive ratio test
performed with Group I is shown. (A) shows performance during the standard food restriction protocol,
while (B) shows performance during the alternative food restriction protocol. The graphs indicate group
mean plus standard error. Repeated two-way ANOVA results are displayed in each graph, and results from
post-hoc analysis are shown for individual data points in case significant genotype differences were
detected. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***,
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S2 Fig. FR5 phase of the progressive ratio test on standard and alternative food restriction

Group I's performance during the FR5 phase of the progressive ratio test, during both food restriction
protocols, is shown. Data was created based on the overall performance on all test ages, as no consistent
change with age was found for the parameters. Detailed information on how the different parameters
were measured is given in the Material and Methods section. (A) indicates the performance of individual
rats and group mean. Significant results from Mann-Whitney test are shown inside the graphs. (B) - (D)
show group mean plus standard error. Repeated two-way ANOVA results are displayed inside the graphs,
and results from post-hoc analysis are shown for individual data points in case significant genotype
differences were detected. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***.
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S3 Fig. The effect of food restriction on break point 600

The graphs show comparisons of the number of ratios completed at break point 600 for Group I during
their progressive ratio baselines at satiety and the standard food restriction protocol. (A) shows data from
the tests performed at 12-14 months of age. (B) shows data from the tests performed at 17-19 months of
age. The curves indicate group mean plus standard error, repeated two-way ANOVA results are displayed
inside the graphs, and results from post-hoc analysis are shown for individual data points in case
significant genotype differences were found. (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***,

165



Publication I
Supplementary Figures

Food consumed

(g/rat/15min)

= S
NI S

0 wr
- BACHD

Genotype: *

Food placement: *
Interaction: ns

Cagé top CageI floor
Food placement

166



Publication II
Supplementary Figures

S4 Fig. Performance in the standard food consumption test using different food placements

When Group II was maintained on the standard food restriction protocol, one session of the standard food
consumption test was run with the food placed inside of the cage (on the cage floor) instead of in the food
crib. Data from this session is compared to the performance baseline of the standard food consumption
test. The curve indicates group mean plus standard error, repeated two-way ANOVA results are displayed
inside the graph. Post-hoc analysis did not reveal significant genotype differences. (P < 0.05) *, (P < 0.01)
**and (P < 0.001) ***,
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S5 Fig. Effect of the change in food restriction protocol on the behavior in the standard food
consumption test (partI)

The graphs show the change in Group II's behavior in the standard food consumption test, when the food
restriction protocol was changed from the standard to the alternative approach. Graphs indicate group
mean plus standard error. (A) displays results from repeated two-way ANOVA inside the graph and post-
hoc analysis at data points where performance between the genotypes differed significantly. (B) - (G)
concern the total amount of time spent on the different scored behaviors, and show significant results
from t-test or Mann-Whitney test for single comparisons between the genotypes on either restriction
protocol (see also Figs 10B and 11B). (P < 0.05) *, (P < 0.01) **and (P < 0.001) ***.
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S6 Fig. Effect of the change in food restriction protocol on the behavior in the standard food
consumption test (part II)

The graphs show the change in Group II's behavior in the standard food consumption test, when the food
restriction protocol was changed from the standard to the alternative approach. Graphs indicate group
mean plus standard error. The graphs concern details regarding the number of behavioral episodes, their
mean duration, frequency and initiation latency of the different scored behaviors. Significant results from
t-test or Mann-Whitney test for single comparisons between the genotypes on either restriction protocol
are shown (see also Figs 10C-E and 11C-E). (P < 0.05) *, (P < 0.01) ** and (P < 0.001) ***,
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S7 Fig. Video scoring of individual food consumption test baseline during alternative food
restriction protocol.

Group II's mean performance on session 5-7 of the individual food consumption test during the
alternative food restriction protocol was subjected to detailed video analysis in order to investigate
baseline behavior. (A) - (D) and (F) indicate the performance of individual rats. Significant results from t-
test or Mann-Whitney test are shown in case significant genotype differences were found. (E), (G), (H) and
(I) show frequency distribution curves for biting and chewing episodes of different durations, indicating
group mean plus standard error. The bins used are described in detail in the Material and Methods
section. Note that the x-axis in (G) and (I) only labels every other bin. Results from repeated two-way
ANOVA are displayed inside the graphs. (P < 0.05) *, (P <0.01) ** and (P < 0.001) ***.
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S8 Fig. Further analysis of the performance difference found in the individual food consumption
test

Group II's performance on session 5-7 of the individual food consumption test during the alternative food
restriction protocol was subjected to detailed video analysis in order to investigate baseline behavior. As
the initial analysis of these sessions (see S7 Fig) did not clearly reveal the same phenotypes as found in the
first session (see Fig 14), additional parameters were analyzed. These particularly concerned the total
time spent biting (B) and chewing (C) the food, as well as the frequency distribution of chewing episodes
of different durations, using different bins (E) (compare to Fig 14E,I and S7E,I Fig). Graphs indicate the
performance of individual rats and group mean. Significant results from t-test or Mann-Whitney test are
shown. (P < 0.05) *, (P <0.01) ** and (P < 0.001) ***,
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S9 Fig. Head size phenotype and its influence on the individual food consumption test

The head size of the rats in Group Il was measured at the endpoint of the study, and a brief analysis was
made to evaluate if this parameter had any strong influence on the rats' performance. For this, the food
consumption of a subgroup of rats with comparable head size was investigated. As noted in previous
studies [18], BACHD rats were found to have smaller heads than WT rats (A). (B) displays the comparable
head sizes in the subgroup used for further analyses. (C) displays the mean food consumption rates of
both the full groups and the subgroups with comparable head sizes (see also Fig 12). (D) shows the mean
food consumption rate during baseline performance for the subgroup. (A), (B) and (D) indicate data from
individual rats. (C) indicates group mean plus standard error. For (A), (B) and (D), significant results from
t-test or Mann-Whitney test are shown. (P < 0.05) *, (P < 0.01) **and (P < 0.001) ***.
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Abstract

The BACHD rat is a recently developed transgenic animal model of Huntington disease, a
progressive neurodegenerative disorder characterized by extensive loss of striatal neurons.
Cognitive impairments are common among patients, and characterization of similar deficits
in animal models of the disease is therefore of interest. The present study assessed the
BACHD rats’ performance in the delayed alternation and the delayed non-matching to posi-
tion test, two Skinner box-based tests of short-term memory function. The transgenic rats
showed impaired performance in both tests, indicating general problems with handling basic
aspects of the tests, while short-term memory appeared to be intact. Similar phenotypes
have been found in rats with fronto-striatal lesions, suggesting that Huntington disease-
related neuropathology might be present in the BACHD rats. Further analyses indicated that
the performance deficit in the delayed alternation test might be due to impaired inhibitory
control, which has also been implicated in Huntington disease patients. The study ultimately
suggests that the BACHD rats might suffer from neuropathology and cognitive impairments
reminiscent of those of Huntington disease patients.

Introduction

Huntington disease (HD) is an autosomal hereditary neurodegenerative disease, which is
caused by a specific mutation in the gene for the huntingtin protein [1,2]. The gene contains a
CAG repeat sequence in its first exon, which codes for a stretch of glutamines that is present in
the translated protein. Patients who carry an allele with a CAG repeat sequence that is 40
repeats or longer invariably develop HD. As the disease manifests and progresses there is
extensive neuronal loss throughout the brain. This is first evident in the caudate nucleus of the
striatum, although it eventually affects most brain regions. This result in a wide range of
clinical signs that are commonly grouped into motor, psychiatric, cognitive and metabolic
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symptoms. There are currently no disease-modifying treatments available for HD, and the dis-
ease is invariably fatal.

HD patients have been found to suffer from a range of different cognitive impairments [3-
14]. Among these there are frequent findings indicating impaired executive function [10-14],
which is commonly considered to be dependent on specific regions of the prefrontal cortex
and their connections to various subcortical nuclei [15-18]. In line with this, some of the exec-
utive function impairments seen in HD appear to be related to fronto-striatal pathology [19-
22]. Due to the single disease-causing gene of HD, there are several relevant transgenic animal
models of the disease. Our group works primarily with the BACHD rat, a recently developed
model that is currently being characterized in order to understand its advantages and disad-
vantages concerning modeling of HD. In the current study, we investigated the rats’ perfor-
mance in two operant conditioning protocols called the delayed alternation and the delayed
non-matching to position tests. Both are frequently used for assessing short-term memory in
rodents, and commonly utilize operant conditioning chambers equipped with two retractable
levers [23-29]. In the alternation test, the rats have to learn to alternate their responses
between the two levers, when these are presented on discrete trials. In the non-matching test,
trials are divided into two parts. During the first part, the rats are presented with one randomly
chosen sample lever. During the second part, the rats are presented with both levers and
should respond to the lever that was not presented as a sample. Successful performance in
either protocol is rewarded with small food pellets. In order to evaluate the rats’ short-term
memory, delays are introduced in the protocols to evaluate how long the rats remember which
lever to respond to. As successful performance in both the delayed alternation and the delayed
non-matching to position test is sensitive to various lesions of prefrontal and striatal brain
regions [23-29], they offer a good set of tests to evaluate the presence of HD-related pathology
in the BACHD rats.

Materials and Methods
Animals

A total of 48 male rats were used for the study. These were acquired from two separate in-
house breeding events with hemizygous BACHD males from the TG5 line [30] paired with
WT females (Charles River, Germany). All animals were on Sprague-Dawley background.
Animals were genotyped according to previously published protocols [30] and housed in
genotype-matched groups of three in type IV cages (38x55 cm), with high lids (24.5 cm from
cage floor). During tests, rats were food restricted according to the two protocols described
below. During both protocols, each cage was given a specific daily amount of food (SNIFF
V1534-000 standard chow) to maintain appropriate restriction levels. Rats had free access to
food between the tests. Rats had free access to water through the entire study. During tests,
body weight was measured daily to track the rats’ relative food restriction level and assess basic
health. Between tests, body weight was measured weekly.

The animal facility kept 21-23°C, 55-10% humidity, and was set to a partially inverted
light/dark cycle with lights on/off at 02:00/14:00 during summer, and 01:00/13:00 during
winter.

Two groups of 24 rats were formed from the total of 48. The birth dates of the rats in these
two groups were spaced roughly two months apart. Each group was composed of 12 WT and
12 BACHD rats. One group was used for a longitudinal study of performance on the delayed
alternation protocol, while the other one was used for a longitudinal study of performance
on the delayed non-matching to position protocol. The groups were run in an alternating fash-
ion so that the testing ages were the same for both groups. Behavioral evaluation was thus
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performed at 4, 9, 14 and 19 months of age. It should, however, be noted that training was ini-
tiated approximately two months before the set ages, as the rats had to progress through several
steps before reaching the final test protocols. Thus, the actual test ages were 2-4, 7-9, 12-14
and 17-19 months of age.

During the late test ages, several rats had to be sacrificed due to illnesses (the exact number
of rats is specified in the Results section). Decision to sacrifice was always made together with
the local veterinarians, after careful examination of the rat. End points considered unidentified
illnesses causing weight loss past 80% of free-feeding body weight, or critically reduced welfare
according to commonly used indicators (i.e. tumorous swellings that clearly impaired the rats’
ability to eat, move and clean themselves, labored breathing, poor grooming, lethargy, dis-
turbed gait, sensitivity to handling or reduced appetite). In such cases, these rats were eutha-
nized in a CO, inhalation chamber. No other methods were used to alleviate suffering.

All tests were approved by the local ethics committee (Regierungspraesidium Tuebingen)
and carried out in accordance with the German Animal Welfare Act and the guidelines of the
Federation of European Laboratory Animal Science Associations, based on European Union
legislation (Directive 2010/63/EU).

Food restriction protocols

Two different food restriction protocols were used during the study. The first one focused on
restricting the animals to a specific relative body weight. During this, both BACHD and WT
rats were restricted until they reached 85% of their respective free-feeding body weight. This
relative body weight, or food restriction level, was calculated using previously gathered data
from growth curves of free-feeding BACHD and WT rats. Thus, the calculations of restriction
levels were made with gender, age and genotype-matched values and took normal growth into
account. This protocol was used as the start point at all test ages and will be referred to as the
standard food restriction protocol.

We have previously found that male BACHD rats are obese, but have comparable body
weights to WT rats [31]. Interestingly, the transgenic rats still reliably consume less food than
their WT littermates [30,31]. It is currently unclear to what extent these phenotypes affect the
BACHD rats’ motivation to perform food-oriented tasks in general, although it has been
shown that they are less motivated than WT rats to perform a progressive ratio task (a classical
test of motivation) when standard food restriction protocols are used [31]. Because of this, we
sought to evaluate the impact of motivation on the readouts from the protocols used in the
current study. Thus, once data from performance during the standard food restriction proto-
col had been gathered, the restriction protocol was changed to an alternative protocol. During
this, the amount of food given to WT rats was increased so that they reached 95% of their free-
feeding weight rather than the previous 85%. When they had reached the new restriction level,
data for a second baseline was gathered. BACHD rats were during this given continuous train-
ing (but were kept at 85% of their free-feeding body weights) to validate that any effects seen in
the WT rats were indeed due to the change in food restriction level.

It should be noted that it was rarely possible to give the exact same amount of food to either
of the genotypes during extended periods of time, as both the standard and alternative restric-
tion protocol had to take natural growth into account. We have, however, found that these
smaller adjustments have little impact on the rats’ performance.

Operant conditioning setup

A bank of six operant conditioning boxes (Coulbourn Instruments, H10-11R-TC) was used to
run the test. Each chamber was equipped with two retractable levers, one on either side of a
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central pellet delivery trough that was equipped with a yellow light. This light was used to sig-
nal the delivery of a reward pellet during the protocols. Above each lever was a single white
cue light. The boxes further contained a red house light on the wall opposite from the levers
and pellet delivery trough, which shone during the full duration of the training sessions. A
water bottle was also available on this wall to ensure ad libitum access to water during testing.
The protocols were designed and run with Graphic State 4.1.04. Rats were given single daily
sessions, meaning that a total of four daily runs with all six operant chambers were needed to
assess a full group. Each run assessed three WT and three BACHD rats in a determined order
so that a given rat was trained on the same time of day through all tests. Each rat was assigned
to a specific operant chamber, although this was arranged so that each operant chamber was
used to assess equal numbers of WT and BACHD rats.

Behavioral assessment started approximately six hours after dark phase onset, in a room
separate from the animals” housing room, using soft red light. Rats received their daily amount
of regular food one hour after the completion of the last run of the day.

Operant conditioning protocols

At each test age, the rats were first put on food restriction for approximately 14 days before
any training occurred. This aimed at restricting both WT and BACHD rats to 85% of their
respective free-feeding body weights, as described above. During the first test age, this step was
also used to familiarize the rats with the reward pellets that were used in the operant condition-
ing boxes. This was done by adding a spoonful of reward pellets (Bio-serv, Dustless Precision
Pellets™ F0021, purchased through Bilaney Consultants, Duesseldorf, Germany) to the daily
amount of food given to each cage. It was not necessary to repeat this when the rats were reas-
sessed at older ages.

Before reaching the final operant conditioning protocols of interest, the rats had to be
trained in a series of separate protocols. The first protocols aimed at habituating the rats to the
operant conditioning boxes, and at training them to reliably respond to the levers. These first
steps were similar for the two rat groups and were only run during the first test age. The spe-
cific protocols are described below.

Habituation. All rats were given two habituation sessions in order for them to familiarize
themselves to the operant conditioning boxes and the pellet trough where food rewards could
be retrieved. During these sessions, both levers were retracted and a single reward pellet was
delivered to the pellet trough at 10-, 15-, 20-, 25-, or 30-second intervals. The pellet delivery
interval varied in a pseudo-randomized fashion so that each set of five deliveries used each
interval once. Pellet retrieval, or failure to retrieve the pellet within five seconds after delivery,
lead to the start of the next pellet delivery interval. Pellet deliveries were signaled by the light in
the pellet trough being switched on. The light was switched off when the pellet was retrieved,
or when five seconds had passed and the next interval started. Sessions lasted until 100 pellets
had been delivered, which took roughly 30 minutes.

Continuous reinforcement (CRF) with help. The aim of these sessions was to train the
rats to reliably perform lever pushes to obtain reward pellets. During the sessions one of the
two levers was inserted into the box and remained inserted until the end of the session. Each
lever push resulted in the delivery of a single reward pellet. At the start of the session, the lever
was baited with a paste made by mashing some reward pellets in water. The experimenter then
manually delivered rewards when the rats approached, sniffed and touched the inserted lever.
Through this, the rats eventually performed a few accidental responses and soon developed a
reliable lever-pushing behavior. Sessions ended either after 30 minutes had passed or after 100
pellets had been delivered. Training continued until the rats had managed to perform 100
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pushes within one session without any help from the experimenter. Training was organized so
that half of the rats from each genotype group were trained on the right lever, while the other
half was trained on the left lever.

CREF on the second lever. Once the rats had passed the criterion for CRF performance on
the first lever, the same training was done for the second lever. Thus, the lever the rats were ini-
tially trained on was retracted, while the other lever was inserted. The new lever was also baited
at the start of the trial, but the experimenter only manually delivered reward pellets if rats had
clear problems understanding what to do. Session durations and criteria were the same as dur-
ing the initial CRF training.

Forced alternation and non-matching to position sequence training. At this point, the
rats of the two groups were trained on slightly different protocols. Both protocols aimed at
training the rats to reliably start the individual trials that made up the delayed alternation and
delayed non-matching to position sessions. In addition, the protocols sought to familiarize the
rats with the main concept of the tasks they were going to perform (i.e. alternation and non-
matching to position).

The rats in the delayed alternation group were trained on a forced alternation protocol. For
this protocol, each session was split into a series of trials, separated by brief (2 s) inter-trial
intervals (ITIs). The sessions started with an ITT step, with both levers retracted, the house
light switched on and all cue lights off. At the end of the ITT the light in the pellet trough would
start to shine. When the rats entered the pellet trough with their head, the light was switched
off and either the left or right lever was inserted. The lever remained inserted until the rats per-
formed a response. The lever retracted and a reward pellet was delivered at the off signal of a
lever response. Delivery of a reward pellet was signaled with the light in the pellet trough shin-
ing once again. The trial ended either when the rats collected the reward pellet or when five
seconds had passed since the reward pellet had been delivered. Either event triggered the start
of a new ITL. On the first trial of the session, the protocol was set to randomly insert either the
left or the right lever. On all subsequent trials, the inserted lever would be on the opposite side
of the lever used during the previous trial. Through this, the rats were forced to alternate their
responses between the left and right lever. The sessions lasted either until the rats had com-
pleted 100 trials or until 45 minutes had passed. Rats were trained until they completed 100 tri-
als within the session duration limit without any help from the experimenter.

The rats in the delayed non-matching to position group were trained on a non-matching to
position sequence training protocol. The sessions of this protocol were also split into a series of
trials separated by ITIs. The duration of these ITIs varied in a pseudo-randomized fashion
between 5, 7, 9 and 11 seconds so that each block of four ITIs used each duration once. The
sessions started with an ITI step, with both levers retracted, the house light switched on and all
cue lights off. At the end of the ITI the light in the pellet trough started to shine. When the rats
entered the pellet trough with their head, the light was switched off and either the left or right
lever was inserted. The protocol followed a pseudo-randomized structure so that each block of
six trials used three trials with the left lever and three trials with the right lever. This also meant
that a given trial type (i.e. left or right lever) could maximally appear six times in a row. The
lever remained inserted until the rats performed a lever response. The lever retracted and the
food trough light started to shine again at the off signal of a lever response. Notably, no reward
pellet was given for this response. When the rats entered the pellet trough again, the pellet
trough light went out, both lever cue lights shone and the lever on the opposite side from the
first one was inserted. The lever once again stayed inserted until the rats made a response. The
lever retracted, the lever cue lights stopped shining and a reward pellet was delivered at the off
signal of a lever response. As in previous steps, the delivery of a reward pellet was signaled by
the light in the pellet trough starting to shine. The trial ended either when the rats collected the
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reward pellet, or when five seconds had passed since the reward pellet was delivered. Either
event triggered the next ITL. The sessions lasted either until rats had completed 100 trials or
until 45 minutes had passed. Rats were trained until they completed 100 trials within the ses-
sion duration limit without any help from the experimenter.

