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ACC Anterior cingulate cortex

ASR Acoustic startle response
BOLD Blood oxygen-level dependent
CAl Cornu ammonis field 1

CA3 Cornu ammonis field 3

CNS Central nervous system

CRN Cochlear root neuron

EEG Electroencephalogram

EMG Electromyography

GABA Gamma-aminobutyric acid

IC Inferior colliculus

LC Locus coeruleus

LDTg Lateral dorsal tegmental nucleus
LFP Local field potential

LTD Long-term depression

LTP Long-term potentiation

MD Mediodorsal thalamus

mPFC Medial prefrontal cortex

MUA Multi-unit activity

NA Noradrenaline

NREM Non-rapid eye movement
REM Rapid eye movement

SPW-R Sharp wave-ripple

TRN Thalamic reticular nucleus

PFC Prefrontal cortex

PnC Caudal pontine reticular nucleus
PPI Prepulse inhibition

PPTg Pedunculopontine tegmental nucleus
SC Superior Colliculus

SO Slow oscillation
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1. Summary/ Abstract

The brain state is a recurring, temporally enduring constellation of neural activity. It varies with
or without external stimuli to both spatial and temporal extent. Brain state can be characterized in
various dimensions, such as arousal, affective, cognitive, exploratory, and many others. Among them,
the arousal state is the most well-studied one. Neural activities that support sensory processing, motor
control, decision making, mnemonic function are all influenced by the ongoing arousal level. However,
the modulation of arousal state on different aspects of brain functions and behavioral outputs remains
largely unexplored. In my Ph.D. work, | investigated the sensorimotor gating and memory consolidation
across different arousal states, measured by the frontal electroencephalogram (EEG) and concurrently
recorded animals' movements. Acoustic startle response (ASR) and prepulse inhibition (PPI) were used
to assess the sensorimotor function (Manuscript 1). To manipulate the arousal level, we delivered
electrical micro-stimulation pulses to the locus coeruleus (LC), the nucleus that sends brain-wide
projections and regulates arousal via releasing noradrenaline (NA) in the target brain regions. We
observed that the magnitude of the startle response was significantly reduced by increasing cortical

arousal effectively with phasic LC activation.

Next, by examining startle response across spontaneous fluctuations of arousal levels, we found
that the smallest startle response during the active awake state, further suggesting that arousal states
modulated ASR amplitudes. To study memory consolidation, we selected a well-studied hippocampal
neural event, sharp wave-ripple (SPW-R), which is essential for various memory functions. We
characterized neuronal activity in the LC (Manuscript 2) and mediodorsal thalamus (MD, Manuscript 3)
through multi-site electrophysiological recordings around SPW-Rs during quiet awake state and slow

wave sleep. Overall, we observed suppressions of both LC and MD spiking activity around SPW-Rs. The



SPW-R-associated suppression in both structures differed across arousal states, being strongest and the
most consistent during awake ripples. Taken together, these results showed that the fluctuation of the
arousal state could modulate neural activity and behavioral output, including both the basic motor
reflex and higher cognitive function, in this case, memory consolidation. The engagement of neural
circuits and cross-regional communications in the same behavioral context highly depends on the

ongoing background brain activity.



2. Synopsis

2.1 Introduction

2.1.1 General Remarks

Brain state is a recurring, temporally enduring constellation of neural activity in single or
multiple brain regions [1]. It varies at multiple temporal resolutions: from hundreds of milliseconds to
hours, both with and without external stimuli [2-4]. One way to simplify such complexity is to
characterize the brain state by a number of indicator variables that measure brain and behavioral
activity [1, 5]. For example, awake and sleep states can be identified by two variables: amplitudes of
low-frequency oscillations derived from electroencephalogram (EEG) signals and amplitudes of muscle
activity recorded by electromyography (EMG) [6, 7]. Brain state can be characterized in various

dimensions, such as arousal, affective, cognitive, exploratory, and others [2].

The arousal state is probably the most well-studied brain state, as it recurs very often and
strongly influences neural activity and behavior [5]. The arousal state fluctuates from deep
sleepiness/sedation to high-arousal stress- or fear-related conditions with many sub-states in between,
such as drowsiness or attentive state [8, 9]. It is commonly measured by EEG/cortical local field potential
(LFP), EMG, and pupillometry [10, 11]. The level of arousal is regulated by both cortico-cortical/
thalamo-cortical circuits and ascending neuromodulatory systems, which are typically localized in the
brainstem and hypothalamic nuclei that send broad projections through the thalamus and cortex [12-
19]. Neural activities that support sensory processing [20-22], motor control [23, 24], decision making
[25, 26], memory [27-29] are all influenced by the ongoing arousal state. However, the modulation of

arousal state on different aspects of brain functions and behavioral outputs remains largely unexplored.



In my Ph.D. work, | investigated how arousal state influences the basic sensorimotor reflex and
memory consolidation. We monitored arousal levels by frontal EEG and concurrently recorded animal
movement. Behavioral paradigms such as acoustic startle response (ASR) and prepulse inhibition (PPI)
were used to assess the sensorimotor function during spontaneous fluctuations of arousal levels. To
reveal a causal link between arousal states and sensorimotor gating, we delivered electrical micro-
stimulation pulses to the locus coeruleus (LC) , the nucleus that sends brain-wide projections and
regulates arousal via releasing noradrenaline (NA) in the target brain regions [30]. To study memory
consolidation, we selected a well-studied hippocampal neural event, sharp wave-ripple (SPW-R), which
plays a critical role in various memory functions [31]. We examined the state-dependency of cross-
regional interactions associated with memory consolidation through multi-site electrophysiological
recordings in freely behaving rats. In the following chapters, | will first summarize neural oscillations
across different arousal states and the brain structures we studied: the LC and mediodorsal thalamus
(MD). Subsequently, | will briefly introduce and discuss the findings in each manuscript, limitations, and

directions for future investigations.

2.1.2 Neural oscillations underlying different brain states

The specific organization of interconnectivity in neuronal networks, together with intrinsic
properties of individual neurons, give rise to various oscillatory patterns, which can be observed at the
level of scalp EEG and intracranial LFP [32, 33]. Oscillatory frequencies range from infraslow (< 0.01Hz)
to ultrafast (>200Hz) rhythms [34]. Distinct frequency bands of oscillatory patterns displayed in a given
brain structure are highly dependent on the arousal state [32, 35]. One example is that theta oscillations

(4 -10 Hz) in the hippocampus are mainly present during active behavior and rapid eye movement (REM)
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sleep but not when the animals stay awake immobility or in non-rapid eye movement (NREM) sleep [36,
37]. Another example is cortical gamma oscillations (30 — 90Hz) that are most prominent during

attentive state [38, 39].

Furthermore, frequency-specific oscillations among widely distributed brain regions offer
temporal and spatial frames for grouping neuronal activities to effectively exchange information and
synaptic plasticity, e.g., mechanisms that support numerous cognitive functions, such as attention,
decision making, and memory consolidation [33, 40-42]. Neural oscillations thus can be used to
characterize the arousal state and the state-associated brain functions. Below, we will review several
selected thalamocortical and hippocampal oscillations that define the offline state and interactions

among the oscillations.

2.1.2.1 Slow oscillation

Slow oscillation (SO; < 1Hz) is one of the most prominent features of NREM sleep. It consists of
periods of prolonged depolarization (UP state), interspersed with periods of hyperpolarization (DOWN
state) [43]. SOs in the cortex survived after extensive thalamic lesions and were present in the cortical
slice in vitro, suggesting the cortical origin of this rhythm [44, 45]. Nevertheless, subsequent studies
demonstrated an active role of the thalamus in mediating large-scale synchronization of SOs and

regulating properties such as the frequency and DOWN state duration of SOs [46-49].

Rhythmic shifts between synchronous activation and silence states during the widespread SOs
across cortical and subcortical structures provide a temporal frame for synaptic plasticity and cross-

regional interactions, supporting memory formation [50-52]. Growing evidence has linked SOs with
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memory processing. For example, during post-learning sleep, amplitudes of SOs are increased locally in
the cortical areas involved in the previous motor learning experience in humans [53] and decreased
when subjects' arms were immobilized after motor learning, thus the encoding of information was
blocked [54]. Enhancing SOs by transcranial electric or auditory stimuli facilitates memory consolidation
[55-57], while disruption of SOs interferes with sleep-associated memory formation [58]. Moreover, a
replay of multicell firing sequences during the awake experience is organized during UP states of SOs,
and perturbing spiking activity during UP states by optogenetic simulations impaired memory

consolidation [59, 60]. Overall, these data suggest a causal role of SO in memory formation.

2.1.2.2 Sleep spindles

Another prominent feature of NREM sleep is sleep spindles [61]. Sleep spindles are waxing-and-
waning field potentials, oscillating in a frequency range of 12 to 16 Hz and with a duration of 0.5-3
seconds [62, 63]. Spindles are generated in the intrathalamic circuits through the interplay between the
glutamatergic thalamocortical neurons and GABAergic neurons in the thalamic reticular nucleus (TRN),
the pacemaker of spindle oscillations [64, 65]. Despite its thalamic origin, synchronization and near-
simultaneity of spindles across thalamocortical circuits are mediated by corticothalamic projections [66,

67].

What are the functions of spindle oscillations? First, NREM sleep is associated with a loss of
behavioral responses to external stimuli, which has been hypothesized to be controlled by the gating
mechanism of the thalamus [68]. Consistent with this idea, sleep spindles have been shown to play a key
role in reducing the transmission of incoming sensory signals from the thalamus to the cortex [69-72].

Another critical function of sleep spindles that has attracted high attention in recent years is its role in
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synaptic plasticity and memory consolidation [73, 74]. Spindles are associated with coherent neural
activity and massive calcium entry into cortical pyramidal neurons, a situation that favors plasticity [74,
75]. It has been shown that by applying a firing pattern recorded in vivo during sleep spindles, it is

possible to trigger long-term potentiation (LTP) through stimulating cortical pyramidal cells in vitro [76].