Once rats had reached the performance criterion on their respective protocols, omission
limits were added in the protocols to make sure that the rats performed the desired responses
at a proper pace. For the forced alternation protocols, these limits were set for starting a trial
and responding to the inserted levers. For the non-matching to position sequence learning, the
limits were set for the trial start, responding to the first lever, returning to the pellet trough and
responding to the second lever. On those steps, if a rat failed to perform the required response
within ten seconds, the protocol went into an omission state, in which all lights were switched
off and all levers retracted. After ten seconds the protocols went into ITIs that ensured that the
rats would be given an identical trial to the one they had just failed to complete. These proto-
cols were run until the rats performed less than 5 omissions in total, while completing 100 tri-
als within the session duration. Importantly, omitted trials were not counted towards the
100-trial limits of the sessions, as they were not considered to be completed trials.

Free alternation and non-matching to position. The next set of protocols were the first
ones where rats were able to make mistakes, and also served as the starting point when rats
were retrained at older ages. The basic structure of the protocols were similar to the forced
alternation and the non-matching to position sequence learning protocols. Thus, they used the
same basic structure concerning the start and stop of the individual trials as well as the ITI
setup described above. In addition, both protocols still ended either after 100 completed trials
or 45 minutes. As above, omitted trials did not count towards this 100-trial limit, while both
successful and failed trials did. The outlines of the two tests are shown in Figs 1 and 2.

The main difference between the forced and free alternation protocols was that both levers
were inserted during each trial of the latter protocol. On the first trial of each session, the rats
were rewarded for pushing either the left or right lever. On all subsequent trials, however, the
rats were only rewarded for pushing the lever they did not respond to on the previous trial.
Importantly, this was independent of whether the previous trial was successful or not. Thus, in
order to continuously receive rewards, the rats had to alternate their responses between the left
and right levers and avoid making repeated responses on one of the levers. A mistake resulted
in a brief timeout (3 s) during which the house light was switched off. At the end of the time-
out, the protocol returned to an ITI state, which was followed by a new trial. On occasions
where the rats performed an omission, the protocol reset to a starting position. Thus, on the
next trial the rats were rewarded for pushing either lever, and this trial set the start point for
the next series of alternations. Importantly, the first trial of the session, and trials that directly
followed omissions, were not counted towards the 100-trial limit of the session and were also
not included in the success rate calculations. Training continued until the rats showed an 85%
or higher success rate during three consecutive sessions.

The free non-matching to position test used the same two-part structure as the non-match-
ing to position sequence learning protocol. Thus, after the trial start, the rats were prompted to
push a single non-reinforced lever, which will be referred to as the sample lever. After respond-
ing to the sample lever and returning to the pellet trough, both levers were now inserted into
the box. This second part of the non-matching trials will be referred to as the choice step. Simi-
lar to the previous training step, the rats were rewarded for pushing the lever that was not pre-
sented during the sample step. Pushing the same lever as the sample lever resulted in a ten-
second timeout similar to the one described for the free alternation protocol. During the first
testing age, the rats were trained until they showed an 85% success rate or higher during three
consecutive sessions. This was, however, reduced to two consecutive sessions when the rats
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3. L

8a. 1

Start of first trial
Rats respond to the light in the pellet trough.

First trial response
On the session’s first trial, the rats are rewarded for pushing either the right or
the left lever.

Pellet reward
After performing a lever push, the rats are given a single reward pellet. The
delivery is signaled with the cue light in the pellet trough.

Inter-trial interval
The protocol remains inactive for 2 seconds.

Start of delay

The pellet trough light is switched on to trigger the rats to make repeated entries
into the pellet trough. Entries will not have any effect until the predetermined
delay is over. Delays are presented in a balanced, pseudorandomized order and
are either 0, 4, 8, 12, 16 or 20 seconds long.

End of delay
The first entry made into the pellet trough after the end of the given delay will
result in both levers being inserted. The rat now has to make a choice.

Correct alternation 7b. 'I:l"ILL_I Incorrect response

The rat responds to the The rat once again

left lever after responding responds to the right lever.
to the right lever on the

previous trial.

Pellet reward 8b. I 1 7 No reward

Correct alternations Incorrect responses
are rewarded with a are not rewarded.
food pellet.

9. Continuation of protocol
The protocol loops back to step 4.
On all the trials that follow, the rats will be rewarded for responding to the lever they did not choose
on the preceeding trial, regardless of whether that was a correct or incorrect response.

Fig 1. Delayed alternation protocol. The figure describes the steps that make up individual trials in the delayed

alternation test.

doi:10.1371/journal.pone.0169051.9001
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Start of trial
Rats respond to the light in the pellet trough.

2 _n':'J_—'_LL__‘_ Sample lever presentation

Either the left or the right lever is inserted, and the rat pushes it. The protocol
presents left and right sample levers in a balanced, pseudorandomized order.

3. Start of delay

No reward is given for pushing the sample lever. Instead, the lever retracts and
the light in the pellet trough starts to shine in order to trigger the rats to make
repeated entries into the pellet trough. In addition, the delay timer is started.
Entries have no effect until the predetermined delay is over. Delays are
presented in a balanced, pseudorandomized order and are either 0, 5, 10, 15

or 25 seconds long.

4. ‘I:IJILIZI' Choice step

The first entry made into the pellet trough after the end of the given delay will
result in both levers being inserted. The rat now has to make a choice.

5a. -,_—JJIL:' Correct non-matching 5b. _:rl_—'_l_L__l_ Incorrect response

The rat responds to the The rat responds to the
left lever on a trial where same lever that was
the right lever was presented as sample
presented as sample lever.
lever.

6a, T % Pellet reward 6b. I3 F—"7 No reward
Correct non-matchings Incorrect responses
are rewarded with a are not rewarded.
food pellet.

7. L3 =77 Inter-trial interval

The protocol remains inactive for 5, 7, 9 or 11 seconds.

8. Continuation of protocol
The protocol loops back to step 1.

Fig 2. Delayed non-matching to position protocol. The figure describes the steps that make up individual trials in the delayed
non-matching to position protocol.

doi:10.1371/journal.pone.0169051.g002
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were retested, as the rats showed little problem with handling the test. Trials using the left and
right sample lever were pseudo-randomized as described above. Omissions resulted in the rats
being presented with a trial using the same sample lever again.

Delayed alternation and non-matching to position. When the rats had learned to handle
their respective basic task, delays were introduced into the protocols. The aim of this was to
assess the rats’ short-term memory function. In the alternation protocol, the delays were intro-
duced at the start of the trials, at the point when the pellet trough light started to shine. As
explained above, a head entry at that point usually triggered the continuation of the trial (i.e.
lever insertion). During the delayed alternation, however, head entries had no effect until the
end of the set delay. Once the delay was over, the first head entry resulted in the levers being
inserted. Delays were introduced in a similar manner in the non-matching to position proto-
col. Specifically, they were used during the step where the rats returned to the pellet trough
after responding to the sample lever. As described above, making the second entry into the pel-
let trough would usually result in triggering the choice step of the protocol. But during the
delayed non-matching to position protocol, head entries had no effect until the delay was over.
Similarly to the delayed alternation protocol, the first head entry performed after the end of
the delay would trigger the choice step. Through these delays, rats were thus forced to perform
responses in the two protocols with certain specific spacing in relation to either the previous
trial or their sample lever response. The omission limits that were set for trial start and initia-
tion of the choice step were applied at the end of the delays. Thus, if a rat had not performed a
head entry response within ten seconds after the end of the delay on either protocol, the trial
was aborted.

The sessions were initially made up of 100 trials and used a set of five different delays, lead-
ing to five different trial types. These were presented in a pseudo-randomized fashion so that
each block of 20 trials used each delay four times. This also meant that a given delay could be
presented a maximum of eight times in a row. If rats had performed an omission the protocols
were designed so that the rat had to rerun a trial with the same delay. The pseudo-randomiza-
tion of sample levers in the delayed non-matching to position protocol was also changed com-
pared to before. Specifically, each block of four trials used each sample lever twice. The rats
were trained on several protocols with gradually increasing delay durations. The aim of this
was to find a delay set where a clear drop in the rats’ success rate could be seen between trials
with the shortest and longest delay. For the delayed alternation protocol, the delay sets were as
follows: 0, 1, 2, 3,4 seconds / 0, 1, 3, 6, 9 seconds / 0, 1, 4, 8, 12 seconds / 0, 2, 5, 10, 15 seconds
/0,4,8,12, 16, 20 seconds. During the first test, the age rats progressed from one protocol to
another when they had shown above 80% success on three consecutive sessions. During retest-
ing at older ages, this criterion was reduced to rats performing above 80% success on two con-
secutive sessions. Exceptions to this performance-based criterion were the two last delay sets.
Specifically, rats were given three training sessions on the second last delay set, regardless of
their success rate. Training on the last delay set continued until rats showed a stable perfor-
mance, as defined below. The delay sets used for the delayed non-matching to position test
were: 0, 1,2, 3, 4 seconds / 0, 1, 3, 6,9 seconds / 0, 1, 4, 8, 12 seconds / 0, 2, 5, 10, 15 seconds /
0,5, 10, 15, 20 seconds / 0, 5, 10, 15, 20, 25 seconds. The same criterions as described above
were used for progressing through these delay sets. Notably, the last delay set for both the
delayed alternation and the delayed non-matching to position protocol used six delays rather
than five. To accommodate this, the number of trials per session and the pseudo-randomiza-
tion were adjusted. The delayed alternation sessions were set to last 120 trials or 60 minutes.
The trials were organized so that each block of 12 trials used each delay twice. For the delayed
non-matching to position protocol, the number of trials was initially set to 96, but was reduced
to 48 for a large part of the study (all baselines except the ones for the 4 months performance
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at standard food restriction and both baselines from the 19 months test). The reason for this
was that many rats were not motivated enough to perform 96 trials and we sought to minimize
differences in possible within-session training effects. The protocol was still set so that each
block of four trials used each sample lever twice, while the delays were organized in the same
way as the delayed alternation trials. It should be noted that the pseudo-randomization limits
described above were not completely reliable. However, they functioned well enough to ensure
that rats experienced comparable numbers of each trial type on any given session (+/- 3 trials).
In addition, the baselines were constructed from performance over several consecutive ses-
sions, thus minimizing the effect that slight differences in the frequency of a given trial type
would have had on the overall performance.

As noted, the rats were trained on the final delay sets until they showed a stable perfor-
mance. When this was achieved, data from a number of consecutive sessions were used to cre-
ate the baseline data that was used for detailed analysis. At each test age this baseline data was
first gathered while the rats were maintained on the standard food restriction protocol. After-
wards, the food restriction protocol was changed. Rats of both genotypes were continuously
given daily sessions through the restriction adjustment. When the alternative food restriction
levels had been established and rats were once again performing stably, data for a second per-
formance baseline was gathered. Once the data had been gathered, the rats were once again
given free access to food and the test ended.

Both the delayed alternation and the delayed non-matching to position tests are well
described in literature [23-29,32]. Our protocols were based on the general consensus and
small optimizations of these references.

Operant conditioning protocol parameters

The operant conditioning system created individual log files for each training session and rat.
These log files were run through a series of in-house designed analysis scripts written in R, to
obtain a large set of parameters that were used for subsequent analysis.

The number of sessions required to reach the various performance criteria served as a
major parameter for evaluating how animals learned the given tasks and progressed through
the series of protocols. Success rate (i.e. the percent of trials with successful responses) was cal-
culated differently depending on the protocols used. During the free alternation and the non-
matching to position sequence learning protocols, the calculation included all completed trials
to give a single success rate value for each session. For protocols where delays were present,
separate success rates were calculated for each trial type (i.e. trials with different delays) so that
curves plotting success rate against delay durations could be created for each session. These
curves served as the main readout of the tests and were used to determine when the rats had
reached stable performance on the final delay sets. During testing, the rats’ mean performance
on each block of three consecutive sessions was calculated. When statistical analysis showed
no significant change between several consecutive session blocks, the rats were considered to
have reached stable performance. As noted, the sessions within the blocks where stable perfor-
mance was found were used for detailed analysis of baseline performance. Although the exact
number of sessions included in these analyses varied between baselines, it stayed between 9
and 12 sessions. As noted above, only completed trials (i.e. trials where the rats performed
either a correct or incorrect response) were included in success rate calculations. The number
and frequency of omission trials (trials where rats failed to perform a head entry or lever push
within the set time limit) constituted their own analysis.

The protocols offered several parameters regarding the rats’ latency to perform specific
responses. For the free alternation protocol, this primarily included the latency to start trials
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(measured from the pellet trough light being switched on to the rat entering the pellet trough,
triggering lever insertion) and the latency to respond to the inserted levers (measured from
lever insertion to lever push). The free non-matching to position protocol included similar
parameters, with trial start latency (measured from the pellet trough light being switched on,
to the rat entering the pellet trough, triggering insertion of the sample lever), latency to
respond to the sample lever (measured from lever insertion to lever push), latency to return to
the pellet trough (measured from release of sample lever to the rat entering the pellet trough,
triggering the choice step) and the latency to perform a lever response during the choice step
(as above, measured from lever insertion to lever push). When delays were added to the proto-
cols, the exact measurement made by some of these parameters were slightly modified and
additional parameters were added to ensure a comprehensive analysis of the rats’ behavior.
For the delayed non-matching to position protocol the latencies to start trials and respond to
levers were measured in the same way as during the free non-matching to position protocol.
The latency to return to the pellet trough after responding to the sample lever was, however,
replaced by the parameters for the latency to perform the first head entry of the delay (mea-
sured from release of sample lever to first entry) and the latency to trigger the choice step
(measured from the end of the delay, to the point when rats performed the entry that triggered
insertion of both levers). It is important to note that trials with 0 second delays were only
included in the latter analysis. For the delayed alternation, the lever response latency was mea-
sured in the same way as during the free alternation protocol. However, the trial start latency
was now measured from the end of the delay to the point when rats performed the entry that
triggered lever insertion. Similarly to the delayed non-matching to position protocol, a mea-
surement for the latency to perform the first head entry of the delay (measured from the pellet
trough light being switched on to the point when rats performed the first entry) was added.
The distinction of these various parameters is important to consider when comparing the per-
formance between the various protocols. Thus, the trial start latency in the free alternation,
free non-matching to position and delayed non-matching to position can be considered a mea-
surement of how fast the rats respond to the light in the pellet trough being switched on. How-
ever, in the delayed alternation protocol, this behavior is best described by the latency to
perform the first head entry of the delay rather than the trial start latency. Further, the trial
start latency of the delayed alternation protocol is closely connected to the rats’ interest in the
pellet trough during the delays, and is comparable to the latency to trigger the choice step in
the delayed non-matching to position protocol. The lever response latency in the alternation
protocols is comparable to the choice lever response latency in the non-matching to position
protocols. Finally, the latency to respond to the sample lever and perform the first entry of the
delay during the delayed non-matching to position protocol lack direct counterparts in the
delayed alternation protocols. Additional parameters were used to investigate the rats’ behav-
ior during delay steps. These measured the mean number of entries and the total time spent
inside the pellet trough during delay steps, as well as the mean duration of individual entries.
Trials with the longest delays were subjected to further analysis. Specifically, the mean number
of head entries performed during discrete segments of these delays was evaluated in order to
investigate if the rats’ interest in the pellet trough changed with time. The latency to retrieve
reward pellets was investigated for all tests. This was measured from the point of releasing the
reinforced lever to entering the pellet trough.

As with the success rate analysis, the parameters described above were only evaluated for
completed trials. For alternation protocols, the first trial of the session and the first trial follow-
ing omissions (i.e. trials where any lever response would be reinforced) were also excluded.
Analysis of free alternation and free non-matching to position performance was made over all
completed trials. In contrast, separate analysis of trials with different delay durations was
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performed for most of the parameters in the delayed alternation and delayed non-matching
protocols. Analysis was primarily made over all trials regardless of outcome, although separate
analyses for successful and failed trials were also performed.

Video scoring

As noted above, several parameters were used to evaluate the rats’ behavior during delay steps.
All these parameters used readouts from the entry sensor in the pellet trough. Interpretations
of these parameters can occasionally be difficult, as the signaled number of entries does not
always correspond to the actual number of entries. Thus, several videos were recorded during
the last test age in order to manually score their behaviors during delays. Video scoring was
performed with the Observer XT software (v.12.5.927, Noldus, The Netherlands, Wagenin-
gen). The following behaviors were scored during delays:

Time spent in pellet trough. This considered all occasions where a rat had anything from
its nose to its entire head inside the pellet trough.

Time spent in a central position. This considered all occasions where a rat had its head
inside the pellet trough. It also included all occasions where a rat was sitting in front of the pel-
let trough, keeping its head outside, while still appearing to focus on it. In addition, it included
occasions where a rat investigated the wall portion that was positioned directly above the pellet
trough.

Body shifts towards the left or right side. With quite high frequency, the rats would exit
the pellet trough to briefly investigate the wall portions to the right or left of the pellet trough,
and then return. These body shifts occurred in several different forms. Some were short, and
the rat only quickly indicated an interest to either the right or left side. Others were longer and
could include both direct investigation of the lever slots or more general investigation of the
surrounding wall area. All body shifts, regardless of duration or specific nature, were included
in the analysis. During analysis, separate scores were given for shifts to the left and right side.

All scoring focused on noting start and stop point of each occasion where a rat displayed
the above mentioned behaviors. The logs from the Observer XT software were later combined
with the log files from the operant conditioning system. These were run through in-house
designed R scripts to obtain detailed analysis. Through this, the number of behavioral episodes,
their mean duration and the total time spent on the different behaviors could be evaluated for
individual delay steps. The estimated amount of time spent investigating other parts of the
operant conditioning boxes during delays was also calculated. These calculations primarily
considered time spent investigating the back wall as well as the back halves of the left and right
wall of the operant conditioning box. The calculations were based on the total time for all
behaviors noted above and the known delay durations. The body shifts were initially scored as
being made either to the left or right side of the pellet trough, although they were later rela-
beled depending on if they were made towards the correct or incorrect lever, or if they were
made towards the lever that the rats eventually responded to. The latter was initially used to
assess whether the body shifts at all constituted a form of strategy. It was further used to evalu-
ate how rats established, maintained and shifted focus during delays. For this, the rats were
considered to have established a focus for one particular lever based on their first body shift
during a given delay step. The rats were then considered to have maintained or changed it, if
the last body shift during the delay step was made towards the same or the opposite side,
respectively. Thus, the focus behavior during each delay step was classified as having no focus
(no body shifts occurred), established focus (only one body shift occurred), maintained focus
(first and last body shifts of delay were made towards the same side) or changed focus (first
and last body shifts of delay were made towards different sides). Further scores were made to
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evaluate if the initial focus had been made towards the correct or incorrect lever. Finally, spe-
cific analysis was made for trials with the longest delay steps. For this, the relative amount of
time spent around the correct lever during segments of the delay was analyzed separately for
successful and non-successful trials. In addition to the behaviors that were scored during
delays, the rats’ behavior during lever responses was also investigated. Specifically, it was noted
if rats had responded to the chosen lever without showing any interest in the other lever (direct
responses), if the rats first headed for one lever but changed their mind and ultimately
responded to the other lever (corrections) or if the rats went back and forth between the two
levers a few times before finally deciding on one (uncertain responses). In addition to investi-
gating the frequency of the different behaviors, theoretical success rate curves were created to
assess the importance of the corrections. For this, the hypothetical results of rats responding
according to the lever they first showed interest in during correction trials was considered.

Statistical analysis

All statistical analyses were conducted using GraphPad Prism v.6.01 (GraphPad Software, San
Diego California USA, http://www.graphpad.com).

The results from most parameters were investigated with different types of two-way
repeated measures ANOV As. Most of these were aimed at investigating genotype differences,
and thus focused on data where genotype was used as the non-repeated factor, while either
age, delay duration, type of baseline or specific protocol step served as the repeated factor. Cer-
tain analyses, however, were performed within genotype groups, and aimed at investigating
performance differences between baselines at different ages, baselines at different food restric-
tion protocols or performance on successful or failed trials. All these analyses used two-way
repeated measures ANOVAs where both delay and the other given factor were considered to
be repeated factors. This kind of ANOVA was also used when evaluating if rats had reached a
stable performance baseline. The results from video scoring the frequency of different behav-
iors during delay and lever steps of the delayed alternation and delayed non-matching tests
were analyzed with separate two-way ANOV As for the different behaviors. As above, these
used genotype as the non-repeated factor and delay as the repeated factor. Sidak’s multiple
comparison post-hoc test was used to follow up any significant effects found in the two-way
ANOVAs. The number of sessions required to progress through the set of delayed alternation
and delayed non-matching to position protocols with gradually increasing delay durations was
analyzed in several single comparisons between WT and BACHD rats. For these, t-test, t-test
with Welch’s correction or Mann-Whitney test were used, depending on the data’s apparent
distribution.

During testing there were occasionally rats that fell ill and had to be sacrificed. Thus, the n
of the analyses changed as follows. For the delayed alternation group, 2-4 months (WT:12,
BACHD: 12), 4-9 months (WT: 12, BACHD: 12), 12-14 months (WT: 11, BACHD: 11) and
17-19 months (WT: 9, BACHD: 8 during standard food restriction protocol, 7 during alterna-
tive food restriction protocol). For the delayed non-matching to position group, 2-4 months
(WT:12, BACHD: 12), 4-9 months (WT: 12, BACHD: 12), 12-14 months (WT: 12, BACHD:
12) and 17-19 months (WT: 12 during standard food restriction protocol, 11 during alterna-
tive food restriction protocol, BACHD: 11). Video scored behavior concerned (WT: 9,
BACHD: 7) and (WT: 11, BACHD: 11) for the alternation and non-matching tests, respec-
tively. Age development analyses excluded data from animals that were not assessed at all ages.
No other exclusion criteria were used. As described in the Results section, there was very rarely
any clear effect of age found on the various parameters. Thus, for most baseline parameters the
analysis was performed on the mean performance of all evaluated ages to maintain an n of 12.
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Alpha for all analyses was set to 0.05.

Results
Survival

Most rats remained healthy through the entire duration of the tests, although some rats had to
be sacrificed due to illness. All in all, three WT and five BACHD rats were sacrificed from the
delayed alternation group, and one rat of each genotype was sacrificed from the delayed non-
matching to position group. In most cases, the illnesses concerned tumors. The change in n for
the different groups is described in detail in the Material and Methods section.

Basic operant conditioning protocols

There were no consistent or overt performance differences between BACHD and WT rats dur-
ing habituation, CRF training, forced alternation training or non-matching to position
sequence training (data not shown). All rats quickly progressed through their specific set of
protocols, and rarely required more than a single session per step. BACHD rats were during
CREF training occasionally found to be slower than WT rats when returning to the reinforced
lever after retrieving a pellet reward (data not shown).

Free and delayed alternation performance

During the first three test ages, BACHD and WT rats completed comparable numbers of trials
on all of the investigated protocols described below. During the 19-month test age, BACHD
rats tended to complete fewer trials than WT rats on the protocol with the final delay set,
although the difference did not reach statistical significance (data not shown). There were at
no point any differences concerning the ratio of completed Left-Right and Right-Left alterna-
tions between WT and BACHD rats (data not shown).

The number of sessions needed to reach criterion on the free alternation protocol decreased
with repeated testing for rats of both genotypes (Fig 3A) (age effect: F(5 45y = 253.8, P < 0.001).
BACHD rats required more sessions compared to WT rats during the first two test ages, as
indicated by a significant genotype effect (F(; ;5= 19.15, P < 0.001), genotype x age interaction
effect (F5 45) = 10.96, P < 0.001) and post-test results (4 months: P < 0.001; 9 months: P <
0.05) (Fig 3A). During criterion-level performance, there were no consistent differences
between WT and BACHD rats in terms of success rate (Fig 3B), trial start latency (Fig 3C),
lever response latency (Fig 3D) or number of omissions (Fig 3E). BACHD rats did, however,
become progressively slower at retrieving the reward pellets, resulting in them showing signifi-
cantly longer latencies compared to WT rats at the last test age (Fig 3F) (post-test result at 19
months: P < 0.05).

Most rats reliably reached the performance criterion on each delayed alternation protocol,
and thus progressed properly through the series of delay sets. A total of four BACHD rats did
not consistently reach each performance criterion and would occasionally get stuck on a par-
ticular delay set (two to three out of the four rats at each test age). The rats would in these cases
show no clear indication of improving their performance, despite being given extensive
training (up to ten sessions with arguably stable performance). Their performance typically
remained close to criterion, being just above or below it on more or less alternating sessions.
These rats were still allowed to continue through the series of delayed alternation protocols, as
they were deemed to simply have reached their maximum performance. The rats were, how-
ever, excluded from the analysis of the number of sessions required to progress through all the
protocols. This analysis showed that rats of both genotypes required a high number of sessions
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Fig 3. Age development of free alternation performance. The graphs show the main readouts of the free alternation protocol
over the four test ages. (A) shows the number of training sessions required for reaching criterion. (B)—(F) show the mean
performance of rats during sessions where their success rate was at criterion level. Curves show group mean plus standard error.
Results from two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in
case significant genotype differences were found. * (P < 0.05) ** (P<0.01) *** (P<0.001).

doi:10.1371/journal.pone.0169051.9003
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food restriction protocol at four months of age. (B) and (C) show the age progression of performance for WT and BACHD rats.
Curves display group mean plus standard error. Results from two-way repeated measures ANOVA are shown inside the graphs.

For (A), results from post-hoc analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P<0.01)
*** (P<0.001).

doi:10.1371/journal.pone.0169051.9g004

during the first test age, but then dropped to a relatively stable level during retesting (S1 Fig).
BACHD rats needed significantly more sessions than WT rats to progress through the series of
delayed alternation protocols during the first three test ages, although the phenotype was
strongest during the first test age (S1 Fig) (single comparisons: 4 months: P < 0.001; 9 months:
P < 0.05; 14 months: P < 0.05).

The main parameter of interest for the delayed alternation test concerned the success rate
on the different trial types. Analysis of this parameter showed that rats of both genotypes main-
tained a high success rate when trials were preceded by a delay of zero seconds, but dropped as
the delay duration increased (Fig 4A for 4-month data, S2 Fig for 9-, 14- and 19-month data)
(delay effect at 4 months: F(s ;,0) = 66.14, P < 0.001; 9 months: Fs 110y = 81.59, P < 0.001; 14
months: Fs 199y = 103.4, P < 0.001; 19 months: Fs 75, = 70.50, P < 0.001). BACHD rats per-
formed generally worse than WT rats at all investigated ages, as indicated by significant
genotype effects for all baseline comparisons (genotype effect at 4 months: F; 5,y = 19.99,
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P < 0.001; 9 months: Fs 110) = 13.66, P < 0.01; 14 months: Fs 50, = 11.20, P < 0.01; 19 months:
F(s,15 = 8.79, P < 0.01) without statistically significant genotype x delay interaction. Still,
trends and post-hoc analysis indicated that the reduced success rate among BACHD rats was
more pronounced on trials preceded by longer delays. Performance and phenotypes did not
notably change with age when rats were retested (Fig 4B and 4C, S2 Fig).

Several additional parameters concerning delayed alternation performance were investi-
gated. One set of parameters concerned the entries made into the pellet trough during delays
(Fig 5). These parameters did not appear to change with age and therefore, although initial
analyses were made for individual test ages, only mean performance over all test ages is dis-
played and discussed here. The latency to perform the first head entry during the delay
increased with delay duration (Fig 5A) (delay effect: F(4 gg) = 13.41, P < 0.001). The ANOVA
did not reveal an overall genotype difference. However, BACHD rats were slower than WT
rats during the longest delay step, as indicated by a significant genotype x delay interaction
(F(a,88) = 2.763, P < 0.05) as well as a significant genotype difference in post-hoc analysis of that
data point (head entry latency at 20 months: P < 0.05). The number of entries made during
delays increased with delay duration (Fig 5B) (delay effect: F(4gg) = 152.4, P < 0.001). BACHD
rats made generally fewer entries compared to WT rats (genotype effect: F; 5,y = 6.715,

P < 0.05), although the phenotype was more pronounced during longer delays, as indicated by
a significant genotype x delay interaction effect (F(4g5) = 7.554, P < 0.001) and significant
genotype differences in post-hoc analyses (16-second delay: P < 0.01, 20-second delay:

P < 0.001). To gain further insight into the behavior, the number of entries made during seg-
ments of the 20-second delay was analyzed (Fig 5C). This indicated that BACHD rats made
fewer entries than WT rats on all segments of the delay (genotype effect: F(; 55 = 7.852,

P < 0.05, post-test result: P < 0.05 for the 5-8, 9-12, and 13-16 seconds delay segments).
However, WT and BACHD rats still spent comparable amounts of time inside the pellet
trough (Fig 5D), as BACHD rats made generally longer entries compared to WT rats (Fig 5E)
(genotype effect: F; 55y = 33.34, P < 0.001, post-test result: P < 0.001 for all delays).

During the 4-month test age, there was no difference between WT and BACHD rats regard-
ing their trial start latencies (S3A Fig) or number of trial start omissions (S3B Fig). However, a
peculiar performance difference developed during retesting. Specifically, BACHD rats showed
longer trial start latencies compared to WT rats on trials that were preceded by intermediate
delays, but not on trials preceded by 0- or 20-second delays (S3C Fig) (genotype difference in
post-hoc analysis 4-second delay: P < 0.05, 8-second delay: P < 0.001, 12-second delay:

P < 0.01). The behavioral basis for this phenotype was discovered during video scoring and is
discussed further below. Specifically, it was found that BACHD rats frequently turned away
from interactive wall in order to drink. The same behavior also caused BACHD rats to perform
a higher number of trial start omissions than WT rats on trials preceded by short delays (S3D
Fig) (genotype difference in post-hoc analysis 0-second delay: P < 0.01, 4-second delay:

P < 0.001, 8-second delay: P < 0.05).

There were no overt differences in lever response latencies between the genotypes, although
BACHD rats appeared to be a bit slower than WT rats at responding during trials preceded by
a 0-second delay (S4A Fig). Finally, BACHD rats were slower than WT rats at retrieving the
reward pellets (S4B Fig). The phenotype became more apparent with age, and the age progres-
sion analysis shown in S4 Fig only found a significant phenotype during the last test age (geno-
type difference in post-hoc analysis 19 months: P < 0.05). It should, however, be noted that
single comparisons at each test age reliably revealed a significant genotype difference (data not
shown).

The results described above were from analyses that included all completed trials, i.e. both
successful and failed trials (although excluding omitted ones). Analysis of each parameter was,
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Fig 5. Head entry behavior during delays of the delayed alternation protocol. The graphs show several aspects of head
entries made into the pellet trough during delay steps of the delayed alternation test. Curves were created based on the overall
performance at all test ages, as no significant change with age was found for the parameters. (C) concerns the 20-second delay
step. Graphs indicate group mean plus standard error. Results from two-way repeated measures ANOVA are shown inside the
graphs. Results from post-hoc analysis are indicated in case significant genotype differences were found. * (P< 0.05) ** (P<0.01)

**% (P<0.001).

doi:10.1371/journal.pone.0169051.g005
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however, also performed based on trial outcome (S5 Fig). This was done to evaluate, if the
BACHD rats’ lower success rate is connected to the other noted behavioral differences.
Among BACHD rats, failed trials were preceded by delays with slightly fewer entries (S5A Fig)
(trial type difference in post-hoc analysis 8-second delay: P < 0.05, 12-second delay: P < 0.05,
16-second delay: P < 0.01, 20-second delay: P < 0.01) and slightly less time spent in the pellet
trough (S5B Fig) (trial type difference in post-hoc analysis 8-second delay: P < 0.05, 16-second
delay: P < 0.05, 20-second delay: P < 0.05). However, these differences were small and not
consistently present at all individual test ages, and thus unlikely to be of major importance.
Trial start latencies (S5C Fig) and lever response latencies (S5D Fig) instead appeared to have
stronger impact on the trial outcome. On trials preceded by short delays, failing appeared to be
related to long trial start latencies for BACHD rats (trial type difference in post-hoc analysis
0-second delay: P < 0.001, 4-second delay: P < 0.001, 8-second delay: P < 0.05), while being
related to long lever response latencies for WT rats (trial type difference in post-hoc analysis
0-second delay: P < 0.001, 4-second delay: P < 0.001).

Changing the food restriction protocol so that the WT rats’ food restriction level increased
from 85% (standard food restriction) to 95% (alternative food restriction) did not markedly
change the rats’ behavior. They still completed all trials of the sessions and performed compa-
rable number of Left-Right and Right-Left alternations (data not shown). The success rate
per delay remained completely unchanged by the adjustment of food restriction at all ages
(S6 Fig). The shift also did not have any overt effects on the other parameters of the delayed
alternation protocol (S7 Fig). Still, trial start latencies (S7C Fig) and lever response latencies
(S7D Fig) appeared to become longer after adjustment (specific effect among WT rats being
changed to a lower restriction level, not seen for BACHD rats during the extended training)
(food restriction effect on trial start latency in WT rats: F(; 11y = 11.91, P < 0.01; food restric-
tion effect on lever response latency in WT rats: F(; 11y = 9.55, P < 0.05). For the trial start
latencies, the change primarily concerned the intermediate delays (food restriction difference
in post-hoc analysis 4-second delay: P < 0.001, 8-second delay: P < 0.001, 12-second delay:

P < 0.001; 16-second delay: P < 0.01). Despite this, the aforementioned genotype difference
in trial start latency largely remained the same (data not shown). The number of omissions
was affected both by the motivational shift due to food restriction adjustment and by
extended training (S8A Fig). Specifically, WT rats performed more omissions, while BACHD
rats performed fewer ones, resulting in a significant genotype x baseline interaction effect
(F(1,22) = 15.42, P < 0.001). The change among BACHD rats appeared to be connected to a
slightly lower omission rate on trials preceded by no delay (S8B Fig) (baseline difference in
post-hoc analysis 0-second delay: P < 0.01), while the change among WT rats concerned an
increase in their omission rates on all other trial types (baseline difference in post-hoc analy-
sis: P < 0.001 for 4-, 8-, 12-, 16-, and 20-second delays). Despite these changes, the initial
phenotype of BACHD rats performing more omissions than WT rats was not resolved (data
not shown).

Free and delayed non-matching to position performance

BACHD rats tended to complete fewer trials than WT rats (data not shown), although this
could not be investigated in detail, as the session duration was adjusted so that rats of both
genotypes would complete comparable numbers of trials. Despite these efforts, BACHD rats
were found to complete significantly fewer trials than WT rats during the 19-month test age
(data not shown). At that point, BACHD rats completed on average 84 trials, while WT rats
completed 96 trials. There was at no point any difference concerning the ratio of completed
Left-Right and Right-Left trials between WT and BACHD rats (data not shown).
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The free non-matching to position protocol was, in contrast to the free alternation, very
easy for the rats to learn. Thus, after the initial response sequence training and upon retesting
at older ages, most rats performed at criterion level from the first session onwards. This
resulted in rats needing very few sessions to reach the performance criterion, and no difference
was found between the genotypes concerning this parameter at any age (Fig 6A). During per-
formance at criterion level, there were no differences regarding success rate (Fig 6B), trial start
latency (Fig 6C), sample lever response latency (Fig 6D), pellet trough return latency (Fig 6E),
choice lever response latency (Fig 6F) or number of omissions (Fig 6G). BACHD rats were,
however, found to be slower than WT rats at retrieving the reward pellets (Fig 6H). This phe-
notype was most pronounced during the last two ages and not present during the first test age,
as indicated by a significant genotype effect (F(; 1y = 5.265, P < 0.05), significant genotype x
age interaction effect (F (3 63) = 6.338, P < 0.001) and results from post-hoc analysis (significant
genotype differences at 14 and 19 months: P < 0.05).

Most rats progressed properly through the delayed non-matching to position protocols
with increasing delay durations by reaching the performance criterion of each protocol. There
were, however, a total of three BACHD rats that did not reliably manage to reach each crite-
rion and thus would occasionally get stuck at a particular delay set despite extensive training.
The rats did not consistently show the problems, meaning that at each given test age there
were between zero and three out of those three BACHD rats that did not manage all perfor-
mance criteria. The rats were handled like the ones in the delayed alternation. Thus, they were
allowed to continue through the series of protocols, were part of the main performance analy-
sis, but not the specific analysis concerning the number of sessions required to progress
through the series of delay sets. This sessions to criterion analysis indicated that rats needed a
relatively stable number of sessions to reach the final delay step, and the two genotypes
required similar numbers of sessions at all test ages (S9 Fig).

The main parameter of interest was once again the success rate on trials with different delay
durations. Analysis of this parameter showed that rats of both genotypes maintained a high,
close to 100%, success rate on trials with a 0-second delay, but dropped as the delay duration
increased (Fig 7A for 4-month data, S10 Fig for 9-, 14- and 19-month data) (delay effect at 4
months: F(5 110y = 40.10, P < 0.001; 9 months: Fs ;10) = 32.51, P < 0.001; 14 months: F(5 110y =
35.76, P < 0.001; 19 months: Fs,105) = 48.53, P < 0.001).

While there was no difference between the genotypes’ performance on trials with 0-second
delays, the BACHD rats’ success rate dropped more than WT rats’ on trials with 5- and 10-sec-
ond long delays. Interestingly, the two genotypes appeared to show a comparable decline in
success rate for trials with longer delays. Ultimately, while WT rats showed reasonably linear
drops in success rate with increasing delays, BACHD rats appeared to show a biphasic curve.
Still, statistical analysis failed to reliably detect significant differences in the rats’ performance.
No differences were found during the first two test ages, while the last two presented both sig-
nificant genotype effects (14 months: F; ;) = 11.01, P < 0.01; 19 months: F; ;) = 4.95,

P < 0.05) and genotype x delay interaction effects (14 months: Fs 10y = 4.49, P < 0.001; 19
months: Fs10s5) = 4.23, P < 0.01). As this did not appear to be due to either of the genotypes
changing their behavior with repeated testing (Fig 7B and 7C), and as the performance during
the first test age still showed a quite strong genotype effect trend (F(; »,) = 3.44, P = 0.08), this
ultimately indicated a stable but discrete phenotype sensitive to small variations in the
recorded data. The notion of a biphasic success rate curve for BACHD rats was supported by
the fact that the genotype x delay interaction effect was also found when the analysis was lim-
ited to trials with 0- to 10-second delays (data not shown), while analysis of trials with 10- to
25-second delays did not reveal a significant genotype x delay but only an overall genotype
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Fig 6. Age development of free non-matching to position performance. The graphs show the main
readouts of the free non-matching to position protocol over the four test ages. (A) shows the number of
training sessions required for reaching criterion. (B)—(H) show the mean performance of rats during sessions
where their success rate was at criterion level. Session to criterion data was corrected for the change in
criterion between the first test age and retesting. Curves show group mean plus standard error. Results from
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two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are
indicated in case significant genotype differences were found. * (P < 0.05) ** (P<0.01) *** (P<0.001).

doi:10.1371/journal.pone.0169051.g006

effect (data not shown). Thus, the phenotype was dependent on the presence of delays,
although the extent of impairment was not directly related to their duration.