Regarding the role of spindles in memory consolidation, previous studies in both humans and
rats showed that spindle density during NREM sleep after learning was increased [77-79] and correlated
with the subsequent task performance [80-82]. Furthermore, a causal role of spindles in memory
consolidation has been established by manipulating spindle oscillations. For example, inducing spindles

in phase with SOs by optogenetic stimulation of the TRN boosts fear memory consolidation in mice [83].

2.1.2.3 Sharp wave-ripple

Sharp wave-ripple (SPW-R), which is driven by the synchronous CA3 excitatory output, consists
of a transient high-frequency (140-250 Hz) oscillation in the CA1 pyramidal layer and a large-amplitude
negative deflection in the CA1 stratum radiatum [84, 85]. SPW-Rs mainly occur during an offline state
when theta oscillation is absent and subcortical neuromodulators are reduced, such as during
immobility, grooming, or NREM sleep [31]. In the time window of SPW-R, population synchrony of
spiking activity in the CAl increases several fold and produces strong depolarizations in its downstream

targets, such as entorhinal-neocortical areas [31, 86, 87].

Reactivations of neural activity in the hippocampus and other brain regions that represent
previous experience coincide with SPW-Rs during both awake state and NREM sleep [59, 88-93]. The

SPW-R-associated reactivation of memory traces thus makes it a possible physiological mechanism
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underlying memory processing [94]. This idea continuously receives further experimental support.
Indeed, SPW-Rs occur more frequently after a learning experience [95, 96]. Disruption of SPW-Rs during
learning and post-learning sleep results in spatial memory impairment [97-99], while prolongation of

SPW-R increases memory performance during maze learning [100].

In recent years, it has become evident that SPW-Rs reflect not only synchronization within the
hippocampus but also coordination of activity in the large-scale networks [101, 102]. The SPW-R-
associated cross-regional communication may occur through synchronized up/down-regulation of
neural activity across cortical and subcortical structures, including activity in the anterior cingulate

cortex (ACC) [103], ventral tegmental area (VTA) [104], median raphe [105], and thalamus [106-109].

2.1.2.6 Neural oscillation coupling for information transfer

Neural oscillations of different frequencies occurring during the same state often temporally
coordinate within the same or across different brain regions [34, 110]. Simultaneous interactions of
oscillations in various frequencies and brain regions are essential for encoding, communications,
integration, and storage of information [111, 112]. Oscillation coupling is organized in a hierarchical way
by synchronizing fast oscillations to slower oscillations through relations between their amplitudes and
phases [113, 114]. One of the best-studied examples is that the phase of theta oscillation modulates the

power of gamma oscillation during wakefulness across species [115-118].

In the past two decades, accumulating evidence has shown a fine-tuned temporal coupling
among SOs, spindles, and SPW-Rs during NREM sleep [65, 102, 119]. SOs exert a grouping influence on

spindles and SPW-Rs; both oscillations are phase-locked to the depolarizing UP state of SOs [120-127].
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Furthermore, SPW-Rs tend to precede spindles [128, 129], but they can also occur during spindles and

are nested in the excitable troughs of spindle oscillations [120, 123, 130].

A causal role of SO-spindle-ripple coupling in coordinating information transfer among the
hippocampus, thalamus, and cortex, as well as in mediating memory consolidation, has been
demonstrated in rodents: increasing the SO-spindle-ripple coupling improves memory consolidation [83,
131] while decreasing spindle-ripple coupling results in impaired performance in spatial memory tasks

[132, 133]

2.1.3 LC-NA system

The LC, located adjacent to the fourth ventricle in the rostral pons, contains a small cluster of
noradrenergic neurons (~3000 in rats) [134, 135]. Afferents that drive LC neurons originate from more
than 100 brain regions, including the nucleus paragigantocellularis, nucleus prepositus hypoglossus
and dorsal raphe in the brain stem, deep cerebellar nuclei, and cerebellar Purkinje cells, and a variety of
forebrain regions, including the central amygdala, lateral hypothalamus, and prefrontal cortex (PFC)
[136-138]. The LC sends wide projections to almost the whole brain and spinal cord, sometimes with
individual LC cells simultaneously innervating multiple brain regions [139, 140]. The convergent input
and broadly-projecting output organization of the LC enable regulation of diverse behavioral and
cognitive functions, including arousal, attention, sensory processing, synaptic plasticity, and memory

consolidation [30, 134, 135].

2.1.3.1. Role of the LC in tuning arousal
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The LC is a part of the ascending arousal system [141]. Early studies have shown that the firing
rate of LC neurons co-varies with the arousal states, being highest during active exploration, slowly
decreasing during self-directed behavior such as drinking and grooming, lower during NREM sleep, and
virtually absent during REM sleep [142-144]. Also, an increase in firing rate in the LC preceding transition
from sleep to awake state was observed [143, 144]. In the past few years, it has been reported that
activities of LC neurons and noradrenergic axons in the cortex reflected changes in pupil diameter,
further indicating a tight positive link between LC activity and moment-to-moment arousal fluctuations

during awake state [145, 146].

However, it was only until recently that the causal role of the LC in tuning arousal was
demonstrated using optogenetic methods [147-149]. Specifically, optogenetic activation of LC neurons
induces sleep-to-awake transition and a large increase in pupil size, while inhibition of the LC causes

pupil constriction and reduces wakefulness.

2.1.3.2. Modulatory action of the LC on sensory processing

Local administration of NA or LC stimulation has been shown to lead to a net increase in the
signal-to-noise ratio in both anesthetized and awake animals by suppressing the spontaneous activity
and relatively sparing the evoked responses in many thalamic and cortical regions, including visual,
auditory, olfactory, and somatosensory [150-158]. In addition to enhancing threshold-level sensory-
evoked responses, applying NA iontophoretically often shifts neurons to respond robustly to otherwise
sub-threshold stimuli, a phenomenon is referred to as "sensory gating" [30, 159]. Moreover, activation
of the LC can enhance the fidelity in neuronal responses to sensory stimuli by reducing response latency

and suppressing trial-to-trial jitters [156, 160].
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Notably, NA-mediated actions can also alter specific receptive field properties of neurons in the
visual cortex [161, 162] and increase feature selectivity in the somatosensory thalamus [163]. Also,
presenting sound together with LC stimulation can shift the peak of the frequency tuning curve of
auditory cortex neurons to the frequency paired with LC stimulation [164, 165]. Later studies have
demonstrated that the NA-induced selective tuning can enhance performance in a discrimination task
when comparing tones with tuned frequencies and other tones in neighboring frequencies [166, 167].
Furthermore, recent studies showed that elevation of NA can improve signal detection/discrimination

tasks performance both in humans [168] and animals [163].

However, the sensory response does not increase monotonically with NA concentration. NA
effects follow an inverted-U function, that is, the facilitating effects rise to a maximum as NA level
increases from a relatively low level and then gradually decreases with further increases in NA

concentrations [30, 134, 159].

2.1.3.3. Modulatory action of the LC on synaptic plasticity and memory formation in the

hippocampus

In the 1970s, Kety proposed a functional role of the LC-NA system in inducing persistent
facilitation in all synapses activated by a common input and promoting memory consolidation [169]. A
decade later, the hypothesis was first supported by experimental evidence demonstrating that NA
produces LTP of glutamatergic perforant-path input to the dentate gyrus in the rodent hippocampus
[170, 171]. Later studies in behaving animals showed that novelty induces hippocampal LTP and burst

firing in LC neurons, leading to increased extracellular NA concentration in the hippocampus. The
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novelty-elicited LTP can be blocked by the beta-noradrenergic antagonist propranolol, suggesting it is
NA-dependent [172, 173]. Furthermore, the LC can also modulate place cell plasticity, e.g., optogenetic
activation of LC-CA1 axons near the reward site induces place cell overrepresentation [174]. These
findings suggest that the LC-NA system contributes to hippocampal plasticity, which is considered a

cellular mechanism of memory consolidation [175].

Previous pharmacological studies suggest that the LC-NA system's engagement occurs at a late
stage of memory consolidation: rats who received injections of beta-receptor antagonists 2h after
learning showed amnesia, while immediate injection after learning had no effect [176, 177].
Consistently, subsequent electrophysiological recordings in the LC showed an increase of firing rate
during NREM sleep 2h after learning [178]. Later, by applying tonic [133] or SPW-R triggered phasic [132]
stimulation in the LC during the whole post-learning sleep, memory performance in spatial tasks was
impaired, further suggesting the timing of the LC activation/suppression during memory consolidation is
critical. Interestingly, recent studies reported that LC neurons could mediate memory enhancement
through co-releasing dopamine in the hippocampus [179-181]. Taken together, although numerous
pieces of evidence have confirmed the involvement of the LC in synaptic plasticity and memory
consolidation, the exact mechanisms seem to be more complicated and depend on multiple factors such
as the degree of the LC activation, the concentration of the NA, the timing of the activation, and the

neuromodulator type released from LC terminals.

2.1.4 Mediodorsal thalamus

The mediodorsal thalamus (MD) is the largest nucleus in the medial thalamus, and it has dense

reciprocal connections with the PFC via glutamatergic projections [182, 183]. In addition to the primary
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excitatory input from the deep layers of the PFC, the MD receives afferents from the lateral entorhinal
and perirhinal cortices, which send projections to the hippocampus [184, 185]. It also receives many
inputs from the TRN, amygdala, basal ganglia, and brain stem nuclei, including the LC [184, 186-189]. The
MD is a higher thalamic relay nucleus supporting diverse cognitive functions, including learning, working

memory, behavioral flexibility, and memory consolidation [183, 190].

2.1.4.1 Role of the MD in working memory

Because of its dense reciprocal projections with the PFC, the MD has long been hypothesized to
play a role in tasks that require sustaining cortical representations, such as working memory [183, 191-
193]. Almost fifty years ago, Fuster and Alexander [194] first reported that in monkeys, the MD neurons
showed a sustained elevation of discharge during the delay period in a delayed response task,
suggesting a functional role of the MD in working memory. However, the results from the following
lesion studies were inconsistent; some of them showed impairment in working memory after ablating
the MD while others did not have such effects [195-199]. The controversy might result from the
imprecise and irreversible nature of brain lesions. Specifically, the lesion might not be circumscribed to
the MD but extend to other nearby nuclei, or the brain could develop an alternative pathway to

compensate for the function of the MD after permanent damage.