As with the delayed alternation protocol, several additional parameters concerning delayed
non-matching to position performance were investigated. Once again, one set of parameters
concerned the entries made into the pellet trough during delay periods (Fig 8). Performance
on these parameters did not appear to change with age and therefore, although initial analyses
were made for individual test ages, only the mean performance over all test ages is displayed
and discussed here. The latency to perform the first head entry of the delay remained stable
with delay duration and did not differ between WT and BACHD rats (Fig 8A). The number of
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Fig 7. Success rate per delay in the delayed non-matching to position test. The graphs show the success rate on trials with
delays of different durations in the delayed non-matching test. (A) shows the stable baseline performance of rats maintained on the
standard food restriction protocol at four months of age. (B) and (C) show the age progression of performance for WT and BACHD
rats, respectively. Curves display group mean plus standard error. Results from two-way repeated measures ANOVA are shown

inside the graphs. For (A), results from post-hoc analysis are indicated in case significant genotype differences were found.
* (P<0.05) ** (P<0.01) *** (P<0.001).

doi:10.1371/journal.pone.0169051.9007
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entries made during delays increased with delay duration (Fig 8B) (delay effect: F4 g5y = 613.5,
P < 0.001). BACHD rats made generally fewer entries compared to WT rats (genotype effect:
F(1,22) = 17.57, P < 0.001), although the phenotype was more pronounced during longer
delays, resulting in a significant genotype x delay interaction effect (F4 g5y = 14.62, P < 0.001)
and significant genotype differences in post-hoc analyses (15-second delay: P < 0.01, 20-second
delay: P < 0.001, 25-second delay: P < 0.001). To gain further insight, the number of entries
made during segments of the 25-second delay was analyzed (Fig 8C). This once again indicated
that BACHD rats made fewer entries than WT rats throughout the delay, rather than during
specific parts of it (genotype effect: F(; 55y = 17.00, P < 0.001; genotype difference in post-hoc
analyses: P < 0.001 for all delay segments). Through this, BACHD rats ended up spending
slightly less time inside the pellet trough during the delays compared to WT rats (Fig 8D). Still,
this phenotype was weak and only resulted in a significant genotype x delay interaction effect
(F(a,88) = 2.58, P < 0.05), but not in an overall genotype effect or significant differences in
post-hoc analyses. This was likely due to the strong trend indicating that BACHD rats made
generally longer head entries compared to WT rats (Fig 8E) (genotype effect: F(; 5,y = 4.29,

P =0.0504).

In contrast to the trial start latency during the delayed alternation protocol, the latency to
trigger the choice step in the delayed non-matching to position test did not noticeably change
with delay duration (S11A Fig). Both genotypes showed similar, and very short, latencies to
trigger the choice step. In connection, neither genotype performed frequent omissions at this
point of the protocol (S11B Fig). Rather, the main omission type in the delayed non-matching
to position test concerned the trial starts, where BACHD rats performed slightly more omis-
sions compared to WT rats (S11C Fig) (post-test result: P < 0.05). The latency to start individ-
ual trials was not different between WT and BACHD rats at any of the investigated ages (S12
Fig). Response latency to sample levers did not notably change with delay duration or differ
between the genotypes (S13A Fig). Response latencies during choice steps were affected by
delay duration, with rats of both genotypes being slightly slower at responding during trials
with 0-second delays compared to all other delay durations (S13B Fig) (delay effect: F(s ;19 =
11.88, P < 0.001). Regardless of this effect, BACHD and WT rats showed identical choice
response latencies. For both genotypes, response latencies during the choice step were gener-
ally shorter than response latencies to sample levers (S13C and S13D Fig) (trial step effect WT:
F(1,11) = 8.501, P < 0.05; trial step effect BACHD: F; 11y = 9.547, P < 0.05). Finally, BACHD
rats were generally slower at retrieving the reward pellets during the delayed non-matching to
position test (S14A Fig) (genotype effect: F(; 5;) = 6.638, P < 0.05). Although the exact retrieval
latency differed with age (age effect: F(5 3y = 5.845, P < 0.01), there was no significant genotype
x age effect, suggesting that the phenotype was similarly apparent at all ages. Pellet retrieval
and pellet trough return are two behaviors that depend on comparable motoric aspects. As
noted, WT and BACHD rats performed similarly on the former parameter, but differed on the
latter. A direct comparison of these two parameters suggested that BACHD rats showed simi-
lar latencies for both behaviors (S14B Fig). In contrast, WT rats were faster when they retrieved
reward pellets, compared to when they were returning to the pellet trough after responding to
the sample lever. This discrepancy resulted in a significant genotype x protocol step interaction
effect (F; 22y = 5.205, P < 0.05).

The results described above were from analyses that included all completed trials, i.e. both
successful and failed trials (although excluding omitted ones). Analysis of each parameter was,
however, also performed based on trial outcome. This was used to evaluate if the noted behav-
ioral differences were connected to the BACHD rats’ lower success rate (S15 and S16 Figs).

For WT rats (S15 Fig), failure on trials without delays was related to longer trial start latencies
(S15A Fig) (trial type difference in post-hoc analysis of 0-second trials: P < 0.001), pellet trough
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return latencies (S15C Fig) (trial type difference in post-hoc analysis of 0-second trials:

P < 0.001), triggering of choice steps (S15F Fig) (trial type difference in post-hoc analysis of
0-second trials: P < 0.01) and choice lever responses (S15G Fig) (trial type difference in post-
hoc analysis of 0-second trials: P < 0.001). Similar results were seen when analyzing BACHD
rats (S16 Fig) (trial type difference in post-hoc analysis of 0-second trials: Trial start latency:

P < 0.05; Pellet trough return latency: P < 0.001; Latency to trigger choice step: P < 0.01;
Choice lever response latency: P < 0.001), although the effects appeared to be less pronounced
for all parameters except for the choice lever response latency. Importantly, the number of
entries and total time spent in the pellet trough during delays were not clearly connected to
trial outcome for either genotype (S15D and S15E, S16D and S16E Figs).

Changing the food restriction protocol so that WT rats increased from 85% (standard
restriction) to 95% (alternative restriction) of their free-feeding body weight did not markedly
change the behavior of the rats. The aforementioned slight difference in the number of com-
pleted trials was resolved due to WT rats performing fewer trials after changing the food
restriction protocol (data not shown). Rats still completed comparable numbers of Left-Right
and Right-Left trials (data not shown). Success rate per delay remained completely unaffected
by the change of food restriction protocol at all ages (S17 Fig). The shift did also not have any
overt effects on the other parameters of the delayed non-matching to position protocol (S18
Fig). Small increases in the sample lever response latency (S18B Fig), the time spent in the pel-
let trough (S18E Fig) and the choice lever response latency (S18G Fig) were found. However,
similar changes were seen among BACHD rats that were given extended training on the proto-
col (S19 Fig), suggesting that the changes were not necessarily related to a shift in motivation
due to the change in food restriction protocol. The number of trial start omissions made dur-
ing the test sessions was, however, specifically affected. While BACHD rats typically performed
more omissions than WT rats during the initial baselines, this phenotype was resolved when
WT rat were maintained on the alternative restriction protocol (S20 Fig). This was due to WT
rats performing more trial start omissions than during the initial baselines, while BACHD rats
remained unchanged (baseline effect: F(; 5,y = 7.29, P < 0.05; interaction effect: F(; 5,y = 5.90,
P < 0.05). Other omission types were not notably affected, neither by the motivational change
nor the extended training (data not shown).

Video scoring

As noted, video recordings were made during baseline performance of both the delayed alter-
nation and delayed non-matching test, at the 17-19-month test age. During this, several videos
of full training sessions were gathered for each animal. For the delayed non-matching to posi-
tion test, a single video from each rat was selected for video scoring. Video selection was made
so that the performance on the selected sessions (with regard to the parameters presented
above) was comparable to the overall baseline. Video analysis of delayed alternation perfor-
mance was more elaborate. Initial investigation of the rats’ behavior during the test revealed
that the BACHD rats frequently turned away from the interactive wall of the conditioning
chamber to drink water. In order to focus the analysis on other types of behavior, trials where
the rats had been drinking were excluded. To still get a comprehensive analysis that covered a
full test session (i.e. 120 trials), data from several separate sessions were combined. Importantly,
the gathered data set still recapitulated most of the phenotypes mentioned in the previous sec-
tions, including the lower success rate and lower number of head entries during delays seen
among BACHD rats (data not shown). The increased number of omissions and longer trial
start latencies seen for BACHD rats on trials with intermediate delays were, however, no longer
present (data not shown), concluding that the drinking behavior was the underlying cause.
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Video scoring of both tests indicated that the mean amount of time spent inside the pellet
trough, in a central position, around the lever slots and in other parts of the operant condition-
ing chambers increased with delay duration (Fig 9). In the delayed alternation test, BACHD
rats appeared to spend slightly less time than WT rats inside the pellet trough (Fig 9A) and in a
central position (Fig 9C), while spending more time than WT rats around the levers (Fig 9E).
These trends were, however, not strong and with the exception of a significant genotype x
delay interaction regarding the time spent around the lever slots (F4,s6) = 2.54, P < 0.05), there
were no significant effects. The results from the delayed non-matching test showed similar
behavioral differences between the genotypes, although much more pronounced. There,
BACHD rats spent significantly less time than WT rats both inside the pellet trough (Fig 9B)
(genotype effect: F(; 59) = 13.63, P < 0.01) and in a central position (Fig 9D) (genotype effect:
F(1,20) = 7.58, P < 0.05) during delays. Both post-tests and genotype x delay interaction effects
indicated that the phenotype was more apparent in trials with longer delays (interaction effect
pellet trough: F(; 59y = 7.80, P < 0.001; interaction effect central position: F(4 g0y = 4.01, P <
0.01). BACHD rats also spent significantly more time than WT rats investigating the wall por-
tions around the lever slots during the delayed non-matching protocol (genotype effect:

F(1,20) = 6.83, P < 0.05). The phenotype was once again more pronounced for trials with longer
delays, as indicated by post-tests and a genotype x delay interaction effect (interaction effect:
F(4,80) = 2.57, P < 0.05). The phenotype was primarily due to the BACHD rats performing a
higher number of body shifts towards the different lever slots, while the duration of these body
shifts were comparable between the genotypes (data not shown). There were no differences
between the genotypes concerning the amount of time they spent in other compartments of
the conditioning boxes in either test (Fig 9G and 9H). In the alternation test, there was no dif-
ference between genotypes regarding the mean duration of head entries, while BACHD rats
were found to make shorter entries compared to WT rats during the delayed non-matching
test (data not shown).

To further evaluate if WT and BACHD rats appeared to use different strategies when per-
forming the tests, their body shifts and apparent focus towards a given side of the interactive
wall were investigated in terms of their eventual lever choice. Rats in the delayed alternation
test (Fig 10) showed a slight preference for making body shifts towards the lever they eventu-
ally responded to (Fig 10A). The preference remained stable with increasing delay, and
although it appeared to be slightly stronger among BACHD rats, there were no significant
genotype or genotype x delay interaction effects. In contrast, both WT and BACHD rats
showed a strong preference for making body shifts towards the lever they eventually responded
to during the non-matching to position test (Fig 11A). This preference dropped slightly with
increasing delay duration (delay effect: F(4 g0 = 3.89, P < 0.01). Once again, there was no sig-
nificant genotype or genotype x delay interaction effect. Additional analysis of the longest
delay in each protocol was performed to evaluate the influence of the rats’ apparent lever focus
on trial outcome. For both tests and both genotypes, correct lever choices were associated with
maintaining a preference for the correct lever throughout the entire delay (Figs 10B and 11B).
As above, this preference was notably stronger during the non-matching protocol compared
to the alternation protocol. During trials with incorrect lever choices, the rats initially showed
proper interest in the correct lever, but switched towards focusing on the incorrect lever dur-
ing later phases of the delay. Once again, this behavior was apparent for rats of both genotypes
and during both tests. It should be pointed out that proper statistics could not be performed
for this analysis due to the limited amount of data available. As the noted behaviors appeared
to constitute clear strategies for achieving high success rates on the two tests, further parame-
ters were investigated to evaluate if the reduced success rate seen among BACHD rats might
be explained by impaired strategy development and/or use. As noted, the rats’ initial focus
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Fig 9. Time spent in different parts of the Skinner boxes during delay steps. The graphs show the time
spent in different parts of the Skinner boxes during delays in the delayed alternation and delayed non-matching
to position tests, as measured by video scoring. Specific details regarding the data and scoring method is
available in the Material and Methods section. Graphs indicate group mean plus standard error. Results from
two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated
in case significant genotype differences were found. * (P < 0.05) ** (P<0.01) *** (P<0.001).

doi:10.1371/journal.pone.0169051.9009
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Fig 10. Video-scored behavior in relation to performance on delayed alternation. The graphs show
various aspects of the behaviors scored from video recordings in relation to the rats’ performance in the delayed
alternation test. Graphs indicate group mean plus standard error. (B) concerns the 20-second delay step. In (F),
the data that is labeled "theoretical" displays the theoretical success rates, as if the rats had responded
according to their initial lever interest and not performed a correction behavior. Further details regarding the
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scored behaviors are described in the Material and Methods section. Results from two-way repeated measures
ANOVA are shown inside the graphs. For (C)—(E), separate two-way ANOVAs were performed for each kind of
behavior, and the respective results are indicated in small tables. Results from post-hoc analysis are indicated
in case significant genotype differences were found. * (P < 0.05) ** (P<0.01) *** (P<0.001). In (D), ‘e’ notes
a genotype difference (P < 0.05) for trials with established focus.

doi:10.1371/journal.pone.0169051.9010

during delays was frequently directed towards the correct lever. The frequency of trials with
correct initial focus did not differ with delay duration or genotype for either test (Figs 10C and
11C) (data from trials with 0-second delays were excluded from the analysis due to the low
number of trials with established focus). The frequencies of other focus-related behaviors were
quantified as described in the Material and Methods section. During trials with 0-second
delays, most rats did not establish a clear focus (Figs 10D and 11D). However, the frequency of
this behavior dropped dramatically with delay duration (delay effect delayed alternation:
F(s,70) = 127.10, P < 0.001; delayed non-matching to position: Fs 100) = 264.30, P < 0.001). The
frequency of trials where a lever focus was only established (i.e. only one body shift motion
was performed), was highest during trials with 4- and 5-second delays for the alternation and
non-matching test, respectively. Like trials with no focus, their frequency clearly dropped with
increasing delay duration (delay effect delayed alternation: Fs o) = 26.71, P < 0.001; delayed
non-matching to position: Fs 100) = 66.66, P < 0.001). In contrast, the frequency of trials with
maintained or switched focus clearly increased with delay durations (delay effect of main-
tained focus delayed alternation: Fs 7o) = 43.96, P < 0.001; delay effect of maintained focus
delayed non-matching to position: Fs 100y = 66.15, P < 0.001; delay effect of switched focus
delayed alternation: F s 79y = 32.70, P < 0.001; delay effect of switched focus delayed non-
matching to position: Fs 100) = 30.40, P < 0.001). There were trends indicating that WT rats
showed a higher frequency of trials without focus compared to BACHD rats. This notion was
supported by a significant genotype x interaction effect (F s 100) = 3.21, P < 0.01) for this
parameter during the delayed non-matching test. Further, WT rats showed a lower frequency
of trials with only established focus compared to BACHD rats, as indicated by significant
genotype effects (delayed non-matching to position: F(; 59y = 9.79, P < 0.01), genotype x delay
interaction effects (delayed alternation: F(s 79y = 2.93, P < 0.05), and post-test results (P <
0.05/0.01 on trials with 4- and 10-second delays for alternation and non-matching test, respec-
tively). WT rats also showed a lower frequency of trials with maintained focus compared to
BACHD rats, as indicated by significant genotype x delay interaction effects (delayed alterna-
tion: F(s 79) = 3.84, P < 0.01; delayed non-matching to position: F(s 100y = 2.78, P < 0.05) and
significant post-hoc analysis results for trials with 5-second delays in the non-matching test

(P < 0.05). There were no significant differences between genotypes in the frequency of trials
with switched focus. It should be noted that although WT rats tended to show less trials with
maintained focus, the ratio of maintained focus to switched focus trials did not differ between
the genotypes (data not shown). Thus, the lower frequency of trials with maintained focus seen
among WT rats in the analysis described above was likely a result of their lower tendency to
perform body shifts (as indicated by the increased frequency of trials without focus).

The final behavioral aspect that was investigated concerned the rats’ behavior while per-
forming the final lever response. In both tests, the most common behavior for both genotypes
and all delays were direct responses (Figs 10E and 11E). Thus, rats rarely showed any interest
in the non-chosen lever. However, during the delayed alternation test, there were still a consid-
erable amount of corrections (Fig 10E). Notably, BACHD rats showed a higher frequency of
direct responses compared to WT rats (genotype effect: F(; 14) = 6.43, P < 0.05), while WT rats
showed a higher frequency of corrections (genotype effect: F; 14) = 5.00, P < 0.05). The fre-
quency of uncertain choices was marginally higher among WT rats, although it failed to reach
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Fig 11. Video-scored behavior in relation to performance on delayed non-matching to position. The
graphs show various aspects of the behaviors scored from video recordings in relation to the rats’ performance
in the delayed non-matching to position test. Graphs indicate group mean plus standard error. (B) concerns the
25-second delay step. In (F), the data that is labeled "theoretical" displays the theoretical success rates, as if
the rats had responded according to their initial lever interest and not performed a correction behavior. Further
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details regarding the scored behaviors are described in the Material and Methods section. Results from two-
way repeated measures ANOVA are shown inside the graphs. For (C)—(E), separate two-way ANOVAs were
performed for each kind of behavior, and the respective results are indicated in small tables. Results from post-
hoc analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P<0.01)

*** (P<0.001). In (D), ‘ee’ indicates a genotype difference (P < 0.01) for trials with established focus, and ‘m’
indicates a genotype difference (P < 0.05) for trials with maintained focus.

doi:10.1371/journal.pone.0169051.9011

statistical significance. As noted, the behaviors did not notably change with delay duration,
although 0-second delay trials were the only ones where the aforementioned difference was
not clearly present. The correction behavior still appeared to be important for the overall suc-
cess rate of both WT and BACHD rats. Notably, the theoretical success rate of both genotypes
(where the outcome of all correction trials had been adjusted to the hypothetical outcome of
the response they initially intended to do) was markedly lower compared to their actual base-
line (Fig 10F). While the actual baseline showed a similar performance deficit among BACHD
rats as the one described above (genotype effect: F(; 14) = 8.88, P < 0.01), there was no signifi-
cant genotype difference in the theoretical data. Overall, these results were in clear contrast to
the rats’ behavior during the delayed non-matching to position test (Fig 11E). During that test,
rats of both genotypes rarely displayed corrections and uncertain responses, and no genotype
differences were found for these behaviors. In line with this, the rats’ theoretical success rate
did not clearly differ from their original baseline (Fig 11F). Thus, the BACHD rats’ perfor-
mance deficit was apparent in both data sets (genotype effect, recorded data: F(; 5y = 6.04,
P < 0.05; genotype effect, theoretical data: F(; 59y = 5.13, P < 0.05).

An overview of the main results found in the delayed alternation and delayed non-match-
ing to position tests are show in Tables 1 and 2.

Discussion

BACHD rats show no impairment when learning to perform simple
instrumental response tasks

Our study did not reveal any overt differences between BACHD and WT rats during the initial
habituation and lever training steps, with the exception of occasional indications that BACHD
rats were slower at returning to the lever during CRF training. These findings are largely simi-
lar to what we have presented in previous publications [31], and what we have found in several
studies that remain unpublished at this time. It should, however, be noted that in most of these
studies the initial training steps were performed when the rats were 2-5 months old, and learn-
ing deficits might still be present in older animals. In line with this, it has been found that 18
months old BACHD rats (but not 2 and 8 months old rats) required more sessions than WT
rats to reach criterion when learning to perform single nose pokes for food rewards [33]. How-
ever, no detailed analysis was performed to investigate if this phenotype was based on the rats
having actual difficulties to associate the instrumental response with the delivery of a food pel-
let, or rather them being less interested in exploring the test chamber. Thus, while the BACHD
rats’ ability to learn simple instrumental response tasks appears to be reliably intact at young
ages, it is still unclear if it deteriorates with age.

BACHD rats show slowed learning during alternation training, but not
during non-matching to position training
Later training steps revealed clear differences between the alternation and the non-matching

test. Specifically, while rats of both genotypes needed several training sessions before reaching
criterion on the free alternation protocol, they required very little training to reach criterion
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Table 1. Overview of results from the delayed alternation test.

Parameter

Training needed to handle basic

Results
BACHD rats required more training than WT rats during the first test age. The phenotype was less

Figure reference
Fig 3A

alternation task apparent but still present during the second test age and was fully resolved after further retesting.
Training needed to progress BACHD rats required more training than WT rats during the first test age. The phenotype was less | S1 Fig
through delay sets apparent but still present during the second and third test age and was fully resolved at the last test
age.
Overall success rate BACHD rats showed a generally impaired performance with lower success rates compared to WT Fig 4A, S2 Fig
rats on all trial types.
Entries into pellet trough during BACHD rats made fewer entries compared to WT rats. The phenotype was more pronounced on Fig 5B and 5C

delays trials with long delays, although it did not appear to be due to BACHD rats gradually losing interest
in the pellet trough with time.

Time in pellet trough during No overt difference was found between the genotypes in data recorded by the operant conditioning | Figs 5D and 9A
delays system, although a trend indicating that BACHD rats spent less time in the pellet trough compared

to WT rats was found when manually scoring video recorded behaviors of the rats.

No difference was found between the genotypes during the first test age. During retesting, BACHD | S3A and S3C Fig

rats showed significantly longer trial start latencies compared to WT rats on trials with intermediate
delay durations, which was found to be due to BACHD rats making frequent breaks for drinking.

Trial start latency

Lever response latency No overt difference was found between the genotypes, although BACHD rats appeared to be S4A Fig
slightly slower than WT rats during trials with 0-second delays.
Pellet retrieval latency No difference was found between the genotypes during the first two test ages. BACHD rats then S4B Fig

appeared to become gradually slower with age, resulting in them being significantly slower than WT
rats at the last test age.

No difference was found between the genotypes during the first test age. During retesting, BACHD | S3B and S3D Fig
rats showed significantly increased omission rates on trials with 0-, 4- and 8-second delays, which
was found to be due to BACHD rats making frequent breaks for drinking.

Omissions

Video-scored behavior During delays, rats of both genotypes were found to frequently exit the pellet trough and investigate | Figs 9 and 10

the area around the retracted levers. There were discreet indications that this behavior functioned
as a strategy for remembering which lever to respond to. There was no significant difference
between the genotypes regarding this behavior, although BACHD rats tended to do it more
frequently than WT rats. During lever responses, BACHD rats showed a reduced frequency of a
type of correction behavior, and a corresponding increase in performing lever responses without
hesitation, compared to WT rats. The correction behavior appeared to be important for maintaining
a high success rate in the test.

doi:10.1371/journal.pone.0169051.t001

on the free non-matching test. It is possible that this was due to the alternation protocol put-
ting more strain on the rats’ inhibitory control. Essentially, it is reasonable to assume that rats
have a strong tendency to return to a previously reinforced lever. During alternation protocols,
this would cause them to have a high tendency to perform erroneous responses, and appropri-
ate response inhibition would be required to achieve a high success rate. In contrast, the ten-
dency to respond to the sample lever position during the non-matching protocols is likely low,
as that response is never reinforced. Interestingly, BACHD rats showed a slowed learning
compared to WT rats during the free alternation but not the free non-matching. This could
have been due to them having specific problems with certain aspects of the alternation proto-
col (such as the suggested inhibitory control aspect), although it is also possible that the slowed
learning represented a general learning deficit, which was not apparent during the non-match-
ing test due to its relative simplicity. However, the latter hypothesis is unlikely to be true, as we
have performed other complex cognitive tests without finding slowed learning among
BACHD rats (unpublished results). In addition, the former hypothesis is to some extent sup-
ported by the BACHD rats’ generally impaired performance in the delayed alternation test
(further discussed below). It should also be noted that the slowed learning among BACHD rats
was likely not related to any underlying motivational deficits, as there were no differences in
the number completed trials.
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Table 2. Overview of results from the delayed non-matching test.

Parameter

Training needed to handle basic
non-matching task

Training needed to progress
through delay sets

Overall success rate

Trial start latency
Sample lever response latency
Food crib return latency

Entries into pellet trough during
delays

Time in pellet trough during delays

Latency to trigger choice step

Choice lever response latency
Pellet retrieval latency
Omissions

Video-scored behavior

doi:10.1371/journal.pone.0169051.1002

Brief description of phenotype
No difference was found between the genotypes.

Figure reference
Fig 6A

No difference was found between the genotypes. S9 Fig

BACHD rats showed unchanged success rate on trials without delays, while performance on trials | Fig 7A, S10 Fig
with delays appeared to be generally impaired.

No difference was found between the genotypes. S12 Fig

No difference was found between the genotypes. S13A Fig

No difference was found between the genotypes. Fig 8A

BACHD rats made fewer entries compared to WT rats. The phenotype was more pronounced on | Fig 8B and 8C
trials with long delays, although it did not appear to be due to BACHD rats gradually losing interest

in the pellet trough with time.

No overt difference was found between the genotypes in data recorded by the operant Figs 8D and 9B
conditioning system, although a trend indicated that BACHD rats spent less time in the pellet

trough compared to WT rats. Manual video scoring of the behavior revealed a more pronounced

phenotype of this nature.

No difference was found between the genotypes, although a trend indicated that BACHD rats S11AFig

were slightly slower than WT rats.

No difference was found between the genotypes. S13B Fig
BACHD rats were consistently slower than WT rats when retrieving the reward pellets. S14AFig
BACHD rats showed a significantly higher number of trial start omissions, compared to WT rats S11C Fig
During delays, rats of both genotypes were found to frequently exit the pellet trough and Figs 9 and 11

investigate the area around the retracted levers. There were strong indications that this behavior
functioned as a strategy for remembering which lever to respond to. BACHD rats performed this
more frequently than WT rats. However, the video scoring did not reveal any behavioral
differences that might explain the BACHD rats’ reduced success rate in the test.

Despite the slowed learning among BACHD rats, the performance during criterion sessions
was comparable between the genotypes during both the free alternation and free non-match-
ing. The only exception was the longer pellet retrieval latencies seen among BACHD rats,
which was present in both protocols. This phenotype has been found in almost all operant con-
ditioning tests that have been run with the BACHD rats at our institute (seven longitudinal
studies) and is described in previous publications [31]. Interestingly, similar phenotypes have

been found in transgenic rats that carry a fragment of the HD-causing gene (TgHD rats) [34].
In the current study, the non-matching to position protocol offered additional information
regarding this phenotype. Specifically, it allowed direct comparison between the pellet retrieval
latency and the pellet trough return latency. These two parameters measured the latency to
perform comparable motor behaviors, but aimed towards a pellet trough that either contained
areward pellet or was empty. While WT rats were clearly faster at moving to the pellet trough
when there was a reward pellet present, BACHD rats showed comparable latencies in both sit-
uations. This could indicate a form of emotional blunting among BACHD rats. However, it is
also possible that the BACHD rats were already moving at their maximum speed. More
focused investigation of this phenotype is needed to better understand if its nature is motoric
or psychological. Interestingly, TgHD rats have shown indications of emotional blunting in a
sucrose solution consumption test [35].

BACHD rats show reduced success rates in both the delayed alternation
and delayed non-matching to position tests

The study’s main finding of interest was the consistently lower success rates found among
BACHD rats in both the delayed alternation and non-matching to position test. The
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impairment seen in the delayed alternation test was not clearly affected by delay duration, sug-
gesting that the rats had a general problem performing the basic task (i.e. alternation) rather
than a short-term memory deficit. Similar phenotypes have been found in a knock-in HD
mouse model [36] and rats with either striatal or prefrontal lesions [23-25]. The BACHD rats’
slowed learning during the free alternation training also supports the idea that they have prob-
lems handling the basic alternation task. It should, however, be noted that there were occa-
sional tendencies indicating that the BACHD rats’ impairment became stronger with longer
delay durations. Interestingly, such phenotypes have been found when lesioning specific
fronto-striatal circuits [26], but also when lesioning the hippocampus [37]. Both pathologies
could theoretically be present in the BACHD rats, as extensive protein aggregate formation
has previously been found in the rats in these brain regions [30,38]. It should, however, also be
noted that the apparent delay-dependent worsening of the phenotype might have been influ-
enced by other aspects of the rats’ behavior (further discussed below). The impairment seen in
the delayed non-matching to position test was similar to that of the delayed alternation test,
although not identical. Longer delays did once again not appear to result in a stronger deficit,
while the general presence of delays seemed to be crucial. Thus, the phenotype once again
appeared to be due to the BACHD rats having general problems with the basic task, although
it specifically concerned the delayed task. To our knowledge, similar phenotypes have not been
reported elsewhere. Striatal lesions have been found to result in slight learning impairments in
the delayed non-matching test [27], which were not seen in the current study. Further, fornix
lesions have been found to result in delay-dependent impairments [39,40], while lesions to the
prefrontal cortex and hippocampus have been found to produce a general drop in success rate
[28,29]. The latter kind of phenotype was also found in a recent study of the performance of an
HD knock-in mouse in a slightly different version of the test [41]. As noted though, these phe-
notypes do not appear to be directly comparable to the apparent biphasic curves found in the
current study. As a final note, it is interesting that HD patients have shown general problems
to perform accurately in a delayed pattern matching to sample test, although the impairment
did not become more pronounced with increased delays [42].

BACHD rats show other behavioral changes, although their influence on
success rate is likely limited

Additional parameters were evaluated, as non-cognition based behavioral differences between
BACHD and WT rats could have influenced the success rate in the two tests, and needed to be
considered. The results revealed that there were indeed several behavioral differences between
BACHD and WT rats, although few appeared to be directly related to the rats’ success rates.
During the delayed alternation test, BACHD rats were found to be slower at performing the
first head entry of the delay, performed fewer head entries during the delays and showed lon-
ger trial start latencies for trials with intermediate delay durations. Out of these parameters,
the difference in trial start latencies was the only factor that appeared to be related to failed tri-
als. Still, BACHD and WT rats showed comparable trial start latencies during the first test age,
while BACHD rats already presented an overall lower success rate. Similarly, when only trials
without water consumption were considered, there was no difference between genotypes in
terms of trial start latencies, while the reduced success rate among BACHD rats was still pres-
ent. Thus, although the slowed trial start latency among BACHD rats most likely affected their
performance to some extent, it was unlikely the main cause of their reduced success rate.
There were fewer differences between the BACHD and WT rats’ behavior during the delayed
non-matching test. Most notably, BACHD rats again performed fewer head entries than WT
rats during delays. However, detailed analysis suggested once again that this difference was
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unlikely to explain the difference in success rate. As the reduced number of head entries was
still consistently found in the two tests, it is worth noting that similar phenotypes have been
found in rats with striatal lesions [24], although not consistently [23]. Ultimately, despite the
various noted behavioral differences found between BACHD and WT rats it is likely that
underlying cognitive changes were the main cause of their reduced success rates. However,
additional non cognition-related behavioral differences likely still influenced the overall
appearance of the phenotype to some extent. When considering this, it is also noteworthy that
some parameters appeared to only affect certain trial types. Specifically, the relationship
between trial start latencies and trial outcome in the delayed alternation test appeared to pri-
marily concern trials with short delays, and was restricted to BACHD rats. In contrast, the WT
rats’ success on trials with short delays appeared to be more related to their lever response
latencies. Specific parameters also appeared to be related to failure on trials with short delays
during the delayed non-matching test (i.e. trial start latency, pellet trough return latency,
latency to trigger choice step and choice lever response latency). These aspects complicate the
task of assessing the appearance of the rats’ actual cognitive impairment, making it possible
that the current interpretations (i.e. cognitive impairments resulting in BACHD rats showing
an overall impaired performance in the delayed alternation test, and a biphasic impairment in
the delayed non-matching to position test) are not entirely true. Specifically, the BACHD rats’
lower success rate on trials with 0-second delays during the delayed alternation test might have
been related to non-cognitive behaviors influencing their trial start latencies. Thus, their true
cognitive impairment might have been more comparable to the one seen in the delayed non-
matching to position test, which would also be more in line with their unchanged success rate
during the free alternation protocols.

Although the difference in the number of head entries performed during delays did not
appear to be connected to the reduced success rate among BACHD rats, a difference in delay
behavior might still indicate altered motivation, attention or strategy. Thus, additional analysis
of this phenotype was of interest. The phenotypes were first validated with video scoring that
indicated that BACHD rats indeed spent less time than WT rats being in an arguably central
position during delays (although the phenotype was quite discreet during the delayed alterna-
tion test). Certain aspects argued against the phenotype being caused by motivational differ-
ences. First, the reduced number of entries was present on each segment of the longer delay
steps, suggesting that the phenotype was not due to the BACHD rats simply losing interest as
time passed. In addition, the number of entries was not strongly affected by changing the food
restriction protocol of WT rats. BACHD rats were, however, found to frequently turn around
to drink water during delays in the delayed alternation test, suggesting a change in their rela-
tive interest in food and water. It is worth noting that this behavior appeared to be the main
cause of the BACHD rats’ peculiar pattern of trial start latencies and omissions during the test.
Further, although the trial start latencies themselves appeared to have only limited influence
on the success rate (see above), it is still possible that the drinking behavior had caused the
trends indicating that the BACHD rats’ performance deficit worsened with longer delays.
Regardless, although the drinking behavior might have affected the BACHD rats’ success rate,
and definitely contributed to their lower number of head entries performed during delays,
both phenotypes were still present when trials with drinking were excluded.

BACHD and WT rats develop comparable strategies to maintain high
success rates on the two tests

As noted, it was subsequently found that BACHD rats had a higher frequency of leaving the
pellet trough to investigate the area around it. This could indicate a change in attention and
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strategy, although there were no indications of either one in the current study. Both BACHD
and WT rats preferentially made body shifts towards the lever they would eventually respond
to, and appeared to focus on the lever that would give a correct response. Thus, although
BACHD rats made these movements at a higher frequency than WT rats, their use and rele-
vance to lever choices did not notably differ between the genotypes on either test. The
increased use of body shifts seen among BACHD rats might, however, indicate that they were
more dependent on the strategy than WT rats. This would be in line with the trend suggesting
that BACHD rats had a slightly stronger preference for making body shifts towards the chosen
lever during the delayed alternation test. This idea should be further evaluated by comparing
performance in setups or protocols that make the use of this strategy more difficult, such as
placing the levers and pellet trough on opposite walls, placing walls between the wall sections
containing the lever slots and the pellet trough, or adding limits so that trials are cancelled if
the rats exit the pellet trough. Still, the importance of the body shifts for accurate performance
during the delayed alternation test is somewhat uncertain, as the rats did not show a particu-
larly strong focus for the selected lever. Thus, although the rats clearly used the body shifts as
part of a strategy during the delayed non-matching test, thee reason for at all performing them
(and the consistent finding of BACHD rats performing them more frequently than WT rats)
might be due to more general and not strategy-related behaviors. Interestingly, transgenic rats
carrying a fragment of the HD-causing gene have been found to show a high frequency of
early withdrawals from nose poke modules during a choice reaction time test, which was sug-
gested to be due to impaired response inhibition [43]. This phenotype is arguably similar to
the one found in the current study.

Strategies similar to the body shifts described here have been found in other studies of rats
performing the delayed non-matching to position test [40]. That particular study also indi-
cated that fronto-striatal lesions, which resulted in reduced success rate, also affected these
mediating behaviors. Among other things, lesioned rats showed an increased frequency of
changing focus from one lever to another during delays. Due to this, we investigated similar
parameters in the current study. In both tests and genotypes, there were indications that
maintaining focus on the correct lever throughout the delay was related to a successful out-
come, while switching focus to the wrong lever was related to failed trials. However, there
were no clear indications that BACHD rats switched focus more frequently than WT rats. In
addition, there were no differences regarding how often the rats’ initial focus was on the cor-
rect lever. It should, however, be noted that the scoring method used here (i.e. a rats’ apparent
focus being based on the first and last body shift) was limited. However, more elaborate scor-
ing (such as judging the rat’s apparent focus based on the percentage of time spent around a
given lever) would have suffered from similar limitations due to the low number of body
shifts that were performed (roughly four for WT and six for BACHD rats during the longest
delay). Further insight into the rats’ focus-shifting behavior might still be gained through the
analysis of more data, using a more elaborate scoring protocol, but it is beyond the scope of
the current study.

BACHD rats show a reduced frequency of correction behaviors during
delayed alternation performance

The rats’ behavior while performing lever pushes was also investigated. This scoring indicated
that most rats responded without hesitation during the choice step of the delayed non-match-
ing test. This was most likely due to a strong association between their body shift and the
planned lever response. Thus, the main decision regarding which lever to push was likely
made already during the delay step. This might also explain why both WT and BACHD rats
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were faster at responding to choice levers than to sample levers. All in all, these aspects ques-
tion to what extent the test really evaluated short-term memory rather than the rats’ ability to
establish and maintain focus on the correct lever. Direct responses also constituted the major-
ity of responses made in the delayed alternation test. However, there was a considerable fre-
quency of correction behaviors, where the rats would first start moving towards one lever but
change their mind and respond to the other one. The importance of this behavior was indi-
cated by the dramatically lower success rate found when the rats’ theoretical performance was
considered (i.e. success rate as if they had responded according to their initial lever choice).
Importantly, the frequency of correction behaviors was higher among WT rats than BACHD
rats. Further, there was no difference between WT and BACHD rats in their theoretical success
rates. Thus, it is likely that the reduced frequency of correction behaviors among BACHD rats
was connected to their lower success rate in the delayed alternation test. Still, in connection to
the discussions above, it is noteworthy that there was no clear difference in the frequency of
corrections during trials with 0-second delays. Regardless, the reduced frequency of correction
behavior might be an indication that BACHD rats have difficulties inhibiting already initiated
responses. This would suggest an impairment regarding a quite specific aspect of response
inhibition, which should be further investigated in tests that probe this [44-46]. Evaluating the
BACHD rats’ performance in such tests might also help to determine if the impairment in the
delayed alternation test truly concerned a failure to inhibit erroneous responses, as opposed to
a failure to realize that the initiated responses would be erroneous. Interestingly, changes in
neuronal signaling have been found in HD patients during performance of tests where they
had to inhibit ongoing motor responses [47]. In addition, HD patients [48], HD mouse models
[49] and BACHD rats [50] have all been found to show impaired performance in other tests of
response inhibition. It should, however, be noted that the study performed on BACHD rats
did not conclusively show that the response inhibition impairment concerned a baseline deficit
rather than a response to a change in protocol.

The noted phenotypes generally remained stable with increasing age

As noted, the phenotypes found in the two tests did not appear to change with age. Due to
the progressive nature of HD, one would typically expect that disease-related phenotypes in
animal models would worsen when they grow older. Indeed, other phenotypes found in the
BACHD rats have been shown to progressively worsen, already while the rats were a few
months old [30]. However, the neuropathology of the BACHD rats has not been fully eluci-
dated yet. Although loss of dopamine 2 receptors has been implicated in old animals, and
although there is a gradual accumulation of huntingtin aggregates with age [30], it is not
clear if this results in progressive loss of function in fronto-striatal circuits. The current
results would suggest that it does not. Thus, the impairments found here might be due to
neuropathology caused by the general presence of mutant huntingtin, rather than its pro-
gressive accumulation. Alternatively, the impairments might be due to neuropathology
caused by developmental deficits. Specifically, male BACHD rats have been found to be
smaller than their WT littermates [31] and consistently have smaller brains (unpublished
results). At this point, it is unclear if this developmental deficit only regards size or also func-
tionality. Finally, it should be considered that the rats in the current study spent roughly half
of their life actively being assessed in the respective tests. This frequent behavioral evaluation
might have acted as environmental enrichment, and might have counteracted any progres-
sion that would have occurred if less frequent training were used. To evaluate this further,
additional tests should be run where test ages are spaced further apart or performed with
separate test groups.
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Conclusions and final remarks

BACHD rats showed impaired performance in both the delayed alternation and delayed non-
matching test in the current study. The phenotypes were already present at 2-4 months of age
and did not appear to progressively worsen with age. In both tests, the rats appeared to primar-
ily have problems handling the basic task, while short-term memory remained intact. The
impairment found in the delayed alternation test seemed to in part be caused by a failure to
correct ongoing erroneous responses, which in turn could be due to deficits in attention and/
or inhibitory control. It is currently unclear what specific behavioral differences caused the
impaired performance in the delayed non-matching to position test, although it is likely related
to the distinct mediating behaviors that both WT and BACHD rats used. Importantly, argu-
ably similar performance deficits have been found in other HD models and rats with fronto-
striatal lesions, suggesting that the BACHD rats’ phenotypes are caused by HD-related neuro-
pathology. In addition, the phenotypes were not affected by a change in motivation and hun-
ger, suggesting that the impairments likely reflect true cognitive deficits rather than artifacts
due to motivational differences between WT and BACHD rats.