Recently, by employing a chemogenetic approach to selectively and reversibly decrease the MD
activity, Parnaudeau and his colleagues [200] showed that a small decrease in MD activity is sufficient to
impair working memory in mice. A subsequent study [201] delivered pathway-specific inhibition
optogenetically during different phases of a working memory task. On top of providing more evidence

for the impairment of working memory after silencing the MD-PFC pathway, their results revealed
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directional interactions between the MD and PFC, where MD-to-PFC supports the maintenance of the
information and PFC-to-MD supports subsequent choices. In addition, enhancing neuronal activity in the

MD has been shown to improve working memory performance [201, 202].

Meanwhile, multi-site recordings in the MD and PFC further uncovered the interactions at the
physiological level between these two structures. MD-PFC beta-range synchrony increased during a
working memory task, and the degree of this synchrony is positively correlated with the behavioral
performance [200]. Furthermore, it has been shown that spiking activity in the MD does not represent
task-relevant information, such as task rule or spatial location, but is more likely to be driven by the PFC
at the initial phase of the delay period when performing working memory tasks. Then its activity is

elevated to support the maintenance of information in the PFC [201, 202].

2.1.4.2 Role of the MD in memory consolidation

Clinical studies repeatedly showed that human patients suffer severe amnesia (diencephalic
amnesia) after damage in the medial diencephalon, e.g., after stroke, traumatic injury, hemorrhage, or
Korsakoff's syndrome [203, 204]. The damage is usually diffuse and extends to several adjacent structures

in the diencephalon, including the anterior thalamus, mammillary body, and MD [205-207].

Subsequent lesion studies in animals then focused on identifying the contribution of each
structure in the diencephalon amnesia. Since not much convincing evidence was found for the
involvement of the MD in long-term memory [208-212], the memory consolidation function of the MD
has long been overlooked. Moreover, unlike the reuniens nucleus of the thalamus that has direct

projections to the hippocampus [213], the MD is only connected with hippocampal input and output
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structures: perirhinal and entorhinal cortices [184, 214, 215]. Nevertheless, the lack of direct projections
does not mean that the MD cannot be a node in the thalamo-cortico-hippocampal circuit supporting
memory formation. For example, one study [216] showed that the MD could inhibit hippocampal-evoked
firing in the PFC. The relative timing of inputs from the MD determines their impact on PFC neurons'
responsiveness to hippocampal inputs. This finding suggests that MD inputs to the PFC are important for
heterosynaptic coincidence detection, inhibiting the PFC processing inputs from the hippocampus unless

they arrive synchronously with inputs from the MD.

2.2 Introduction to manuscripts

2.2.1 Manuscript 1: Phasic activation of the locus coeruleus attenuates the acoustic startle

response via increasing cortical arousal

Introduction: The acoustic startle response (ASR) is a motor response caused by a sudden and loud
sound [217]. Pre-exposure to a weaker sound (prepulse) could reduce the amplitude of the startle
response. This phenomenon is called prepulse inhibition (PPI). The ASR and PPl are consistent across
mammals and are commonly used as diagnostic tools for many psychiatric disorders [218, 219]. The
neural circuit of the ASR consists of a simple pathway linking the cochlear root neurons (CRN) with the
spinal motor neurons through the caudal pontine reticular nucleus (PnC) [220-222]. On the contrary, the
neuromodulatory circuit of PPl is still equivocal [223, 224]. It has been shown that during PPI, inhibitory
inputs from forebrain regions and neuromodulatory nuclei in the brainstem converge on the PnC to
reduce the subsequent contraction of muscles [217]. For example, one long-standing hypothesis is that

prepulse activates the pedunculopontine tegmental nucleus (PPTg), which sends cholinergic projections
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to inhibit PnC neurons, resulting in the attenuation of startle response [223, 224]. However, this

hypothesis has recently been challenged [225-227].

The LC is involved in orienting response and attention reorienting [228]. The LC-NA system
responds to salient sensory stimuli [144, 229] and modulates sensory processing [164, 166, 167, 230,
231]. Surprisingly, the role of the LC has not yet been examined in the context of the ASR or PPI, and the
auditory-evoked LC responses have not been documented using the ASR/PPI paradigm. The present
study aimed to study the modulation of the ASR by activating the LC through a brief train of mild electric

pulses to the LC cell bodies and pairing the LC stimulation with the startling sound.

Materials and Methods: Rats were first habituated to a sound-attenuated chamber. The motor activity
level was assessed by motion sensors measuring the deflection amplitude of the floor. After habituation,
rats with microstimulation electrodes within (n = 7) and outside (n = 4) the LC were exposed to acoustic,
microstimulation, and mixed (microstimulation preceded by startle sound) trials in each session. The
acoustic trials included a non-starting auditory tone (prepulse), startle tone alone, or preceded by
prepulse. The microstimulation trials included delivering a mild (0.05mA) electric current at different
frequencies for 100ms without pairing with auditory stimuli. During mixed trials, microstimulation was
preceded with a startling sound. Each trial type was repeated 40 times and presented in random order
with inter-trial intervals varied between 10 to 20 s to avoid habituation. The auditory PPl group (n =7)
without microstimulation was exposed to 40 to 80 repetitions of acoustic trials. The frontal EEG was

continuously monitored.
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Results: We observed a significant reduction of the ASR amplitude when the startle tone was preceded
by phasic LC activation. The magnitude of the attenuation was scaled with the frequency of LC
stimulation. LC stimulation at 100Hz decreased the startle response to a similar level as acoustic
prepulse. Meanwhile, the LC stimulation changed the EEG spectral components. It led to transient
cortical desynchronization (higher arousal), namely, an increase in the high-frequency power band while
a decrease in the low-frequency power band. The degree of this cortical desynchronization was also
frequency-dependent, being highest with 100Hz LC stimulation. Moreover, in the microstimulation-free

group, the ASR amplitude was the lowest during the most alert state (active awake).

Conclusions: The attenuation of ASR amplitudes by LC stimulation was positively correlated with the
degree of cortical desynchronization. Besides, the ASR became lower when the arousal level fluctuated
to a higher level spontaneously. Overall, our findings suggest the LC plays a role in regulating the ASR,
possibly through its diffuse ascending projections to the forebrain arousal network. However,
alternative mechanisms, including the LC directly affecting the three nodes on the ASR circuits, could not

be ruled out.

2.2.2 Manuscript 2: The locus coeruleus activity during hippocampal-cortical communication

Introduction: During states of awake immobility or NREM sleep, the hippocampal neural activity is
characterized by irregular transient synchronization reflected in the extracellular potential as
hippocampal ripples [85]. In recent years, it has become evident that ripple is not only a local event
within the hippocampus but indicates a time window of cross-regional communication, such as

information transfer between the hippocampus and cortex [106, 232].
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The LG, is critical for learning, synaptic plasticity, and memory consolidation [134]. The
noradrenergic neurotransmission has been long suggested to play a crucial role during the late memory
phase [176-178], which may coincide with the protein-dependent phase of synaptic consolidation [233,
234]. However, the direct relationship between the LC activity and hippocampal ripples has not yet been

demonstrated, whereas indirect evidence is controversial.

Materials and Methods: Electrophysiology activities (0.1Hz - 8kHz) were recorded simultaneously in the
CA1 area of the dorsal hippocampus and LC in four rats. Microwire brush electrodes or silicon probes
were mounted on a microdrive to optimize the spiking activity in the LC. An EEG screw was placed in the
frontal cortex for monitoring cortical states. Recordings were performed when the animals were quiet
awake or sleeping in a sleeping box. Animals' movement was monitored by video tracking the LEDs

attached to the headstage.

Results: We reported a consistent suppression of LC population activity around hippocampal ripple
occurrence. LC activity started decreasing several seconds earlier before ripple onset, but the early
decreasing was most likely due to the ripple-related cortical state transition. Interestingly, the LC
exhibited a brief suppression before ripple onset, and the degree of LC MUA suppression around ripples
greatly varied across the subsets of ripples. Yet, no systematic relations were found with the ripple
amplitude or inter-ripple frequency. Notably, ripples that occurred during distinct brain states correlated
with different degrees of modulation of LC activity. Suppression of LC activity was more consistent and
much stronger around awake ripples compared to sleep ripples. Furthermore, during NREM sleep, LC

activity showed earlier decreasing around spindle-coupled ripples than spindle-uncoupled ones.
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Conclusions: This study characterized the precise temporal relationship between hippocampal ripples
and LC activity across different brain states. It provides new evidence for the engagement of the LC in
ripple-associated memory processing. It raises further questions about the role of the LC in mediating
ripple generation and synergistic interactions across multiple cortical and subcortical brain structures

during ripples.

2.2.3 Manuscript 3: Occurrence of hippocampal ripples is associated with activity suppression in

the mediodorsal thalamic nucleus

Introduction: Memory consolidation during the offline state could be mediated by high-frequency (140-
250 Hz) oscillations in the hippocampal CA1, or ripples, produced by the synchronized discharge of the
CA3 neurons [85, 235]. Simultaneous reactivations of experience-related firing patterns in the
hippocampus and other brain structures during ripples have been shown to facilitate selective synaptic
plasticity and cross-regional information transfer [94, 236, 237]. Moreover, ripple-triggered fMRI-based
mapping of the whole brain activity in macaques revealed a characteristic pattern, with positive BOLD
responses in many cortical and limbic regions and negative BOLD responses in a subset of subcortical

areas, including the thalamus [232].

The MD has dense reciprocal connections with the mPFC [238]. Thus, the MD is involved in a
variety of higher cognitive functions that the mPFC participates [190], including mnemonic processes
[239, 240]. It has been postulated that the MD could modulate the hippocampal- cortical and cortico-
cortical interactions relevant to declarative memory [199, 241]. However, the exact role of the MD in

memory formation has been largely unexplored. We chose hippocampal ripple as the biomarker for
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offline memory consolidation and sought to characterize the temporal relationship between the MD

spiking activity and hippocampal ripples.

Materials and Methods: Electrophysiology activities (0.1Hz - 8kHz) were recorded simultaneously in the
CA1 area of the dorsal hippocampus and MD in eight rats. Twisted wires or tube tetrodes were mounted
on a microdrive to optimize ripples in the CA1 and spike activity in the MD. An EEG screw was placed in
the frontal cortex for monitoring cortical states. Recordings were performed during animals being quiet
awake or sleeping. Animals' movement was monitored by video tracking with LEDs attached to the

headstage.

Results: MD firing rate decreased around hippocampal ripples, and the decrease preceded the ripple
onsets systematically. A substantial fraction of ripples was accompanied by a transient increase of
power in the high gamma range. Therefore, we first separated ripples into high-gamma-coupled and -
uncoupled ripples. We observed that the magnitude of MD suppression was weaker around high-
gamma-coupled ripples, and thus, only “pure” ripples uncoupled with high gamma were further

analyzed.

Next, we found that the ripple-associated MD suppression was not homogeneous across all
ripples. The degree of MD suppression was correlated with ripple amplitudes but not intra-ripple
frequencies. Moreover, the MD suppression was state-dependent, being more consistent and robust
during the awake state. Strikingly, peri-ripple MD modulation was fine-tuned to the thalamocortical
activity such that the MD suppression was only observed around spindle-uncoupled ripples. In contrast,
no MD suppression was present during spindle-coupled ripples, and in about half of cases, MD firing

rate increased.
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Conclusion: Our study showed that the MD was engaged differently when the hippocampal-cortical
communication was accompanied with or without thalamocortical interaction, suggesting a possible
competitive relationship between these two pathways. Suppression of MD activity around spindle-
uncoupled ripples might contribute to memory replay by reducing interferences from peripheral sensory
input. In contrast, activation of MD activity around spindle-coupled ripples may be beneficial for

selectivity and reliability of information transfer.

2.3 Discussions

2.3.1 Modulation of sensorimotor gating via an increased cortical arousal

Although reflexive in nature, the behavioral response to a sudden alerting stimulus is an
integrative result of the excitatory and inhibitory processes and depends on the organism's state [242].
However, the state-dependency of the ASR is inconsistent. For example, one study in cats showed that
ASR was maximal during quiet awake and greatly suppressed during REM sleep [242], while another
study in rats reported that ASR did not differ across sleep-awake states [243]. By classifying arousal
levels at a finer time scale, we observed that ASR amplitudes were arousal-dependent and were higher

when the cortical arousal level was lower.

Cortical arousal can be manipulated by activating cholinergic neurons in the PPTg and lateral

dorsal tegmental nucleus (LDTg), which sends excitatory projections to almost all thalamic nuclei [244].

Meanwhile, PPTg and LDTg neurons have been shown to exert an inhibitory influence on the primary
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startle pathway [245]. The role of PPTg and LDTg neurons in reducing startle response could be

mediated through their main role in increasing cortical arousal [224].

In addition to the cholinergic system, the LC-NA system has also long been posited to play a role
in modulating arousal states and sensory processing by alternating its discharge rates and patterns [30].
LC neurons exhibit both tonic and phasic firing patterns. The tonic firing of the LC neuron co-varies
consistently with the sleep-waking cycle: high firing rate during awake, much lower during slow wave
sleep, and virtually silent during REM sleep. Phasic firing can contribute to the sleep-to-awake transition.
Therefore, it is possible that the LC indirectly influences ASR through the ascending pathways involved in

regulating the arousal state [246].

In our study, phasic activation of the LC increased arousal. The ASR amplitude was reduced
when the LC stimulation was applied before the startle-eliciting acoustic stimulus in spontaneously
behaving rats. The behavioral effect depended on the LC stimulation frequency and was comparable to
the effect of acoustic prepulse at 100Hz. Moreover, the ASR amplitude was the lowest during the most
alert state. Thus, the role of LC stimulation on the ASR attenuation could be mediated by activation of
the arousal network; however, it is also possible that the startle-inhibiting effect of the LC was achieved

by affecting the brainstem ASR circuit directly.

2.3.2 Coordinated neuronal activity during awake and sleep SPW-Rs

Awake and sleep SPW-Rs are both involved in memory processing, but further examination
suggests the underlying mechanism and the mnemonic function they serve are different [101, 247].

Compared to sleep SPW-Rs, awake SPW-Rs are associated with stronger and more structured
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reactivation of previous awake experience, and the reactivation is more correlated with the recent
memory [248]. Moreover, the up-/down-regulations in other brain regions, such as the ACC, VTA, and
thalamus, are stronger around awake SPW-Rs [103, 104, 109]. Our study also found a larger suppression
of the MD and LC activity around the awake SPW-Rs. One possibility is, the firing rate in the MD and LC is
higher during the awake state and thus requires to be lowered more to reach the optimal level needed
for SPW-R generation. Another possibility could be that more information must be processed during the
awake state. Stronger MD and LC suppression might contribute to the inhibition of irrelevant or remote

information for reactivation of recently encoded memory traces with high signal-to-noise ratios.

Unlike the awake SPW-Rs, sleep SPW-Rs are coordinated with cortical SOs and spindles [102].
The precise temporal correlation between SPW-Rs and spindles has been causally linked to memory
consolidation involving transferring newly encoded information from the hippocampus to the cortex for
storage [83, 131]. ]. Consistently, we observed coupling between sleep SPW-R and spindle in our
recordings. Interestingly, in the MD, a different engagement of the MD during spindle-coupled versus
spindle-uncoupled SPW-Rs was observed. The MD suppression was only present around SPW-Rs
occurring outside sleep spindles. In contrast, during spindle-coupled SPW-Rs, the MD firing rate was
increased in about half of the cases. Hippocampal ripples tend to precede sleep spindles [128];
therefore, memory trace reactivation during ripples might trigger synaptic modifications in the cortex
during subsequent spindles [249]. It was hypothesized that the hippocampal output during SPW-R-
associated replay might selectively recruit thalamocortical cells during spindles [129]. Thus, spindle-
uncoupled ripples combined with thalamic activity suppression might present a brain state that is
favorable for information transfer from the hippocampus to the cortex, while the thalamic input at the
time of hippocampal-cortical communication, indicated by spindle-ripple coupling, may contribute to

the neural assembly selection for promoting synaptic plasticity in the cortex.
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2.3.3 Limitations and future investigations

In our study, we showed that sensorimotor gating was arousal-dependent. However, we cannot
rule out the possibility that the LC modulates startle response via its direct projections on the ASR
circuit. To get a clearer picture about how the LC modulates the ASR, it would be necessary to examine
the effect of LC stimulation on the CRN, PnC, and motor neurons in the spinal cord, and also compare
the auditory-evoked responses in neurons within the ASR circuit when auditory stimuli are presented
with and without LC stimulation. It would also be interesting to correlate neuronal activity with the
behavioral properties of the ASR. Moreover, it is necessary to record LC spiking activity in the ASR and
PPI paradigm. By examining the prepulse and startle sound-elicited response in the LC neurons across

different arousal states, we can better understand LC's role in mediating startle responses.

SPW-R-associated suppression was observed in both the LC and MD, and the suppression varied
across subsets of SPW-Rs. We identified one main factor underlying the heterogeneity of the
modulation around SPW-Rs: fluctuations in the arousal level. However, SPW-Rs can be classified in many
other dimensions, such as the phase of the sharp waves that ripples are locked to [250], or the sequence
of place cells firing during each SPW-R [104]. As we only recorded LFPs in the pyramidal layer of the
dorsal CA1, it is impossible to extract all the information about each SPW-R. Thus, to better characterize
SPW-Rs, it would be good to record simultaneously: 1) LFPs from stratum oriens, pyramidal layer, and
stratum radiatum in the CA1 to have a detailed description of the SPW-Rs profiles in spatial and
temporal domains; 2) SPW-Rs from multi-sites in the CA1 (e.g., ventral and dorsal hippocampus) to
examine whether the SPW-Rs are locally generated or synchronized through the whole hippocampus; 3)

large-scale spiking activities in the hippocampus to specify the reactivation contents.
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Another limitation in our study on SPW-R-associated long-range modulation is that we did not
record many single-unit activities in the MD and LC due to the technical difficulties in targeting deep
brain structures and maintaining high-quality signals in chronic-implanted animals. It would be
interesting to record a large population of single-neuron activities from these structures and examine
their activity pattern and cross-regional information transfer during behavioral tasks, which measures

memory encoding, consolidation, and retrieval.
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Phasic activation of the locus
coeruleus attenuates the acoustic
startle response by increasing
cortical arousal

Mingyu Yang?, Nikos K. Logothetis'? & Oxana Eschenko®**

An alerting sound elicits the Acoustic Startle Response (ASR) that is dependent on the sound volume
and organisms’ state, which is regulated by neuromodulatory centers. The locus coeruleus (LC)
neurons respond to salient stimuli and noradrenaline release affects sensory processing, including
auditory. The LC hyperactivity is detrimental for sensorimotor gating. We report here that priming
microstimulation of the LC (100-ms at 20, 50, and 100 Hz) attenuated the ASR in rats. The ASR
reduction scaled with frequency and 100 Hz-stimulation mimicked pre-exposure to a non-startling
tone (prepulse). A rapid (~ 40 ms) EEG desynchronization following the LC stimulation suggested that
the ASR reduction was due to elevated cortical arousal. The effects of LC stimulation on the ASR and
EEG were consistent with systematic relationships between the ASR, awake/sleep state, and the
cortical arousal level; for that matter, a lower ASR amplitude corresponded to a higher arousal level.
Thus, the LC appears to modulate the ASR circuit via its diffuse ascending projections to the forebrain
saliency network. The LC modulation directly in the brainstem and/or spinal cord may also play a
role. Our findings suggest the LC as a part of the brain circuitry regulating the ASR, while underlying
neurophysiological mechanisms require further investigation.