As a side note, using water bottles during operant conditioning tests might not be optimal
when working with BACHD rats. During delayed alternation training, the BACHD rats took
frequent breaks to consume water, which dramatically affected their trial start latencies and
omission rates. It is currently not clear why the rats developed this behavior, as it has not been
found in other operant condition tasks performed at our institute. In addition, extensive con-
trol tests were run with the delayed alternation rats to investigate their thirst response to being
fed reward pellets in various conditions. However, there were no indications that BACHD rats
became thirstier than WT rats when consuming reward pellets.

Supporting Information

S1 Fig. Sessions required to progress through delayed alternation training. The graphs
show the total number of sessions required for progressing through the series of delayed alter-
nation protocols at the different test ages, with gradually increasing delay durations that were
implemented before the training on the final delay set had started. The values were adjusted
for the change in criterion that was made after the first test age. Rats, which did not reach crite-
rion on each protocol, were excluded from the analysis. Plots indicate single values for individ-
ual rats. Note that the scale on the y-axis differs between the graphs. Results from #-test or
Mann-Whitney U test are indicated in case significant genotype differences were present.

* (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S2 Fig. Success rate per delay in the delayed alternation test during retesting. The graphs
show the success rate on trial types with delays of different durations in the delayed alternation
test. Each graph shows the stable baseline performance of rats maintained on the standard
food restriction protocol. Curves display group mean plus standard error. Results from two-
way repeated measures ANOVA are shown inside the graphs. For (A), results from post-hoc
analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P <
0.01) *** (P < 0.001).

(TIFF)

S3 Fig. Trial start latency and omissions during delayed alternation. The graphs show trial
start latency and omissions during the delayed alternation protocol. (A) and (B) show the
behavior at the four-month test age, while (C) and (D) show the mean performance at the three
older ages. Graphs indicate group mean plus standard error. Results from two-way repeated
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measures ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in
case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
(TIFF)

$4 Fig. Additional parameters of delayed alternation performance. The graphs show the
last two parameters investigated for delayed alternation performance. (A) is based on the over-
all performance on all test ages, as no significant change with age was found for the parameter.
Graphs indicate group mean plus standard error. Results from two-way repeated measures
ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in case sig-
nificant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S5 Fig. Parameters indicating success or failure on delayed alternation. The graphs show
some of the parameters of the delayed alternation protocol with performance of WT and
BACHD rats separated for successful and failed trials. All graphs were constructed based on the
mean performance over all test ages, as the relation to trial outcome did not noticeably change
with age. Graphs indicate group mean plus standard error. Results from two-way repeated
measures ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in
case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
(TIFF)

S6 Fig. Effect of food restriction adjustment on success rate in delayed alternation test.
The graphs show the WT rats’ performance in the delayed alternation test during two different
food restriction settings at the four investigated ages. Graphs indicate group mean plus stan-
dard error. Results from two-way repeated measures ANOVA are shown inside the graphs.
Results from post-hoc analysis are indicated in case significant genotype differences were
found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S7 Fig. Effect of food restriction adjustment and extended training on delayed alternation
parameters. The graphs show some of the parameters of the delayed alternation protocol,
comparing performance of WT and BACHD rats during their initial baseline with perfor-
mance after changing food restriction protocol or given extended training, respectively. All
graphs were constructed based on the mean performance over all test ages, as the effect of
changing food restriction protocol or giving extended training did not noticeably change with
age. Graphs indicate group mean plus standard error. Results from two-way repeated measures
ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in case sig-
nificant differences between baselines were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
(TIFF)

S8 Fig. Effect of food restriction adjustment on omissions during delayed alternation. The
graphs show the effect of food restriction adjustment and extended training on the number of
trial start omissions performed during the delayed alternation test. All graphs were constructed
based on the mean performance over all test ages, as the effect of changing food restriction
protocol or giving extended training did not noticeably change with age. Graphs indicate
group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs. Results from post-hoc analysis are indicated in case significant differences
between baselines were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S9 Fig. Sessions required to progress through delayed non-matching to position training.
The graphs show the total number of sessions required for progressing through the series of

PLOS ONE | DOI:10.1371/journal.pone.0169051 January 3, 2017 39/45

218


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169051.s009

@' PLOS | ONE

Fronto-Striatal Dysfunction in BACHD Rats

delayed non-matching to position protocols with gradually increasing delay durations, which
were implemented before the training on the final delay set had started. The values were
adjusted for the change in criterion that was made after the first test age. Rats that did not
reach criterion on each protocol were excluded from the analysis. Plots indicate single values
for individual rats. Note that the scale on the y-axis differs between (A) and the remaining
graphs. Results from t-test or Mann-Whitney U test are indicated in case significant genotype
differences were present. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

$10 Fig. Success rate per delay in the delayed non-matching to position test during retest-
ing. The graphs show the age development of success rate on trial types with delays of different
durations in the delayed non-matching test. Each graph shows the stable performance found
when rats were maintained on the standard food restriction protocol. Curves display group
mean plus standard error. Results from two-way repeated measures ANOVA are shown inside
the graphs. Results from post-hoc analysis are indicated in case significant genotype differences
were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S11 Fig. Latency to trigger choice step and omissions for delayed non-matching to posi-
tion. The graphs show the latency to initiate the choice step, related omissions and omissions
overview during the delayed non-matching to position protocol. Graphs display the mean per-
formance over all ages, as no significant differences in the rats’ behavior at different ages was
found. (A) and (B) indicate group mean plus standard error. (C) indicates the performance of
individual rats. For (A) and (B), results from two-way repeated measures ANOVA are shown
inside the graphs, and results from post-hoc analysis are indicated in case significant genotype
differences were found. For (C), results from ¢-test or Mann-Whitney U test are indicated in
case the genotypes differed significantly. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S12 Fig. Trial start latency in the delayed non-matching to position test. The graph shows
the latency to initiate trials on the different test ages of the delayed non-matching to position
protocol. The curve indicates group mean plus standard error. Results from two-way repeated
measures ANOVA are shown inside the graph, and results from post-hoc analysis are indicated
in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
(TIFF)

$13 Fig. Lever response latencies during delayed non-matching to position. The graphs
show the latencies to respond to a lever during either the sample step or the choice step of the
delayed non-matching to position protocol. (A) and (B) display the comparison between WT
and BACHD for both response latencies, while (C) and (D) display comparisons between the
type of response latencies for both genotypes. Graphs display mean performance over all ages,
as no significant differences in the rats’ behavior at different ages was found. Curves indicate
group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs, and results from post-hoc analysis are indicated for data points where signifi-
cant genotype differences were found. * (p < 0.05) ** (p < 0.01) *** (p < 0.001).

(TIFF)

S14 Fig. Reward pellet retrieval latency during delayed non-matching to position. (A)
shows the mean pellet retrieval latency of WT and BACHD rats during the delayed non-
matching to position protocol at all investigated ages. (B) shows a comparison of the mean pel-
let retrieval latency with the mean latency to return to the pellet trough after pushing the
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sample lever. For this, the mean of all investigated ages and trial types were used, as the pheno-
types or differences between latencies did not clearly change with age. Curves indicate group
mean plus standard error. Results from two-way repeated measures ANOVA are shown inside
the graphs, and results from post-hoc analysis are indicated in case significant genotype differ-
ences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S15 Fig. Parameters indicating success or failure for WT rats in the delayed non-matching
to position test. The graphs show some of the parameters of the delayed non-matching to
position protocol performance of WT rats separated for successful and failed trials. All graphs
were constructed using the mean performance over all ages, as the parameters’ relation to trial
outcome did not noticeably change between test ages. In addition, this was necessary to obtain
data for failed 0-second delay trials for all rats. Curves indicate group mean plus standard
error. Results from two-way repeated measures ANOVA are shown inside the graphs, and
results from post-hoc analysis are indicated in case significant genotype differences were
found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S16 Fig. Parameters indicating success or failure for BACHD rats in the delayed non-
matching to position test. The graphs show some of the parameters of the delayed non-
matching to position protocol performance of BACHD rats separated for successful and failed
trials. All graphs were constructed using the mean performance over all ages, as the parame-
ters’ relation to trial outcome did not noticeably change between test ages. In addition, this
was necessary to obtain data for failed 0-second delay trials for all rats. Curves indicate group
mean plus standard error. Results from two-way repeated measures ANOVA are shown inside
the graphs, and results from post-hoc analysis are indicated in case significant genotype differ-
ences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S17 Fig. Effect of food restriction adjustment on success rate in delayed non-matching to
position. The graphs show the WT rats’ performance in the delayed non-matching to position
test during two different food restriction settings at the four investigated age. Graphs indicate
group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs. Results from post-hoc analysis are indicated in case significant genotype dif-
ferences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S18 Fig. Effect of food restriction adjustment of WT rats in the delayed non-matching to
position test. The graphs show some of the parameters of the delayed non-matching to posi-
tion protocol performance of WT rats separated for standard and alternative food restriction
protocols. All graphs were constructed using the mean performance over all ages, as the
parameters’ relation to motivational state did not noticeably change between test ages. Curves
indicate group mean plus standard error. Results from two-way repeated measures ANOVA
are shown inside the graphs, and results from post-hoc analysis are indicated in case significant
genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).

(TIFF)

S19 Fig. Effect of extended training of BACHD rats in the delayed non-matching to posi-
tion test. The graphs show some of the parameters of the delayed non-matching to position
protocol performance of BACHD rats separated for the baselines after initial and extended
training. All graphs were constructed using the mean performance over all ages, as the
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parameters’ relation to the amount of training did not noticeably change between test ages.
Curves indicate group mean plus standard error. Results from two-way repeated measures
ANOVA are shown inside the graphs, and results from post-hoc analysis are indicated in case
significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
(TIFF)

$20 Fig. Trial start omissions during different baselines of delayed non-matching to posi-
tion. The graph shows the number of omissions during the initial baselines and after either a
change in food restriction protocol or extended training on the delayed non-matching to
position protocol. The graph was constructed using the mean performance over all ages, as
the parameters’ relation to food restriction or extended training did not noticeably change
between test ages. The curve indicates group mean plus standard error. Results from two-way
repeated measures ANOVA are shown inside the graph, and results from post-hoc analysis
are indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01)
(P < 0.001).

(TIFF)
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S1 Fig. Sessions required to progress through delayed alternation training

The graphs show the total number of sessions required for progressing through the series of delayed
alternation protocols at the different test ages, with gradually increasing delay durations that were
implemented before the training on the final delay set had started. The values were adjusted for the
change in criterion that was made after the first test age. Rats, which did not reach criterion on each
protocol, were excluded from the analysis. Plots indicate single values for individual rats. Note that the
scale on the y-axis differs between the graphs. Results from t-test or Mann-Whitney U test are indicated in
case significant genotype differences were present. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S2 Fig. Success rate per delay in the delayed alternation test during retesting

The graphs show the success rate on trial types with delays of different durations in the delayed
alternation test. Each graph shows the stable baseline performance of rats maintained on the standard
food restriction protocol. Curves display group mean plus standard error. Results from two-way repeated
measures ANOVA are shown inside the graphs. For (A), results from post-hoc analysis are indicated in case
significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S3 Fig. Trial start latency and omissions during delayed alternation

The graphs show trial start latency and omissions during the delayed alternation protocol. (A) and (B)
show the behavior at the four-month test age, while (C) and (D) show the mean performance at the three
older ages. Graphs indicate group mean plus standard error. Results from two-way repeated measures
ANOVA are shown inside the graphs. Results from post-hoc analysis are indicated in case significant
genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S4 Fig. Additional parameters of delayed alternation performance

The graphs show the last two parameters investigated for delayed alternation performance. (A) is based
on the overall performance on all test ages, as no significant change with age was found for the parameter.
Graphs indicate group mean plus standard error. Results from two-way repeated measures ANOVA are
shown inside the graphs. Results from post-hoc analysis are indicated in case significant genotype
differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S5 Fig. Parameters indicating success or failure on delayed alternation

The graphs show some of the parameters of the delayed alternation protocol with performance of WT and
BACHD rats separated for successful and failed trials. All graphs were constructed based on the mean
performance over all test ages, as the relation to trial outcome did not noticeably change with age. Graphs
indicate group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs. Results from post-hoc analysis are indicated in case significant genotype differences
were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S6 Fig. Effect of food restriction adjustment on success rate in delayed alternation test

The graphs show the WT rats' performance in the delayed alternation test during two different food
restriction settings at the four investigated ages. Graphs indicate group mean plus standard error. Results
from two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are
indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S7 Fig. Effect of food restriction adjustment and extended training on delayed alternation
parameters

The graphs show some of the parameters of the delayed alternation protocol, comparing performance of
WT and BACHD rats during their initial baseline with performance after changing food restriction
protocol or given extended training, respectively. All graphs were constructed based on the mean
performance over all test ages, as the effect of changing food restriction protocol or giving extended
training did not noticeably change with age. Graphs indicate group mean plus standard error. Results from
two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are
indicated in case significant differences between baselines were found. * (P < 0.05) ** (P < 0.01) *** (P <
0.001).
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S8 Fig. Effect of food restriction adjustment on omissions during delayed alternation

The graphs show the effect of food restriction adjustment and extended training on the number of trial
start omissions performed during the delayed alternation test. All graphs were constructed based on the
mean performance over all test ages, as the effect of changing food restriction protocol or giving extended
training did not noticeably change with age. Graphs indicate group mean plus standard error. Results from
two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc analysis are
indicated in case significant differences between baselines were found. * (P < 0.05) ** (P < 0.01) *** (P <
0.001).
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S9 Fig. Sessions required to progress through delayed non-matching to position training

The graphs show the total number of sessions required for progressing through the series of delayed non-
matching to position protocols with gradually increasing delay durations, which were implemented before
the training on the final delay set had started. The values were adjusted for the change in criterion that
was made after the first test age. Rats that did not reach criterion on each protocol were excluded from
the analysis. Plots indicate single values for individual rats. Note that the scale on the y-axis differs
between (A) and the remaining graphs. Results from t-test or Mann-Whitney U test are indicated in case
significant genotype differences were present. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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$10 Fig. Success rate per delay in the delayed non-matching to position test during retesting

The graphs show the age development of success rate on trial types with delays of different durations in
the delayed non-matching test. Each graph shows the stable performance found when rats were
maintained on the standard food restriction protocol. Curves display group mean plus standard error.
Results from two-way repeated measures ANOVA are shown inside the graphs. Results from post-hoc
analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P
<0.001).
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S$11 Fig. Latency to trigger choice step and omissions for delayed non-matching to position

The graphs show the latency to initiate the choice step, related omissions and omissions overview during
the delayed non-matching to position protocol. Graphs display the mean performance over all ages, as no
significant differences in the rats’ behavior at different ages was found. (A) and (B) indicate group mean
plus standard error. (C) indicates the performance of individual rats. For (A) and (B), results from two-
way repeated measures ANOVA are shown inside the graphs, and results from post-hoc analysis are
indicated in case significant genotype differences were found. For (C), results from t-test or Mann-
Whitney U test are indicated in case the genotypes differed significantly. * (P < 0.05) ** (P < 0.01) *** (P <
0.001).
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S$12 Fig. Trial start latency in the delayed non-matching to position test

The graph shows the latency to initiate trials on the different test ages of the delayed non-matching to
position protocol. The curve indicates group mean plus standard error. Results from two-way repeated
measures ANOVA are shown inside the graph, and results from post-hoc analysis are indicated in case
significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S13 Fig. Lever response latencies during delayed non-matching to position

The graphs show the latencies to respond to a lever during either the sample step or the choice step of the
delayed non-matching to position protocol. (A) and (B) display the comparison between WT and BACHD
for both response latencies, while (C) and (D) display comparisons between the type of response latencies
for both genotypes. Graphs display mean performance over all ages, as no significant differences in the
rats’ behavior at different ages was found. Curves indicate group mean plus standard error. Results from
two-way repeated measures ANOVA are shown inside the graphs, and results from post-hoc analysis are
indicated for data points where significant genotype differences were found. * (p < 0.05) ** (p < 0.01) ***
(p <0.001).
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S$14 Fig. Reward pellet retrieval latency during delayed non-matching to position

(A) shows the mean pellet retrieval latency of WT and BACHD rats during the delayed non-matching to
position protocol at all investigated ages. (B) shows a comparison of the mean pellet retrieval latency with
the mean latency to return to the pellet trough after pushing the sample lever. For this, the mean of all
investigated ages and trial types were used, as the phenotypes or differences between latencies did not
clearly change with age. Curves indicate group mean plus standard error. Results from two-way repeated
measures ANOVA are shown inside the graphs, and results from post-hoc analysis are indicated in case
significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S15 Fig. Parameters indicating success or failure for WT rats in the delayed non-matching to
position test

The graphs show some of the parameters of the delayed non-matching to position protocol performance
of WT rats separated for successful and failed trials. All graphs were constructed using the mean
performance over all ages, as the parameters’ relation to trial outcome did not noticeably change between
test ages. In addition, this was necessary to obtain data for failed 0-second delay trials for all rats. Curves
indicate group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs, and results from post-hoc analysis are indicated in case significant genotype differences
were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S16 Fig. Parameters indicating success or failure for BACHD rats in the delayed non-matching to
position test

The graphs show some of the parameters of the delayed non-matching to position protocol performance
of BACHD rats separated for successful and failed trials. All graphs were constructed using the mean
performance over all ages, as the parameters’ relation to trial outcome did not noticeably change between
test ages. In addition, this was necessary to obtain data for failed 0-second delay trials for all rats. Curves
indicate group mean plus standard error. Results from two-way repeated measures ANOVA are shown
inside the graphs, and results from post-hoc analysis are indicated in case significant genotype differences
were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S$17 Fig. Effect of food restriction adjustment on success rate in delayed non-matching to position
The graphs show the WT rats' performance in the delayed non-matching to position test during two
different food restriction settings at the four investigated age. Graphs indicate group mean plus standard
error. Results from two-way repeated measures ANOVA are shown inside the graphs. Results from post-
hoc analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) ***
(P<0.001).
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S$18 Fig. Effect of food restriction adjustment of WT rats in the delayed non-matching to position
test

The graphs show some of the parameters of the delayed non-matching to position protocol performance
of WT rats separated for standard and alternative food restriction protocols. All graphs were constructed
using the mean performance over all ages, as the parameters’ relation to motivational state did not
noticeably change between test ages. Curves indicate group mean plus standard error. Results from two-
way repeated measures ANOVA are shown inside the graphs, and results from post-hoc analysis are
indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S$19 Fig. Effect of extended training of BACHD rats in the delayed non-matching to position test

The graphs show some of the parameters of the delayed non-matching to position protocol performance
of BACHD rats separated for the baselines after initial and extended training. All graphs were constructed
using the mean performance over all ages, as the parameters’ relation to the amount of training did not
noticeably change between test ages. Curves indicate group mean plus standard error. Results from two-
way repeated measures ANOVA are shown inside the graphs, and results from post-hoc analysis are
indicated in case significant genotype differences were found. * (P < 0.05) ** (P < 0.01) *** (P < 0.001).
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S$20 Fig. Trial start omissions during different baselines of delayed non-matching to position

The graph shows the number of omissions during the initial baselines and after either a change in food
restriction protocol or extended training on the delayed non-matching to position protocol. The graph was
constructed using the mean performance over all ages, as the parameters’ relation to food restriction or
extended training did not noticeably change between test ages. The curve indicates group mean plus
standard error. Results from two-way repeated measures ANOVA are shown inside the graph, and results
from post-hoc analysis are indicated in case significant genotype differences were found. * (P < 0.05) ** (P
<0.01) *** (P < 0.001).
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Appendix I

Organ weights from Publication I
E K H Jansson, L E Clemens, O Riess, H P Nguyen

Introduction

Organ weights of male BACHD and WT rats were investigated as part of the body
composition study presented in Publication I. The data was, however, not included in the
publication in order to maintain focus on the overall body composition and motivational
aspects of the animal model. An overview of the organ weights is thus presented in the
current appendix.

Material and methods

A total of five animal groups were at different ages subjected to detailed dissection. The
experimental details concerning breeding, housing and group selection are thoroughly
explained in Publication I.