An alerting stimulus can induce an eye blink, contraction of the facial, neck, and skeletal muscles as well as
various visceral reactions. These innate startle reflexes, which are triggered by abrupt environmental changes,
initiate more complex forms of adaptive response from orienting and exploration' to defensive behaviors. The
startle reflex can be elicited through different sensory modalities, including visual, tactile, vestibular, or acoustic.
The Acoustic Startle Response is known to depend on the sound volume, but also the arousal level or emotional
state®. The ASR is attenuated by pre-exposure to a non-startling stimulus (prepulse). The ASR and prepulse
inhibition (PPI) are commonly used for testing sensorimotor integration in animals and humans and as diag-
nostic tools for mental fatigue and various neuropsychiatric conditions with disrupted sensorimotor processing,
such as schizophrenia, attention disorder, or autism*°. The primary mammalian ASR circuit consists of a short
pathway linking the auditory nerve and cochlear root neurons (CRN) with spinal motor neurons through the
caudal pontine reticular nucleus (PnC)®-%. The PPI circuit is more complex and the mechanisms mediating PPI
are not yet fully understood®!°. It is commonly accepted that the auditory prepulse is relayed through the CRN,
the inferior (IC) and superior (SC) colliculi, and activates the pedunculopontine tegmental nucleus (PPTg),
which sends inhibitory projections on the PnC giant neurons resulting in the ASR attenuation®*'°. Despite the
existence of multiple top-down and neuromodulatory inputs converging on the PnC'!, the predominant role for
inhibiting the ASR circuit has been long assigned to the cholinergic projection from the PPTg to PnC’. However,
new evidence challenged this long-standing view'>"!* encouraging reconsidering the functional connectivity of
the ASR/PPI circuit.

The brainstem noradrenergic nucleus locus coeruleus is a part of the ascending arousal system's. The role
of LC phasic response in mediating the orienting response and attention is well known'®. Salient stimuli elicit
phasic discharge of LC neurons'”!® and associated noradrenaline (NA) release in the LC forebrain targets affects
sensory processing'®?, including auditory?'~**. The results of pharmacological and lesion studies suggested that
the LC-NA system exerts an excitatory effect on the ASR circuit**-”. The LC hyperactivity and enhanced NA
transmission within distinct thalamocortical and ventral forebrain networks lead to the PPI deficiency®®¥. In
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Figure 1. Experimental design. (a) Placement reconstruction of the stimulation electrode. The LC core is
shown in grey; filled circles show the electrode tips. Different anterior-posterior planes are shown; numbers
indicate the distance from bregma according to the rat brain atlas®. (b) Schematic representation of the
experimental design. Each session included acoustic, microstimulation, and mixed (microstimulation preceded
by startle) trials resulting in 9 trial types. The acoustic trials included prepulse, startle alone or preceded by
prepulse. The microstimulation trials included delivery of a mild (0.05 mA) electric current at different pulse
frequencies (20, 50, and 100 Hz) for 100 ms. During mixed trials, microstimulation preceded the startling
sound. Forty repetitions of each trial type were randomly presented with a 10-20-s ITI.

contrast, the LC phasic response promotes cortical encoding of salient stimuli*. It has been long established that
elevated tonic firing of the LC-NA neurons makes the LC sensory-evoked response less pronounced®; the latter
possibly results in less efficient sensorimotor integration. To our knowledge, LC neural activity has not been
characterized using the ASR/PPI paradigm, leaving the role of the LC auditory-evoked response in the sensori-
motor gating underlying ASR and PPI unknown. In the present study, we mimicked the LC phasic response by
applying a mild electric current to the LC cell bodies®” and paired the LC stimulation with the startling sound.
In the past, microstimulation proved to be a valuable tool for dissecting the ASR/PPI circuit. Earlier studies
applied electrical stimulation to the PPTg, IC, SC, or the ventral pallidum to simulate prepulse®. In Parkinson’s
disease patients, microstimulation of the subthalamic nucleus reduced the ASR**. Here we report that phasic LC
activation paired with a startle-eliciting sound attenuated the ASR to the same extent as the auditory prepulse.

Results

In total, 21 adult male rats were used in this study. Each rat was first habituated to the test chamber where rats
were exposed to sounds and the electroencephalography (EEG) recording and microstimulation took place. The
rat motor activity level was assessed by measuring the deflection amplitude of a movement-sensitive floor. Before
the main experiment, each rat was subjected to preliminary tests aiming at adjusting the acoustic and micro-
stimulation parameters. In all rats, the intensity of prepulse sound was adjusted not to elicit any above-threshold
movement, whereas the startling sound was set to reliably evoke the ASR. In the first cohort of rats (n=14),
two skull screws were used for EEG monitoring and a stimulating electrode was implanted in the LC area. After
post-surgical recovery rats were exposed to acoustic stimuli (prepulse: 10 kHz pure tone, 20 ms, 70 dB; startle:
broadband noise, 40 ms, 100 dB) presented separately or sequentially (prepulse followed by startle) with a 100-
ms interval in random order with a 10-20 s inter-trial interval (ITT). In the vast majority of the prepulse trials
(range: 90-100%), the floor deflection amplitude remained within the 95% confidence interval (CI) calculated
during episodes when no auditory stimuli were presented. The startling sound elicited above-threshold move-
ment in 100% of trials in all rats. In the paired trials, when the startling sound was preceded by the prepulse, the
ASR amplitude was consistently attenuated (Kolmogorov-Smirnov test, p <0.05 for all rats). This phenomenon
is commonly referred to as PPIL. The average ASR reduction was 73.1 +2.4%.

We next evaluated the effectiveness of microstimulation by the presence of a transient change in the EEG
spectrogram. We have previously shown that the LC microstimulation in naturally sleeping rats caused an EEG
power decrease in the delta (1-4 Hz) and sigma (12-16 Hz) bands and a power increase of frequencies above
30 Hz*. One rat had an invalid EEG signal and was excluded from the study. The ‘effective’ stimulation was
observed in 7 out of 13 rats. Histological examination confirmed the electrode placement in the LC (Fig. 1a).
The parameters for the LC stimulation have been further adjusted such that the strongest stimulation did not
cause a motor response, awakening from sleep, or any aversive behaviors. The stimulation parameters were
comparable to the ones used in our previous study™. In 6 rats, the application of electric current was ‘ineffec-
tive’ at any stimulation intensity. In 4 out of 6 rats, the electrode was located outside the LC (Fig. 1a); these rats
made up a control (outside LC stimulation) group. In 2 rats, the electrode was in the LC (not shown); however,
microstimulation was unreliable, likely due to the electrode damage or high impedance. Therefore, these 2 rats
were excluded from the study.

The second cohort of rats (n=7) was used for the assessment of sensorimotor gating as a function of arousal.
The EEG was monitored, but no microstimulation was applied in this group. Preliminary testing using the same
sound parameters as specified above showed that the ASR amplitude was mildly or not affected by preceding
prepulse (Kolmogorov-Smirnov test, p >0.05 for each rat). The average of ASR reduction was 21.6 £2.0% (n=7
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Experiment Stimulation | Measurements N rats (N sessions) | Sound level, dB prepulse/startle | PPI (%)*
: InLC EEG, movement | 7 (14)
ifg;ct of LC phasic response on : 70/100 70.84+3.2
Outside LC EEG, movement | 4 (14)
Effect of arousal on ASR, PPI, EEG 3(8) 75/100 74.4£3.6
d AEP - , movement
an 4(12) 70/105 78.5+3.2

Table 1. Experimental groups and sound parameters. *Mean * s.e.m are shown; %PPI did not differ between
groups (one-way ANOVA, F, ,,=1.1,p=0.3).

rats). To obtain a reliable PPI, we adjusted the sound parameters after a series of calibration trials. In 3 rats, the
combination of 75 dB-prepulse and 100 dB-startle was optimal, whereas in other 4 rats a combination of 70 dB-
prepulse and 105 dB-startle produced the most consistent PPI. Using the adjusted sound parameters, the startling
sound elicited the ASR in the vast majority of trials (94.8 £1.6%; n=7 rats), whereas prepulse did not induce
any above-threshold movement in 94.3+1.7% of trials. The ASR amplitude was consistently attenuated by the
prepulse (Kolmogorov-Smirnov test, p <0.05 for each rat). Despite a slight difference in the auditory parameters,
%PPI was comparable across experimental conditions (Table 1).

The data obtained from 18 rats were further analyzed (Table 1). Figure 1b illustrates the experimental design
for the first cohort (n=11). Each session included acoustic, microstimulation, and mixed (microstimulation
preceded by startle) trials resulting in 9 trial types. The acoustic trials included prepulse, startle alone or pre-
ceded by prepulse. The microstimulation trials included delivery of a mild (0.05 mA) electric current at different
pulse frequencies (20, 50, and 100 Hz) for 100 ms. During mixed trials, microstimulation preceded the startling
sound. The second cohort (n=7) was exposed to the acoustic trials only. In each session, 40 to 80 repetitions
of each trial type were presented in random order with a 10-20 s ITI. The frontal EEG and rat’s motor activity
were continuously monitored.

Effect of priming LC stimulation on the acoustic startle response. To examine the role of LC pha-
sic activation for the ASR, we applied a brief, 100-ms train of electric pulses in the direct proximity to the cell
bodies of LC neurons 100 ms before presentation of a startling auditory tone (see “Materials and methods”). The
ASR was measured by the deflection of a motion-sensitive floor. The effect of LC stimulation was validated in
14 sessions (n=7 rats, 1-3 sessions per rat); stimulation outside the LC was assessed in 14 sessions (n=4 rats,
1-5 sessions per rat). The ASR amplitude was substantially reduced when the startling sound was preceded by
the LC stimulation. Figure 2a illustrates the data from a representative session. The ASR reduction was con-
sistent across sessions (Wilcoxon signed-rank test, Z=3.3, p=0.001, r=0.9). The repeated-measures analysis
of variance (ANOVA) revealed the main effect of the stimulation frequency (20, 50, and 100 Hz) on the ASR
amplitude (F, 144=24.5, p=0.00012, eta?=0.7; Greenhouse-Geisser corrected). Paired comparisons showed
that LC stimulation at 50 and 100 Hz, but not at 20 Hz, significantly reduced the ASR (Fig. 2b). Furthermore, the
effect scaled with the stimulation frequency such as the LC stimulation at 100 Hz caused the same degree of the
ASR attenuation as the one produced by a prepulse sound (Wilcoxon signed-rank test, Z=1.4, p=0.16, r=0.4;
Fig. 2¢). Importantly, the LC stimulation alone did not elicit a detectable motor response at any stimulation
frequency as reflected by the floor deflections remaining within the 95% ClIs for all trials. Stimulation outside
the LC paired with the startle sound did not reduce the ASR (Wilcoxon signed-rank test, Z=1.0, p=0.3,r=0.3).

The LC phasic activation may have transiently affected the functional connectivity within the ASR circuit
and resulted in a stronger inhibition of the PnC giant neurons; the latter could occur due to non-specific acti-
vation of the ascending arousal system. We have previously reported that LC phasic activation is followed by
a cortical state change®**>*. To gain insights on the mechanism underlying the ASR attenuation by LC phasic
activation, we performed a spectral analysis of the frontal EEG. Consistent with previous studies, the LC stimu-
lation resulted in a rapid (~ 40 ms) change in the EEG spectral composition. Specifically, delta (1-4 Hz) power
transiently decreased, while the power of higher frequencies, including the high-gamma (60-90 Hz) range,
increased (Fig. 3a). We used the high-gamma range to avoid the EEG artifacts caused by the electric pulses at
50 Hz. The pattern of the EEG modulation was indicative of cortical arousal. To quantify the EEG modulation,
we extracted the band-limited power in the delta and gamma ranges and z-score normalized to a 1-s window
preceding the LC stimulation onset. The change of both delta and gamma power exceeded the threshold (+1.96
z-score) for all sessions. We then compared the degree of power change as a function of stimulation strength.
The repeated-measures ANOVA revealed the main effect of the stimulation frequency for both delta (F, ,,=17.3,
p<0.0001, eta?=0.6) and gamma (F,, ,6=8.8, p=0.001, eta’?=0.4) bands with the maximal EEG modulation
produced by the LC stimulation at 100 Hz (Fig. 3b). Interestingly, LC stimulation at 20 Hz was inefficient for
both EEG and ASR modulation.

As described above, the LC phasic activation was accompanied by a transient change in the ongoing cortical
state, which was reminiscent of microarousal. The LC stimulation repeated multiple times during the ~ 90-min
session and thus may have also caused a shift in the rat behavioral state. We classified rat behavior into active
awake, quiet awake, or non-rapid eye movement (NREM) sleep (see “Materials and methods”) and compared
across the LC-stimulated and control rats (outside-LC stimulation). Table 2 shows the percentage of time spent
in each behavioral state. There was a significant effect of the behavioral state (F,5,=4.1, p=0.02, eta?=0.1), but
no significant state x group interaction (F,5,=1.2, p=0.3, eta?=0.05). Thus, rats spent slightly less time in the
active awake state; however, the LC stimulation did not affect rats’ behavioral pattern.
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Figure 2. Priming LC stimulation attenuates the acoustic startle response. (a) The deflection shape of a
movement-sensitive floor. Data from a representative session are shown. Traces are aligned to the maximal
amplitude (t=0) and averaged over the startle only trials (n =40 trials) and the startle preceded by LC
stimulation (n=40 trials, 0.05 mA, 100 ms at 100 Hz); shadows show s.e.m. (b) The ASR amplitude elicited by
the startle alone and the startle followed by LC stimulation at different frequencies. Box-whisker plots show the
median, the first and third quartiles, min/max. Circles represent session averages. (c) The ASR amplitude change
for different trial types. Note, the LC stimulation at 100 Hz mimicked the auditory prepulse. ***p <0.001 (post
hoc comparisons, Bonferroni corrected).
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Figure 3. The EEG modulation by LC stimulation. (a) The EEG delta (1-4 Hz) and gamma (60-90 Hz) power
around LC stimulation. Averages over 14 sessions (n="7 rats) are plotted for LC stimulation at 100 Hz; shadows
show s.e.m. (b) The delta and gamma power change produced by LC stimulation. *p <0.05, **p <0.01 (post hoc
comparisons, Bonferroni corrected).

To summarize, the LC phasic activation shortly preceding the presentation of a salient sound resulted in the
attenuated behavioral response. The EEG modulation induced by the LC stimulation was indicative of a transient
increase of cortical arousal level, which could account for the ASR reduction. In contrast to tonic LC stimulation,
a brief LC activation did not cause the behavioral state change. Our results point to the LC as a part of the ASR
controlling network. The LC may directly modulate the ASR brainstem circuit via its descending projections and
indirectly via its diffuse ascending projections to the brain regions comprising a saliency network.
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N rats (N sessions) Active awake Quiet awake NREM sleep
In-LC stimulation 7 (14) 24.0+3.4 44.6+3.7 31.0+4.0
Outside-LC stimulation 4(14) 32.3+4.2 37.7+3.0 30.0+5.2
Combined 11(28) 28.1+£2.7* 41229 30.5+3.3

Table 2. The awake/sleep states during testing. Percent session time is shown. *p <0.05 for between-state
comparison (Bonferroni corrected).

Effect of arousal on the acoustic startle response and prepulse inhibition. To directly examine
the dependency of the ASR and PPI on the arousal level, we tested additional 7 rats on the acoustic trials while
simultaneously monitored the frontal EEG; no microstimulation was applied in this group (Table 1). The pre-
pulse, startle, and prepulse paired with startle were randomly presented to the spontaneously behaving rats. Each
session contained 40 to 80 repetitions of each trial type. The data were collected from 20 sessions (2-4 sessions
per rat). The ASR amplitude and % PPI substantially varied across trials (Fig. 4a). As we described above, the
LC phasic activation reduced the ASR and increased the cortical arousal level. We assumed that a moment-to-
moment fluctuation of the arousal level could be a variability source for the startle reactivity.

To characterize the cortical arousal level, we calculated the EEG synchronization index (SI). The EEG spec-
tral analysis is broadly used for classifying the patterns of cortical activity associated with different levels of
vigilance or different sleep stages”’. The EEG-based methods have been validated by intracellular recordings®®.
It has been documented that during NREM sleep, the membrane potentials of cortical neurons fluctuate syn-
chronously, which produces high-amplitude slow EEG rhythms; during awake, the membrane potential of cor-
tical neurons is maintained at a depolarized level permitting non-synchronized neuronal firing, which in turn
produces low-amplitude fast EEG oscillations®. The cortical arousal level is commonly assessed by the degree
of synchronization of the cortical population. For example, Curto and colleagues*® used a power ratio between
0-5 Hz and 0-50 Hz bands. In our previous work, we used a Down-State-Ratio or a band-limited power ratio
for characterizing the ongoing cortical or behavioral state®>?¢. To calculate the SI, we extracted a delta (1-4 Hz)/
gamma (30-90 Hz) power ratio over a 2-s time window before the stimulus onset. The SI-values varied from
0.1 to 28.2 and reflected moment-to-moment fluctuations of the cortical state (Fig. 4b,c). The distribution of
SI-values for different behavioral states showed that SI <2.6 indicated a high arousal state (active and quiet
awake), while SI > 2.6 was indicative for NREM sleep (Fig. 4b). The SI did not discriminate the awake state with
and without locomotion. Notably, a small proportion of NREM-episodes had low SI values, possibly indicating
microarousal episodes. We split the low- and high-arousal trials according to the SI values and compared the
behavioral variables. The ASR amplitude strongly depended on the arousal level (Wilcoxon signed-rank test,
Z=3.6, p=0.0003, r=0.8; Fig. 4d). At the same time, prepulse effectively attenuated the ASR regardless of the
arousal level (Table 3). There was no difference in the efficiency of sensorimotor gating, as indicated by %PPI
(Wilcoxon signed-rank test, Z=0.1, p=0.9, r=0.02; Fig. 4e).

We next examined whether the effect of LC stimulation depended on the ongoing cortical state. We first quan-
tified the EEG modulation induced by LC stimulation. We extracted the EEG delta and gamma power change
(post- vs. pre-stimulation, see “Materials and methods” for details). The two-way ANOVA with the stimulation
frequency (20, 50, 100 Hz) and arousal level (low vs. high) as repeated factors revealed that the EEG change
depended on the stimulation frequency (delta: F, ,,=19.8, p<0.0001, eta?=0.6; gamma: F, ,,=10.1, p=0.001,
eta’=0.4) and the arousal level (delta: F, ;3=17.9, p=0.001, eta?=0.6; gamma: F, ;;=10.3, p=0.007, eta?=0.4).
There was no significant frequency x arousal interaction for either delta (F,,,=0.3, p=0.7, eta’=0.03) or gamma
(F,26=0.9, p=0.4, eta®=0.07) power change. Thus, the EEG modulation in both delta and gamma ranges scaled
with the stimulation frequency and was stronger during low arousal trials (Fig. 5a,b). Figure 5c shows the ASR
amplitude for different stimulation frequencies and arousal levels. The repeated-measures ANOVA revealed the
main effect of the stimulation frequency (F, 14, =20.0, p=0.0004, eta®=0.6), but not the arousal level (F, ;;=1.7,
p=0.2, eta?=0.1). There was no significant frequency x arousal interaction (F,; 14¢=1.5, p=0.2, eta>=0.1). We
also compared the magnitude of the ASR reduction calculated as a percentage change from the ASR ampli-
tude elicited by startle only across stimulation frequencies and arousal levels (Fig. 5d). This analysis confirmed
the effect of the stimulation frequency (F, 5 64=26.5, p<0.0001, eta?=0.7), but no effect of the arousal level
(Fy3=2.1, p=0.2, eta?=0.14). There was no significant frequency x arousal interaction (F, 4,4,=0.8, p=0.4,
eta?=0.06).

Thus, both the EEG modulation and ASR attenuation produced by LC stimulation were proportional to the
stimulation frequency. The neural response, as reflected by the EEG change, was also dependent on the ongoing
cortical state. In contrast, both sensory gating (%PPI) and the effect of LC phasic activation on the ASR did not
depend on the cortical arousal level.