The dissection protocol included the following parameters: body weight, body length,
head length, trunk length, tail length, weight of skin, weight of adipose tissue deposists,
weight of internal organs and weight of remaining bone and muscle tissue. The weights
of the following internal organs were investigated at all ages: brain, heart, lungs
(combined weight), liver, kidneys (combined weight), gastrointestinal tract (including
pancreas and omentum majus with attached adipose tissues) (GI tract), spleen and
testicles. Thymus weights were investigated at one and three months of age. A detailed
dissection of the GI tract was performed at 12 months of age. Through this, separate
weights of the omentum majus with attached adipose tissue, GI tract content, actual GI
tract tissues and pancreas were obtained. In addition, the weight and length of the rats’
femur was investigated at 12 months.

Results

As noted, the results concerning the overall body composition phenotypes have been
described and discussed in Publication I. The current appendix will focus on the weights
of internal organs.

Most internal organs showed some indication of being lighter among BACHD rats,
compared to WT rats (Figure I). This phenotype was strong for brain and kidneys, while
being less pronounced for heart and lungs, and finally weak for liver, spleen and
testicles. Thymus weight was unchanged on the investigated ages. In contrast to the
other organs, the weight of the GI tract was generally increased among BACHD rats,
compared to WT rats. Detailed investigation of the GI tract indicated that the omentum
majus and attached adipose tissue was heavier in the BACHD rats, while the weights of
GI tract content and tissues were unchanged (Figure 2). In addition, BACHD rats’
pancreas was lighter than that of WT rats. Finally, the BACHD rats’ femur was both
shorter and lighter than that of the WT rats, although the weight per length quotient did
not appear to be changed (Figure 3).

Additional analyses were performed to investigate if the apparent organ weights were
proportionate to the BACHD rats’ smaller body size. Thus, the weight of each organ was
related to the body compartment it resided in (i.e. head length for brain weights and
trunk length for all other organs). Results from this analysis indicated that the BACHD
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rats’ brain, heart, kidneys and testicles were disproportionally light relative to their
body size (Figure 4).

Finally, it should be noted that the various differences found in organ weights did not
appear to be caused by a gradual degeneration, but rather impaired growth.

Discussion

As discussed in Publication I, BACHD rats are generally smaller than WT rats. This
overarching phenotype likely also explains the quite general phenotype of BACHD rats
having lighter organs than WT rats. Still, specific growth deficits appear to be present for
brain, heart, kidneys, pancreas and testicles, as their weights were disproportionally
small compared to the BACHD rats’ body size. Details concerning these phenotypes are
further discussed in the main Results and discussion section of the current thesis. It
should, however, be noted that specific functional analyses would be necessary to
conclude whether the noted size differences are related to any organ dysfunctions. In
addition, the relative weights calculated here are rather simplistic, and might not give a
fair picture of the rats’ physiology. More advanced calculations would be needed to

better take the allometric growth of organs and tissues into account (see Shea BT, Hammer
RE, Brinster RL. Growth allometry of the organs in giant transgenic mice. 1987. Endocrinology.

121:6:1924-1930 and Lindstedt SL, Schaeffer P]. Use of allometry in predicting anatomical and
physiological parameters of mammals. Lab Anim. 2002; 31:1:1-19 for further information on this
topic).

As noted, the GI tract was the only organ that appeared to be heavier in BACHD rats,
compared to WT rats. However, this phenotype appeared to be caused by an increased
weight of the omentum majus, which contained a large amount of adipose tissue. Thus,
the phenotype is in line with the overall obesity found in BACHD rats (see Publication I).

Finally, the results indicated that the BACHD rats’ femurs were shorter and lighter than
those of the WT rats. Importantly, the overall bone density was unchanged, suggesting
that the disproportionately lower weight of bone/muscle tissues described in
Publication I was primarily caused by a deficit in muscle growth. A general growth
deficit of muscle tissues could also explain the disproportionately lower heart weights of
the BACHD rats.

Conclusion

The BACHD rats show a general phenotype of having lighter organ weights compared to
WT rats. This phenotype is likely connected to the BACHD rats’ overall growth deficit,
although additional investigations should be made regarding the rats’ brain, muscle,
kidney, pancreatic and testicular tissues, to evaluate the presence of organ specific
dysfunctions.

267



Brain

3.57 Genotype: *** O wr
- Il BACHD
3.0 Interaction: **
kK dedkdk
2.51 Fkk T fkuid
S *
2a0{ —
=y
2
® 1.5
H
1.04
0.5
0.0-
1 3 6 9 12
Age (months)
Gl tract
1007 Genotype: *** o wr
i Il BACHD
Interaction: NS .
801 . =
3 60
=
=g
2 404
201
o
1 3 6 9 12
Age (months)
Spleen
2.5q Genotype: ** O wr
i Il BACHD
Interaction: *
2.04
i
B1.5]
=
2
2 1.0
0.5
0.0-
1 3 6 9 12
Age (months)

Heart
47 Genotype: -
Age:
Interaction: NS Il BACHD
*k
31 *%
ke
C)
5 2
o
H
14
04
1 3 6 9 12
Age (months)
Liver
507 Genotype: * O wr
ge: % Il BACHD
Interaction: NS
40
3 301
=
2
2 204
10
o
1 3 6 9 12
Age (months)
Testicles
69 Genotype: *** = wr
e Il BACHD
Interaction: NS
54 * .
— 4
K
53
7}
=
24
1
0-
1 3 6 9 12

Age (months)

Lungs
47 Genotype:*** O wr
o Il BACHD
Interaction: NS .
3
P *
B =
5 2
o
2
14
o
1 6 9 12
Age (months)
Kidneys
87 Genotype: *** o wr
i Il BACHD
Interaction: ***
*kk ek
64 *kk —
@ *kk
5 4
o
=
2
o
1 3 6 9 12
Age (months)
Thymus gland
0.8 Genotype: NS awr
Age:**
Interaction: NS El BACHD
0.6+
C)
=
504
(]
2
0.2
0.0 r .
1 3

Age (months)

Figure 1. Organ weights in grams from animal groups described and discussed in
Publication I. Group mean plus standard error is shown. Significant results from two-way
ANOVA are indicated inside graphs. Data points where post-tests indicated a significant
genotype effect are also noted (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 2. Detailed investigation of gastrointestinal tract components. Data was obtained
from the 12 months old rats described and discussed in Publication I. Scatter plots indicate
values from individual animals and group mean. Significant genotype differences obtained
through Student t-test or Mann-Whitney U test are indicated in the figures (* p < 0.05, **p <
0.01,**p<0.001).
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Figure 3. Specific investigation of femur parameters. Data was obtained from the 12
months old rats described and discussed in Publication I. Scatter plots indicate values from
individual animals and group mean. Significant genotype differences obtained through
Student t-test are indicated in the figures (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 4. Organ weights in relation to size of the respective, related body compartment.
Data was obtained from animal groups described and discussed in Publication I. For bar
graphs, group mean plus standard error is shown. Significant results from two-way ANOVA
are indicated inside graphs. Data points where post-tests indicated a significant genotype
effect are also noted. For scatter plot, values from individual rats are indicated together with
group mean. A significant genotype difference from Mann-Whitney U test is indicated (* p <
0.05,**p <0.01,**p <0.001).
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Appendix II

BACHD rats performance in a symmetrically reinforced Go/No-Go test
E K H Jansson, A Novati, L E Clemens, O Riess, H P Nguyen

Introduction

As part of a larger project to characterize the BACHD rats’ performance in several
inhibitory control tests they were assessed in a symmetrically reinforced Go/No-Go test.
This constituted a well-structured study with control tests that are in line with the ideas
presented in the current thesis.

Material and methods

Animals

A group of 24 male rats (12 hemizygous BACHD (TG5), 12 WT) were bred for the study.
Housing was in line with what is presented in Publication I for the group used in the
Progressive ratio test. Rats were maintained on food restriction during experiments, and
given free access to food between tests. Food restriction during experiments used the
alternative food restriction protocol as presented in the current thesis, where food
consumption rates of WT and BACHD rats were matched to minimize motivational
differences. Body weights were measured weekly between experiments to monitor
general health, and daily during experiments to monitor food restriction levels.

Behavioral protocol

Rats were assessed in the Go/No-Go protocol at 2, 7, 12 and 17 months of age. The test
was performed in a bank of six operant conditioning boxes, which are described in detail
in Publication I. Four runs were required to assess all rats. Each run assessed three
BACHD and three WT rats. Each rat was assigned to a specific conditioning chamber,
although each conditioning chamber was used to assess two rats of each genotype.
Training was performed during the early part of the light cycle’s dark-phase, with the
first run being performed roughly 30 minutes after dark-phase onset. Duration of
training sessions varied as described below.

The behavioral protocol used a series of different training steps, which differed between
the test ages. During the two-months test age, rats were first given two habituation
sessions to the operant conditioning boxes. During these, both levers were retracted, the
house light was switched on, and a total of 100 reward pellets were delivered to the
pellet receptacle at intervals that were randomized between 10, 15, 20, 25, and 30
seconds. Afterwards, rats were trained to perform lever pushes on a continuous
reinforcement (CRF) protocol. During this, one lever was inserted into the conditioning
box, and the house light was switched on. Any lever push performed by the rats was
rewarded with the delivery of a reward pellet. Rats were initially given rewards for
approaching, sniffing and touching the lever, but eventually learned to reliably push it.
Training continued until rats performed 100 pushes on their own within 30 minutes.
When rats had reached this criterion, they were trained on a second CRF protocol,
where the previously retracted lever was now available. As the previously inserted lever
was now retracted, this protocol forced rats to also associate the second lever with a
pellet reward. Rats were once again trained until they had performed 100 lever pushes
on their own within 30 minutes. Once this had been achieved, they were run on a
protocol that trained them to initiate discrete trials, and to reliably respond to both the
left and right lever, when they were inserted. The sessions were composed of 100 trials,
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which followed a similar pattern. The protocol started with an inter-trial interval (ITI),
during which all lights were off, and both levers were retracted. Duration was
randomized between 5, 7, 9, and 11 seconds. At the end of the ITI, the light in the pellet
receptacle would start to shine. When the rats entered into the pellet receptacle, the
light would be switched off. At the same time, both the house light and the two cue lights
positioned above each lever would start to shine. In addition, one of the two levers
would be inserted. The protocol was designed to that the left and right lever were
presented an equal number of times in a pseudo-randomized order. At this point in
training, the lever remained inserted until the rats responded to it. When rats performed
a lever push, a reward pellet was delivered to the pellet receptacle and the cue lights
above the levers were switched off. Retrieving the reward pellet resulted in the lever
retracting, the house light being switched off, and a new ITI being started. Rats were
trained on this protocol until they completed 100 trials within 30 minutes. When rats
had reached this criterion, time limits were added to the protocol. Thus, the rats had to
respond to the initial light signal in the pellet receptacle as wells as the inserted levers
within ten seconds. If no response was made, the trials were omitted. This was trained
until the rat made less than five lever response omissions during a full session. This
protocol was also used as the first protocol trained when rats were reassessed at older
ages. In later sections of the current appendix it will be referred to as a protocol with a
series of Go trials. Once rats had learned to perform reliably on this protocol they were
trained on a series of symmetrically reinforced Go/No-Go protocols (Figure 1). The aim
of these protocols was to train the rats to recognize and discriminate two light cues,
which signaled that they had to either perform or withhold a lever response in order to
be rewarded with a food pellet. Each session was composed of 100 trials, with equal
numbers of Go and No-Go trials presented in a pseudo-randomized order. For both Go
and No-Go trials, the left and right lever was presented an equal number of times in a
pseudo-randomized order. Each trial followed a series of similar steps. The protocol
started with a ten-second ITI, where both levers were retracted, and all lights were off.
At the end of the ITI, the light in the pellet receptacle would start to shine. When the rats
entered the pellet receptacle, the light was switched off and one of the two light cues
was presented. For Go trials, the two cue lights above the levers shone together with the
house light. For No-Go trials, the house light shone alone. Both light cues shone for a
total of five seconds. Afterwards, one lever was inserted and the rats had to either
respond to it (on Go trials) or withhold a lever response (on No-Go trials). Successful
performance was rewarded with a food pellet. During the initial protocol, Go trials were
set to be six seconds long, while No-Go trials were only two seconds long. This protocol
was trained until the rat showed above 80% success rate on both Go and No-Go trials on
three consecutive sessions. When rats had reached this criterion, they were trained on a
protocol where the No-Go trial duration had been increased to four seconds. This was
trained until rats showed above 80% success rate on both Go and No-Go trials on a
single session. Finally, rats were trained on a protocol where both Go and No-Go trials
were six seconds long. Performance criterion was once again set to rats showing 80%
success rate on both Go and No-Go trials on three consecutive sessions. At the end of
this, rats had thus reliably learned to discriminate the light cues and respond
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accordingly. To further evaluate their ability to withhold lever responses they were
given a single test session where the duration of the No-Go trials varied in a pseudo-
randomized manner between 6, 10, 14, 18, and 22 seconds.

During the final test age, the rats were given extensive training on the protocol with
varied No-Go duration, to better evaluate their ability to learn to withhold lever
responses. In addition, the rats’ motivation to perform lever responses for food rewards
was assessed in a progressive ratio test. This test protocol is described in detail in
Publication L.

Behavioral parameters

Several different behavioral parameters were analyzed from the various protocols. The
number of sessions needed to reach criterion on the different protocols was used as the
main parameter of learning. Due to the difference in criterion (i.e. three consecutive
criterion sessions or only one) the number of sessions to criterion was calculated from
the first training session to the first criterion session. Additional parameters were
analyzed from sessions were rats performed at criterion level, during the final Go/No-Go
protocol (i.e. where both trial types were limited to six seconds). These parameters
included the mean success rate on both trial types, the latency to initiate trials (i.e.
latency to respond to the pellet receptacle light), the number of entries performed
during cue presentation, the latency to perform a lever response on Go trials and the
latency to retrieve the reward pellet on Go trials. For the protocol where the duration of
No-Go trials was varied, separate success rates were calculated for each trial type. In
addition, the latency to perform a lever push was analyzed for both successful Go trials,
and failed No-Go trials.

Statistical methods

Behavioral data was extracted by running the log files created by the system through a
series of R scripts. Statistical analysis was performed in GraphPad prism (v. 6.0)
Analyses were performed with two-way repeated measures ANOVAs, using genotype as
between subject factor and either age or trial type as within subject factor. Sidak’s post-
test was used to evaluate genotype differences on individual data points. Some BACHD
rats did not manage to reach the performance criterion on the final Go/No-Go protocol
(where both Go and No-Go trials were limited to six seconds). These rats were excluded
from analyses of sessions to criterion and criterion session performance. The rats were
still assessed on the protocol where No-Go trials varied in duration, and were included
in the analysis of this step. This was done so that a comprehensive analysis of the
BACHD rats’ performance could still be obtained. A total of three WT rats became ill
during the experiment, and were sacrificed before the final test age. Data from these rats
was excluded from longitudinal analyses. Lever response latencies during the protocol
with varied No-Go trial duration had occasional gaps, as rats happened to show perfect
success on some subtypes of No-Go trials. The exact n for analyses is noted below. The
extended training given on the protocol with varied No-Go durations consisted of an
additional 24 sessions. Analysis of this step included the initial test session, giving a total
of 25 sessions, which were analyzed in five blocks of five sessions each. The progressive
ratio training consisted of 12 sessions, the first three of which were excluded to
construct the stable performance baseline.
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Results

Although there were some discreet performance differences between BACHD and WT
rats during the initial habituation and lever training protocols these will not be
discussed here. The noted phenotypes have not been consistently seen across
experiments and are likely of little importance. Still, it should be noted that both WT and
BACHD rats learned to reliably respond to the levers, and with few exceptions required
more than one or two sessions to reach criterion on each initial protocol.

During the Go/No-Go training, BACHD rats were found to reliably require more training
sessions before reaching criterion on the first protocol (i.e. when Go trials were 6
seconds long and No-Go trials were 2 seconds long), but not the protocols that followed
(Figure 2). As noted, three BACHD rats did not reliably reach criterion during the final
protocol, despite being given extensive training. One rat failed to reach criterion during
bot the 12 and 17-month test age. One rat failed to reach criterion during the 17-month
test age. The last rat failed to reach criterion during the 12-month test age, but managed
during the 17-month test age. Regardless, all rats were excluded from the analysis
shown in Figure 2, giving an n of 12 for WT and 10 for BACHD rats.

Among the rats that did reach criterion, there was no difference in overall success rates
between WT and BACHD rats for either trial type (Figure 3). Still, BACHD rats were
found to be slightly slower at initiating trials, responding to the inserted lever during Go
trials, and retrieving the reward pellets. Although the rats’ specific performance changed
with age, the noted phenotypes remained arguably stable. It is interesting to note that
the slowed trial start and lever response among BACHD rats was not seen during the
protocol that only contained Go trials (i.e. the protocol trained before introducing two-
second long No-Go trials) (Figure 4) (data from 7 months of age was excluded, as not all
rats received the training on that occasion).

When the duration of No-Go trials was extended and randomized, both BACHD and WT
rats showed a drop in success rate with longer No-Go durations (Figure 5). No difference
was found between genotypes regarding their overall success rate, or the latency to
respond to the inserted lever. As noted, some rats had to be excluded from the analysis
of response latencies due to missing data values. Thus, the number of included animals
at a given age varied between 5-9 and 11-10 for WT and BACHD rats respectively.

When rats were given extended training on the protocol with varied No-Go durations,
there were no apparent differences in the WT and BACHD rats’ abilities to learn to
withhold responses (Figure 6). The progressive ratio test also indicated that WT and
BACHD rats were equally motivated to perform lever pushes for a food reward (Figure
7).

Discussion

As noted, the BACHD rats showed consistent difficulties with initially learning to
withhold lever responses, as indicated by the significantly higher number of sessions
required to reach criterion on the Go/No-Go protocol that used two-second long No-Go
trials. However, once they had learned this initial response withholding they showed no
deficit in withholding responses for longer durations of time. This was evident in several
steps of the test, including the sessions to criterion for the other Go/No-Go protocols (i.e.
with four- and six-second long No-Go trials), their performance on the protocols with
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varied No-Go durations, as well as their gradual improvement in that protocol through
extended training.

BACHD rats also showed slowed trial starts, lever response latencies, and pellet retrieval
latencies. Interestingly, these phenotypes appeared to be unique to the Go/No-Go
protocol, as they were not present in the earlier protocols that presented the rats with
only Go trials. Thus, the phenotypes are unlikely to be related to motoric impairments,
but could rather be due to slight differences in motivation and/or attention (trial start
and pellet retrieval) and cognitive processing speed (lever response latency).

As the current test did not rely on establishing a stable baseline (such as the progressive
ratio, delayed alternation and delayed non-matching to position protocols), the control
tests used in Publication III were not suitable for evaluating the Go/No-Go readouts’
dependency on motivational factors. Instead, we sought to establish food restriction
levels that were likely to result in comparable motivation. To evaluate if this had
worked, we assessed the rats’ performance in a progressive ratio test at the end of the
study. As noted, WT and BACHD rats showed similar motivation to perform lever pushes
for a food reward, and it is thus unlikely that the phenotypes noted above were due to
motivational differences between WT and BACHD rats.

Although the slowed learning to withhold lever responses seen among BACHD rats could
be due to a discreet inhibitory control deficit, one has to consider the possibility that the
BACHD rats might have impaired attention, visual abilities or general learning
impairments. Further behavioral characterization is needed to reach conclusions on this
matter.

Conclusion

BACHD rats show a consistent, slight impairment when learning to withhold lever
responses in the current Go/No-Go protocol. This could indicate a discreet impairment
in response inhibition control, although other cognitive and visual aspects should also
be considered. Regardless, the impairment is not strong enough to result in an overall
impaired response inhibition among BACHD rats.
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i Inter-trial interval

Levers are retracted and all lights are switched off for 10 seconds.

- Start of trial

The light in the pellet receptacle starts to shine.

Go trial, cue presentation 3b.
When the rat responds to

the receptacle cue light with

a nosepoke, the cue light
switches off. The lights that
signal a Go trial (both lever

cue lights plus the house light)
shine for 5 seconds.

The protocol presents an equal
number of Go and No-Go trials
in a pseudo-randomized fashion.

Go trial, lever insertion 4b.
After presenting the light cue

for 5 seconds, one lever is
inserted. The lever remains
inserted for 6 seconds and

the light cues continue to be

presented during this time.

The protocol presents the left
and right lever on an equal
number of trials in a pseudo-
randomized fashion.