Effect of arousal on the auditory evoked potential. We sought to examine if an Auditory Evoked
Potential (AEP) varies with arousal. The AEPs were readily detected in the frontal EEG. Figure 6a shows a typical
AEP shape with the characteristic N1 and P2 peaks. The maximal N1 and P2 amplitude were extracted, sorted
according to the trial type (prepulse, startle, startle coupled with prepulse) and arousal level (low vs high). The
N1- and P2-amplitudes were submitted to a two-way repeated-measures ANOVA with 3 trial types (prepulse,
startle, startle coupled with prepulse) and two arousal levels as repeated factors. The ANOVA revealed a sig-
nificant effect of the trial type for both N1 (F5 ,,5="50.2, p<0.0001, eta?=0.7) and P2 (F,3,=15.1, p<0.0001,
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Figure 4. The ASR amplitude varies with arousal. (a) Trial-to-trial variability of the ASR amplitude (top)

and %PPI (bottom) from a representative session. (b) Distribution and medians of SI-values during active
awake, quiet awake and sleep states. The threshold for sorting the low and high arousal trials was chosen as the
intersection between the SI distributions. (c) A representative EEG trace (top) and corresponding spectrogram
(bottom) show the moment-to-moment fluctuation of the cortical arousal level; SI-value is indicated for each 2-s
interval. (d,e) The ASR amplitude (d), but not %PPI (e) varied with arousal level. ***p <0.001 (Wilcoxon signed-

rank test).
Max floor deflection, volts SI-high SI-low
Startle trials 0.8+0.2 1.2+0.2
Prepulse + startle trials 0.1+0.04*** 0.2+0.06%**

Table 3. The prepulse sound attenuated the ASR at both low and high arousal levels. ***p <0.001 for

comparisons between different trial types (Wilcoxon signed-rank test).
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Figure 5. The effects of LC stimulation on the EEG and ASR. (a,b) The EEG delta (a) and gamma (b) power
change produced by LC stimulation differed across arousal levels. (c,d) The ASR amplitude (c) and degree of
ASR suppression (d) by preceding LC stimulation did not differ across arousal levels. *p <0.05 and **p <0.01
(Wilcoxon signed-rank test).

eta’=0.4) amplitude, but no significant effect of arousal (N1: F, 4=0.02, p=0.9, eta?=0.001; P2: F, ,=0.001,
p=0.97, eta®<0.0001). There was a significant trial type x arousal interaction for the N1-amplitude (F, 5 ,5;=4.1,
p=0.04, eta?=0.2), but not the P2-amplitude (F,4 ,;3=2.2, p=0.1, eta?=0.1). As expected, both N1- and
P2-amplitude increased with higher sound intensity (Fig. 6b). Moreover, the N1-amplitude was lower when the
startling sound was preceded by prepulse, just as the behavioral response (Fig. 2b). We observed no arousal-
dependent effects on N1- and P2-amplitude (Fig. 6¢,d). There was a tendency of a lower N1-amplitude for high
arousal trials, but only for the trials with paired tones (Wilcoxon signed-rank test, Z=1.8, p=0.07,r=0.4).

Finally, we assessed the relationships between the behavioral (ASR) and neuronal (AEP) response to acoustic
stimulation by correlating the ASR and N1/P2 amplitudes. Since the prepulse tone did not elicit any reliable
ASR, we included the startle trials and trials with paired tones in this analysis. We found systematic relation-
ships between the ASR and N1, but not P2 (startle tone: r=0.3, p=0.2; paired tones: r=0.4, p=0.1). The ASR/
N1 correlation was highly significant for each trial type (startle: r=0.8, p <0.0001; paired: r=0.6, p=0.01), but
the correlation strength did not differ across arousal levels (Steiger’s Z: startle: Z=—- 1.2, p=0.1; paired: Z=0.9,
p=0.2; Fig. 6e,f). Neither N1, nor P2 correlated with %PPI (N1: r=0.3, p=0.2; P2: r=0.1, p=0.6; not shown).
Thus, both N1- and P2-amplitude reflected the auditory stimulus intensity, but only N1-amplitude was indica-
tive of the behavioral responsivity to the auditory stimulation. The N1/ASR relationships, however, were not
arousal-dependent.

Overall, our results are consistent with a view that activation of the arousal network underlies the ASR
attenuation. We provided here several lines of evidence supporting this view. First, we have demonstrated that
phasic LC activation reduced the ASR. Second, the LC stimulation rapidly elicited transient cortical arousal (as
reflected by EEG delta and gamma power change). Third, we showed that a state of higher cortical arousal was
associated with a weaker behavioral response. Our finding that the LC activation effectively modulated the ASR
during states of high and low cortical arousal suggests that the LC may present a critical brainstem component
regulating the ASR circuit.

Discussion
Our present study demonstrated that a brief phasic LC activation shortly preceding a startle-eliciting sound
reduced the magnitude of the ASR in spontaneously behaving rats. The behavioral effect scaled with the fre-
quency of LC stimulation and at 100 Hz mimicked the acoustic prepulse. The ASR attenuation by preceding LC
activation was accompanied by a change of the EEG spectral components that were indicative of higher cortical
arousal. In the microstimulation-free condition, the ASR amplitude was the lowest during the high arousal state.
Thus, the effect of LC stimulation on the ASR may be mediated by activation of the arousal network; however,
multiple alternative mechanisms including the LC directly affecting the brainstem ASR circuit, auditory input,
or motor output cannot be ruled out.

A long-standing view attributed the ASR attenuation by prepulse to inhibition of the acoustically responsive
PnC neurons by cholinergic input from the PPTg and the laterodorsal tegmentum (LDTg)’. Indeed, a priming
stimulation of the PPTg or LDTg reduced the ASR*.. However, the evidence is accumulating that the mechanism
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Figure 6. The auditory evoked potential varied across trial types, but not arousal levels. (a) A representative
AEP trace. The peri-stimulus EEG was averaged over all startle only trials (n=20 sessions, n="7 rats); shadow
shows s.e.m. Arrows point to the N1 and P2 peaks. (b) The N1- and P2-amplitude for different trial types. (c,d)
The startle-elicited N1 (c) and P2 (d) amplitudes for low and high arousal trials. (e,f) The N1/ASR correlation
for startle alone trials (e) and the trials with paired tones (f). **p <0.01 and ***p <0.001 (post hoc comparisons,
Bonferroni corrected).

regulating the ASR/PPI circuit is more complex than previously thought. For example, it has been reported
that knockout mice with reduced cholinergic tone had normal ASR and PPI". Another study has shown that
selective cholinergic lesions in the PPTg reduced the ASR without affecting the PPI'2. Most recently, it has been
documented that optogenetic activation of the PPTg cholinergic neurons enhanced the ASR'. Thus, GABAer-
gic and/or glutamatergic PPTg neurons appear to be involved in the regulation of excitability within the ASR/
PPI circuit’. Besides, it has been previously suggested that the role of cholinergic inputs to the ASR/PPI circuit
may be restricted to the modulation of arousal’. Arousal mediating mechanism may underlie the effects of LC
activation on the ASR.

The LC-NA neurons project diffusely throughout the forebrain and may affect sensorimotor processing via
modulation of arousal'®. Previous studies in rats and humans have demonstrated that pharmacological sup-
pression of NA neurotransmission lowered arousal level and reduced the ASR amplitude***>*}, while enhanced
NA neurotransmission disrupted the PPI, possibly due to hyperarousal®. A combination of the elevated tonic
firing of LC-NA neurons with a reduced sensory-evoked LC phasic response that is associated with the states of
high arousal®"** may result in less efficient sensorimotor integration. Here, we reported that during spontaneous
behavior, pairing the LC stimulation with a startle-eliciting sound reduced the ASR. The ASR reduction after
phasic LC activation was accompanied by a rapid (~ 40 ms) EEG desynchronization, as was reflected by a power
decrease in lower (delta) and increase in higher (gamma) frequencies. The ASR reduction and EEG power change
were state-dependent and proportional to the LC stimulation frequency. Thus, a transient increase of cortical
arousal may underlie the ASR reduction. This view is consistent with the dependence of the ASR on the cortical
arousal level. We consistently observed a higher proportion of low amplitude ASRs during active awake. The
same observation was reported in an earlier study in cats*, yet no difference across the awake/sleep cycle was
found in rats*. In humans, the ASR amplitude is typically reduced by sedative drugs, including the ones acting
on the cholinergic and noradrenergic receptors*>*>*. Thus, as was postulated for a higher-order cognition®,
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the sensorimotor gating appears to benefit from the optimal level of the NA neurotransmission that is largely
provided by a balanced tonic/phasic firing of the LC-NA neurons.

If the LC stimulation in our experiments mimicked the acoustic prepulse, regardless of the exact modulation
target, LC neurons are expected to respond to acoustic stimuli of prepulse intensity. The LC auditory response is
known to be highly dependent on sound parameters and behavioral context. Earlier studies reported that sounds
of moderate volume (70 dB, 32 ms) did not elicit any LC response*’, while sounds eliciting an orienting response
(>96 dB) were effective!”!%4*%0 In monkeys, LC response to a 70 ms burst of white noise at 75 dB was stronger
during drowsiness than during cognitive task performance’. A recent study in rats demonstrated a robust LC
response to 1 s tones at 76 dB>!, but LC response to shorter (0.25 s) sounds at 74 dB appears less reliable, as only
14% of neurons were responsive®?. Although LC responses to short (20-40-ms) sounds, like the ones used in
the ASR/PPI, remain to be characterized, existing evidence indicates that the LC may respond to prepulse. The
latency of LC auditory response of 20-24 ms'®** is in good agreement with a delay of 20-500 ms between the pre-
pulse and startle stimuli used in the PPI paradigm. It has been also reported that low-intensity sounds (~ 70 dB)
reliably elicit a large-amplitude deflection of the extracellular potential in the LC with no accompanying motor
response’. This sound-evoked potential resembles a ponto-geniculo-occipital (PGO) wave, a hallmark of REM
sleep. The PGO-like waves occur outside REM sleep and indicate activation of the reticular alerting network®*®.
Our observation that outside-LC stimulation failed to induce the EEG desynchronization was consistent with
the absence of PGO-like waves in the pontine regions adjacent to the LC*. Thus, non-startling prepulse-like
sounds induce enhanced peri-synaptic activity in the LC, while startling sounds evoke the LC phasic response
and drive selection of adaptive behavior. The LC phasic photoactivation produced attentional signals, such as the
P300 event-related potential, within the sensory processing network, including “false salience” in the absence
of intense stimulus™.