Go trial,

incorrect response
Withholding a lever
response for the 6
seconds the lever is
presented results in
the termination of the
trial (no reward is
delivered).

Go trial,

correct response
Responsing to the
inserted lever within
6 seconds results in
a food pellet being
delivered.

6. Continuation of protocol

-

———

i No-Go trial, cue presentation
When the rat responds to

the receptacle cue light, the
cue light switches off. The

light that signal a No-Go trial
(the house light) shines for 5
seconds.

The protocol presents an equal
number of Go and No-Go trials
in a pseudo-randomized fashion.

No-Go trial, lever insertion
After presenting the light cue
for 5 seconds, one lever is
inserted. The lever remains
inserted for 6 seconds and
the light cue continues to be
presented during this time.

The protocol presents the left
and right lever on an equal
number of trials in a pseudo-
randomized fashion.

No-Go trial,
correct response
Withholding a lever
response for the 6
seconds the lever is
presented results in
a food pellet being
delivered.

No-Go trial,

incorrect response
Responsing to the
inserted lever within 6
seconds results in the
termination of the trial
(no reward is delivered).

After a finished trial, the protocol loops back to a new inter-trial interval (step 1).
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Figure 1. Schematic of the symmetrically reinforced Go/No-Go protocol. The different
steps of the protocol are noted. Components of the Skinner box are indicated with
circles for lever cue lights, and a pentagon for the house light.
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Figure 2. Number of training sessions needed before rats reached criterion performance.
Curves indicate group mean plus standard error for each test age and Go/No-Go protocol.
Results from repeated measures two-way ANOVAs are indicated inside each graph. Results
from post-hoc analysis are indicated for data points, where significant genotype differences
were found (* p < 0.05,**p <0.01, ***p < 0.001).

279



Success rate Trial start latency

100~ Go trials 51 Genotype: *
DA?-D\E Genotype: NS Age:NS
Age: *** Interaction: NS
~ 901 Interaction: NS 4
c"\’ No-Go trial b wr
o-Go trials —
% 80+ Genotype: NS L 34 & BACHD
= Age:NS Py
% Interaction: NS c
Q 2
8 70+ © 21 ﬁ'—‘ﬁ——‘ﬁ\u
S £ WTGo -
» 60- -4 BACHD Go 1-
{7 WT No-Go
< BACHD No-Go
50 L) T L T c T T T T
2 7 12 17 2 7 12 17
Age (months) Age
Entries during cue presentation Lever response latency
4+ Go trials 2.0 Go trials Genotype: *
Genotype: NS Age: ***
3 Age:NS Interaction: NS
,g, 3 Interaction: NS 1.5 * O wr
O No-Go trials —
ks Genotype: NS \w; & BACHD
5 Age:NS
g 21 Interaction: NS g 1.01
S L
=] ©
c D’ WT Go -
S 11 -4~ BACHD Go 0.5
§ {3 WTNo-Go
<X BACHD No-Go
0 T T T T 0.0 T T T T
2 7 12 17 2 7 12 17
Age Age

Pellet retrieval latency

1.07 Go trials Genotype: **
Age: ***
Interaction: NS
0.8
O wr
-4 BACHD
0.6+

*%

Latency (s)

}i

e
=)

Figure 3. Selected parameters from criterion performance during the Go/No-Go protocol,
where both trial types were six seconds long. Curves indicate group mean plus standard
error for each test age. Results from repeated measures two-way ANOVAs are indicated
inside each graph. Results from post-hoc analysis are indicated for data points, where
significant genotype differences were found (* p < 0.05, ** p < 0.01, ** p < 0.001).
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Figure 4. Selected parameters from the final lever training step, where rats were presented
with a series of Go trials. Curves indicate group mean plus standard error for each test age
and Go/No-Go protocol. Results from repeated measures two-way ANOVAs are indicated
inside each graph. Results from post-hoc analysis are indicated for data points, where
significant genotype differences were found (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 5. Success rate and lever response latencies for all trial types during the Go/No-Go
test protocol, where the duration of No-Go trials varied. Lever response latencies refer to
successful Go trials and non-successful No-Go trials. The number that follows Go or No-Go
trial refers to the trial duration. Curves indicate group mean plus standard error. Results
from repeated measures two-way ANOVAs are indicated inside each graph. Results from
post-hoc analysis are indicated for data points, where significant genotype differences were
found (* p<0.05,**p <0.01, ***p < 0.001).
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Figure 6. Change in success rate through extensive training on the Go/No-Go protocol,
where the duration of No-Go trials varied. Graphs show mean success rates on blocks of five
consecutive sessions. Curves indicate group mean plus standard error. Results from
repeated measures two-way ANOVAs are indicated inside each graph. Results from post-

hoc analysis are indicated for data points, where significant genotype differences were
found (* p<0.05,**p <0.01, **p <0.001).

284



Progressive ratio

401 Genotype: NS
Break point; ***
Interaction: NS

301 0 wr
-~ BACHD (TG5)

20+

Ratio

10+

Figure 7. Performance on a progressive ratio control test during the 17-month test age. A
series of break points were assessed. Curves indicate group mean plus standard error.
Results from repeated measures two-way ANOVAs are indicated inside each graph. Results
from post-hoc analysis are indicated for data points, where significant genotype differences
were found (* p < 0.05,**p <0.01, ***p < 0.001).
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Appendix III

BACHD rat performance in two DRL protocols
E K H Jansson, L Yu-Taeger, O Riess, H P Nguyen

Introduction

As part of a larger project to characterize the BACHD rats’ performance in several
inhibitory control tests they were assessed in two different protocols based on a
differential reinforcement of low-rates (DRL) schedule.

Material and methods

Animals

The first study used a total of 36 male rats (13 hemizygous BACHD (TGS5) rats, 11
hemizygous BACHD (TG9) rats, 12 WT rats). The rats were housed in mixed groups, so
that each cage contained one rat of each genotype, although due to the uneven genotype
distribution there were two cages where this was not the case. Other aspects of housing
condition were in line with what is presented in Publication I for the group used in the
Progressive ratio test. Rats were maintained on food restriction during experiments, and
given free access to food between tests. Food restriction during experiments aimed at
restricting rats to 85% of their free-feeding body weights. Body weights were measured
weekly between experiments to monitor general health, and daily during experiments to
monitor food restriction levels.

The second study used a total of 24 male rats (12 hemizygous BACHD (TG5) rats, 12 WT
rats). The rats were housed in genotype-matched groups of three rats per cage. Other
aspects of housing conditions were in line with what is presented in Publication I for the
group used in the Progressive ratio test. Rats were maintained on food restriction
during experiments, and given free access to food between tests. Food restriction during
experiments used the alternative food restriction protocol, which aimed at matching the
rats’ apparent hunger levels. Body weights were measured weekly between experiments
to monitor general health, and daily during experiments to monitor food restriction
levels.

Behavioral protocol

The two studies used different operant conditioning systems. The first study used an
older system manufactured by TSE systems (259900-SK-RAT-LA/1, TSE-systems GmbH,
Bad Homburg, Germany). The operant conditioning boxes measured 48.5x38.5x22 cm
(length x width x height). They contained a red house light and a pellet receptacle trough
throughout all behavioral protocols. During some protocols, a single lever was placed
next to the pellet trough, 10 cm above the cage floor and protruding 4 cm from the wall.
A tri-colored cue light was positioned over the lever. The system did not use isolation
boxes. The second study used the same operant conditioning boxes as described in
Publication I. In both studies, a total of six boxes were used. Thus, six and four runs were
needed to assess all rats in the first and second study respectively. Each run of the first
study assessed two rats of each genotype, while each run of the second study assessed
three rats per genotype. Each given rat was assigned to a specific operant chamber,
while each chamber was used to assess equal numbers of rats from the different
genotypes. Rats were assessed during the dark phase, with the first run starting
approximately 30 minutes after dark phase onset.
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The two studies used slightly different training protocols.

In the first study, two months old rats were first given two 30-minute habituation
sessions, where no lever was present, the house light switched on, and a single reward
pellet was delivered to the pellet receptacle with 30-second intervals. Afterwards, rats
were trained on a continuous reinforcement (CRF) protocol. During this, a single lever
was present inside the conditioning chamber, and each push resulted in a pellet being
delivered. A green cue light situated above the lever, and the red house light, shone
throughout the sessions. The system did not allow for manual pellet deliveries, meaning
that rats had to learn to push the lever on their own. Still, a paste made of mashed
reward pellets was placed on top of the lever during initial CRF sessions to promote
lever investigation. The rats were given CRF sessions until they managed to obtain 100
reward pellets within 30 minutes on seven consecutive sessions. When rats had reached
this criterion they were trained on the DRL protocol. In this protocol, the lever was
initially active, as indicated by the green cue light. Responding to the lever thus resulted
in the delivery of a reward pellet, although it also resulted in the start of a five-second
long time-out phase, which was indicated by the cue light being switched off. During the
time-out, lever responses were not rewarded but only served to restart the time-out
phase. Thus, rats had to withhold lever responses for at least five seconds in order for
the lever to become active again, which was indicated by the green cue light being
switched on (see Figure 1). It should be noted that it is uncommon to include cue lights
in DRL protocols. The main reason why cue lights were used in the current study was
that the ultimate aim was to reverse the cue light in order to study reversal learning.
However, that part of the study did not reveal any interesting phenotypes, and will not
be described here. Each DRL session lasted 30 minutes, regardless of the rats’
performance. Rats were given a total of seven DRL sessions. When data had been
gathered for the two months old rats they were put back on free feeding. The rats were
then reassessed at about six months of age. The retesting followed the same protocols,
although training started with the CRF protocol, and DRL training lasted only six
sessions.

In the second study, two months old rats were first given two habituation sessions in the
operant conditioning boxes. During these, both levers were retracted, the house light
was switched on, and a total of 100 reward pellets were delivered to the pellet
receptacle at intervals that were randomized between 10, 15, 20, 25, and 30 seconds.
Afterwards, rats were trained to perform lever pushes on a CRF protocol. During these
protocols, one lever was inserted into the conditioning box and both the cue light above
the lever and the house light were switched on. Any lever push performed by the rats
was rewarded with the delivery of a reward pellet. Rats were initially given rewards for
approaching, sniffing and touching the lever, but eventually learned to reliably push it.
Training continued until rats performed 100 pushes on their own, within 30 minutes, on
three consecutive sessions. Afterwards, training stopped and the rats were maintained
on free feeding conditions until they were six months old. At that age, the rats were first
retrained on a single CRF session. Afterwards, the rats were run for 15 sessions on a
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DRL protocol. The structure of this was similar to the protocol used for the first study.
Thus, one lever was inserted into the operant chamber at the start of the session. At this
time, the lever was reinforced, as indicated by the cue lights that shone over both lever
panels. Pushing the lever resulted in a pellet being delivered, and a time-out phase being
started, indicated by the cue light being switched off. The duration of the time-out varied
in a pseudo-randomized manner between 0, 5, 10, 15 and 20 seconds. Pushing the lever
during this time was not rewarded, but resulted in the time-out being restarted. Thus,
the rats had to withhold lever responses for the full duration of the time-out. The cue
lights were switched on at the end of the time-out phase, indicating that the lever was
once again active (see Figure 2). Sessions ended after 30 minutes, or when rats had
obtained 100 pellets.

Behavioral parameters

Only the main readouts have been analyzed from the two studies. This included the time
needed to complete 100 lever pushes during CRF sessions, and the overall success rate
during DRL sessions. For the second study, additional analysis was made to obtain
separate success rates for trials with different time-out durations.

Statistical methods

Behavioral data was extracted by running the log files created by the systems through a
series of R scripts. Statistical analysis was performed in GraphPad prism (v6.0). Analyses
were performed with two-way repeated measures ANOVAs, using genotype as between
subject factor and either age or trial type as within subject factor. Different post-test
were used to evaluate genotype differences on individual data points when two (Sidak’s)
or more (Dunnett’s) groups were included. One-way ANOVAs with Dunnett’s post-test
were used for analysis of baseline performance during CRF and DRL sessions of the first
study. Finally, analysis of performance during CRF retraining on the second study was
done using student t-test.

Results

In the first study, BACHD rats were found to be slower than WT rats in completing 100
lever pushes during the CRF protocol (Figure 3). This phenotype was present both
during the two- and six-months test age, although it was slightly more pronounced
during the second test. BACHD rats were also found to perform significantly worse than
WT rats during the DRL protocol at both test ages (Figure 4). Once again, the phenotype
appeared to be more pronounced during the second test age, although this was likely
due to rats not really reaching a stable performance during the first test age. There were
no clear differences between BACHD rats of the TG5 and TG9 line, although there was a
trend indicating that TG9 rats were more impaired.

In the second study, BACHD rats were found to only initially be slower than WT rats in
completing 100 lever pushes during the CRF protocol (Figure 5). This phenotype
disappeared with training, and was also not present when the rats were retrained at six
months of age. There were no differences in DRL performance between WT and BACHD
rats, despite trials using up to 20-second long time-outs (Figure 6).

Discussion

As noted, BACHD rats were found to be slower than WT rats at completing the CRF
protocol during the first study, but not the second. This is comparable to results from
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other studies, where we have found that BACHD rats on occasion are slower than WT
rats at completing 100 lever pushes. When present, the phenotype appears to be caused
by BACHD rats being slower at returning to the lever, after retrieving the reward pellet,
rather than a change in other motor-timing parameters. A detailed analysis of
performance during the first study could not be performed due to the limited data being
stored in the log files of that system. However, as the phenotype has been found to not
be fully reproducible or stable it is of little interest.

In the first study, BACHD rats were found to show a stably impaired performance during
the DRL protocol, indicating that they had problems withholding lever responses.
However, due to the design of the study the exact nature of the phenotype was unclear.
Specifically, as rats were given extensive CRF training prior to the DRL training, it is
possible that their apparent impairment was due to them having difficulties with
adjusting their behavior, rather than an underlying impairment in general response
inhibition. The second study aimed at further evaluating this, by only using a very brief
CRF training. As noted, BACHD rats were not impaired during this test, despite
experiencing time-outs that were up to 20 seconds long. The results thus supported the
hypothesis that the initial impairment was based on a difficulty of adjusting an
established behavior, rather than a general response inhibition impairment. Still, the
results could also be explained by differences in selective attention and visual acuity. It
is therefore also important to note that the cue lights used in the first study were more
discreet than the ones used in the second study. This could explain why BACHD rats
showed impaired performance in the first, but not the second study. Additional
characterization tests would be needed to further investigate this.

Conclusion

BACHD rats do not appear to show a generally impaired performance when withholding
lever responses in the DRL test. However, impaired performance might be present when
the rats need to adjust their behaviors, and apply inhibitory control to a previously
learned behavior.
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Lever is reinforced
At the start of the session, the inserted lever is reinforced, as indicated by the
cue light. The position of the inserted lever is counterbalanced between rats.

2, _I_—'_Ln_ Response

A lever response that is made while the cue light is shining, is rewarded with a
food pellet.

3. _IIL:I_ Reward delivery

Following a successful response, a pellet is delivered and the protocol enters a
timeout period. This is indicated by the cue light being switched off.

) [ ]
4a. _II|':I' Timeout phase 4b. _J_—'_Lm_ Response during timeout
The timeout phase lasts for A lever response made
5 seconds. during the timeout phase

will not be rewarded, but
will instead restart the
timeout phase.

5. Continuation of protocol
If the rat withholds lever responses for the full duration of the timeout phase, the lever becomes
reinforced again (the protocol loops back to step 1).

Figure 1. Schematic of the first DRL protocol. The different steps of the protocol are
noted. Components of the Skinner box are indicated with circles for lever cue lights.
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Lever is reinforced
At the start of the session, the inserted lever is reinforced, as indicated by the
cue light. The position of the inserted lever is counterbalanced between rats.

2, _I_—'_Ln_ Response

A lever response that is made while the cue light is shining, is rewarded with a
food pellet.

3. _IIL:I_ Reward delivery

Following a successful response, a reward pellet is delivered and the protocol
enters a timeout period. This is indicated by the cue light being switched off.

o ) ] [ ]
4a. _II|':I' Timeout phase 4b. _J_—'_Lm_ Response during timeout
The duration of the timeout A lever response made
phase varies between 0, 5, during the timeout phase
10, 15 and 20 seconds in a will not be rewarded, but
balanced, pseudo-randomized will instead restart the
fashion. timeout phase.

5. Continuation of protocol
If the rat withholds lever responses for the full duration of the timeout phase, the lever becomes
reinforced again (the protocol loops back to step 1).

Figure 2. Schematic of the second DRL protocol. The different steps of the protocol are
noted. Components of the Skinner box are indicated with circles for lever cue lights.
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Learning curves Mean performance
during the final three sessions
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Figure 3. Performance on the CRF protocol during the first study. Graphs indicate the time
needed to perform 100 lever pushes. Curves indicate group mean plus standard error for
each individual session, while scatter plots indicate mean performance of individual rats
during the final three sessions. For curves, results from two-way ANOVA are indicated
inside graphs. Data points, where post-tests indicated a significant difference between WT
and BACHD rats are also indicated, with * for WT and TG5 comparisons and # for WT and
TG9 comparisons. For scatter plots, results from one-way ANOVA are indicated inside
graphs. Post-tests that detected a significant difference between WT and BACHD rats are
also indicated, with * for WT and TG5 comparisons and # for WT and TG9 comparisons (* p
<0.05,**p<0.01,**p<0.001).

292



Learning curves Mean performance
during final three sessions

=]
g

*k% 100- i
* #itH
#4 # 80 *%
—_~ # Q) 1
, & 60- S o
£ 2 Lol B ads ¥
= © 40- Genotype: * g # %—
o @ Session: *** %
£ g Interaction: *** 8 401 v
A 2w ’
- BACHD (TG5) ® 201
“ BACHD (TG9)
. . Genotype: ***
T3 5 3 5 & 7 S
Session @ /\\O /\&O
\2\0 \2\0
@)
X &
807 skge | REE ek kkk o ekk 1007 =
wpy L HH Kk
_ _. 801
< ool g/D—-D———D/D—D < -
(] g Vﬂﬁ—ﬁf ! o v
-~ Qo 2 ] % 'S
] © Genotype: *** © 60 A M s
g o 40 Session: *** 0 w
@ . 7] A
E § Interaction: NS § 404 AA
© S O wr =
@ 204 4 BACHD(TG5) @,
+ BACHD (TG9)
Genotype: ***
c T T T T T T c L] L] L]
1 2 3 4 5 6 » >
' & e &
Session ~ ~
S <
SIS
2 32

Figure 4. Performance on the DRL protocol during the first study. Graphs indicate the
percentage of successful responses. Curves indicate group mean plus standard error for
each individual session, while scatter plots indicate mean performance of individual rats
during the final three sessions. For curves, results from two-way ANOVA are indicated
inside graphs. Data points, where post-tests indicated a significant difference between WT
and BACHD rats are also indicated, with * for WT and TG5 comparisons and # for WT and
TG9 comparisons. For scatter plots, results from one-way ANOVA are indicated inside
graphs. Post-tests that detected a significant difference between WT and BACHD rats are
also indicated, with * for WT and TG5 comparisons and # for WT: and TG9 comparisons (* p
<0.05,**p<0.01,**p<0.001).
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Figure 5. Performance on the CRF protocol during the second study. Graphs indicate the
time needed to perform 100 lever pushes. The curve indicates group mean plus standard
error for each individual session run at two months of age, while the scatter plot indicates
performance of individual rats during the single session run at six months of age. For the
curve, results from two-way ANOVA are indicated inside the graph. Data points, where post-
tests detected a significant difference between WT and BACHD rats are also indicated. For
scatter plots, results from Student t-test is indicated inside graphs (* p < 0.05, ** p < 0.01, ***
p<0.001).
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Figure 6. Performance on the DRL protocol during the second study. Graphs indicate the
percentage of successful responses. Curves indicate group mean plus standard error. The
graph on the left shows the overall mean success rate over the 15 sessions that were run,
while the middle and right graph show the mean success rate on trials with different time-
out durations on the first and last session, respectively. Results from two-way ANOVA are
indicated inside graphs. Data points, where post-tests detected a significant difference
between WT and BACHD rats are also indicated (* p < 0.05, ** p < 0.01, ** p < 0.001).
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