In our experiments, to elicit a synchronous discharge of LC neurons, we applied a mild electric current
(0.05 mA) in direct proximity to the LC cell bodies. In our earlier study, we used similar stimulation parameters
and demonstrated that unilateral current application elicits a robust discharge of LC neurons bilaterally; we
also showed that stimulation-induced biphasic response profile (excitation followed by inhibition) resembled a
naturalistic LC response to salient stimuli (e.g. foot shock)*. Moreover, the current intensity of 0.05 mA did not
cause any neuronal damage around the electrode tip and the current spread did not exceed the size of the LC
core®2. Most importantly, in behaving rats, identical LC stimulation produced a transient change in the forebrain
activity without causing awakening from natural sleep®. Although individual LC neurons typically fire at rates
below 5 Hz, brief trains of pulses at 20-100 Hz possibly mimicked a synchronous discharge of the LC neuronal
population; a burst-like discharge, as well as phasic stimulation, is more efficient for NA release®®*’. Leaving
aside a debatable cell-type selectivity of microstimulation, phasic LC activation was sufficient for increasing EEG
arousal without causing awakening or any abrupt change of ongoing behavior. The LC stimulation at 20 Hz was
not sufficient for the significant ASR reduction and caused no (or weak) EEG desynchronization. In contrast,
the high-frequency (100 Hz) LC stimulation caused a pronounced change in the EEG and the magnitude of the
ASR attenuation was comparable with the one produced by the auditory prepulse. Notably, the modulation of
sensorimotor gating by LC phasic activation did not depend on the arousal level. We believe that in parallel to
the effects in the forebrain, the LC stimulation caused a generalized reticular activation leading to a reduced
ASR. The reticular formation being a site of NA action may explain a similar degree of the ASR modulation
across different arousal levels.

Apart from activating the arousal network, the LC can affect the ASR/PPI circuit through modulating sensory
input or auditory perception. The LC directly projects to the CRN®® and other subcortical and cortical structures
within the primary auditory pathway®. Pairing auditory stimulation with NA release leads to increased neu-
ronal excitability and responsiveness in the auditory thalamus and cortex*>?. The LC projects to the IC, which
is activated by the acoustic prepulse and exerts an inhibitory influence on the primary ASR pathway*!. The IC
receives up to 97% of its noradrenergic innervation from the LC**  and NA release associated with LC activa-
tion may enhance the IC neuron excitability. The direct electrical stimulation of the IC attenuated the ASR*.
Moreover, NA-mediated cortical arousal may engage cholinergic input to the IC via auditory cortex projections
to the PPTg and LDTg®!. Altogether, NA release within the auditory network may lead to a change in the audi-
tory signal processing and perception. In our study, priming LC stimulation may have weakened the perception
of the sound volume. In parallel, the LC may modulate the ASR/PPI circuit through its forebrain projections
to the hippocampus, amygdala, or prefrontal cortex®. A long-standing view on the mechanism underlying the
inhibitory effect of prepulse on the ASR considers the attentional shift towards a sudden sensory input®. Such an
attentional shift may trigger reorienting and change of ongoing behavior'. The LC role in promoting attentional
shift and reorienting is well known'®. The orienting response toward a new stimulus may also inhibit the startle
reflex*. Lastly, the LC can modulate motor outflow through its direct projections to the spinal motor neurons®.
To the best of our knowledge, the role of the coeruleospinal pathway for modulation of the ASR/PPI circuit
remains unclear. An earlier study showed that intrathecal administration of clonidine suppressed the ASR*.
Phasic LC activation could reduce the excitability of spinal motor neurons and therefore the ASR magnitude
via presynaptic inhibition®. The potentiation by NA of glycine-mediated inhibition in the spinal dorsal horn
neurons has been also described®.

In the present study, we also examined the effect of arousal on the AEPs recorded in the frontal EEG. The
AEPs are recorded in many subcortical and cortical structures. The N1 and P2 peaks, two early AEP components,
are commonly considered to reflect the sound intensity®”-. The AEP amplitude, like other sensory responses,
is attenuated during low arousal states’*-72. The state-dependency of AEPs greatly depends on their origin. The
AEPs recorded from the rat primary auditory cortex were not modulated by vigilance state”. The EEG study
in rats showed that the AEP amplitude in the frontal and parietal, but not in the occipital areas varied with
arousal’. The AEPs originating from the reticular ascending inputs are typically state-dependent and rapidly
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habituate”. In the rat frontal EEG, we observed sound- but not arousal-modulated AEP. Differential AEP modu-
lation was also observed in humans. In the frontal and central EEG, the N1 amplitude elicited by a low volume
sound (~ 30 dB) decreased in lower arousal state”!, but N1 elicited by louder tones (~ 75 dB) was higher”>. The
inconsistent evidence for arousal-modulated AEP further illustrates that the state-dependency of the auditory
processing depends on the engaged network and the features of sensory input. This notion is in agreement with
previous reports that drugs disrupting the PPI may not affect the AEPs*”’%. Finally, we revealed that the ASR
and N1 amplitudes were correlated; thus, the N1 component of AEP may reflect both sensory input and motor
output. Since the ASR/PPI tests are used for diagnostics, the event-related EEG oscillations, including the AEP,
could provide a complementary tool to study psychopathology in clinical practice.

All in all, clearly there are multiple neural pathways, which underlie a rather complex regulation of a seem-
ingly simple acoustic startle reflex. Different aspects of sensorimotor processing are reflected by various neural
representations. The behavioral and neural correlates of sensorimotor processing may not share the same mecha-
nism. Overall, our findings are consistent with a view that the startle reflex depends on the state of the organism.
Our results suggest the involvement of the LC-NA system in the modulation of the ASR/PPI circuit, possibly via
affecting the arousal network. The LC connectivity in the brainstem also supports the LC direct influencing the
primary ASR/PPI circuit. The exact mechanisms underlying the effects of LC phasic activation on sensorimotor
gating described here could and should be established in future studies.

Materials and methods

Animals. Twenty-one adult male Sprague-Dawley rats (Charles River Laboratory, Germany) weighing 300~
450 g were used. After surgery rats were single-housed and had access to food and water ad libitum. Animals
were tested between 10 a.m. and 6 p.m. during the dark phase of a 12 h light/dark cycle (8 a.m. lights off). All
experiments were conducted following the German Animal Welfare Act (TierSchG) and Animal Welfare Labo-
ratory Animal Ordinance (TierSchVersV). This is in full compliance with the guidelines of the EU Directive
on the protection of animals used for scientific purposes (2010/63/EU). The study was reviewed by the eth-
ics commission (§15 TierSchG) and approved by the state authority (Regierungsprasidium, Tiibingen, Baden-
Wiirttemberg, Germany).

Surgery and electrode placement. Animals were anesthetized with isoflurane (initiation 4%, mainte-
nance 1.5-2.0%). The depth of anesthesia was controlled by ensuring a lack of responses to mildly noxious
stimuli (a hind paw pinch). Heart rate and blood oxygenation were monitored using a pulse oximeter (Nonin
8600V, Nonin Medical, Inc., Plymouth, MN); supplementary oxygen was provided to maintain the blood oxy-
genation level above 90%. Body temperature was maintained at ~ 37 °C throughout the entire anesthesia period.
A fully anesthetized rat was fixed in a stereotaxic frame; the skull surface was adjusted horizontally. The skull
was exposed and local anesthetic (Lidocard 2%, B. Braun, Germany) was applied on the skin edges to addition-
ally numb the skin. Burr holes were made for electrodes and anchor screws. For EEG recording, a stainless steel
screw (0.86 mm diameter, FST, Germany) was placed above the frontal cortex and the ground screw was placed
above the cerebellum. Four anchor screws (1.19 mm diameter, FST, Germany) were placed on the skull side
edges. Screws were fixed in the skull and additionally secured with tissue adhesive. The stimulation electrode
(single platinum-iridium electrode, FHC, Bowdoin, ME) was placed in the LC using a high-precision stere-
otaxic micromanipulator (David Kopf Instruments, Tujunga, CA). The monopolar stimulation electrode was
implanted at 15° angle 4.0-4.2 mm posterior to lambda, 1.0-1.2 mm lateral, and 5.5-6.2 mm deep. The accuracy
of LC targeting was verified by online monitoring of neural activity. The LC neurons were identified by broad
spike widths (~0.6 ms), regular low firing rate (1-2 spikes/s), and biphasic (excitation followed by inhibition)
response to paw pinch. Once the electrode depth was optimized, the entire implant was secured on the skull
with dental cement (Paladur, Heraeus Kulzer GmbH, Germany). The injection of analgesic (2.5 mg/kg, s.c; Fina-
dyne, Essex) and antibiotic (5.0 mg/kg, s.c.; Baytril, Bayer) was given before rat awakening from anesthesia and
repeated at 24 h intervals for 4 days. Animals were allowed 1 week of post-surgery recovery.

Electrophysiological recording and electrical stimulation.  We used the same data acquisition setup
as described elsewhere®. The EEG and ground electrodes were connected to the multichannel amplifier (MPC
Plus, Alpha Omega Engineering, Israel) through an analog headstage (Plexon Inc, Dallas, USA), a flexible cable
(Plexon Inc, Dallas, USA), and an in-house built preamplifier. The EEG signal was filtered (0.1-300 Hz), ampli-
fied (x 1k), and digitized using Power1401mkll (CED, UK). The stimulation and ground electrodes were con-
nected to an in-house built current source via self-made cable via a 6-channel electrode pedestal (P1 Tech-
nologies, Roanoke, USA). The Spike2 software (CED, UK) and a digital-to-analog converter (Power 1401mkII,
CED, UK) were used for controlling the current parameters. The voltage passed through the electrode tip was
monitored via a custom-designed voltage output unit. The 100-ms trains of biphasic (cathodal leading) square
pulses (0.4 ms, 0.05 mA) were delivered unilaterally at 20, 50, and 100 Hz. The stimulation parameters were
selected based on our previous studies that characterized in detail the local and distal effects of the LC electrical
stimulation®>*. Briefly, it has been shown that the current intensity of 0.05 mA does not cause neuronal dam-
age around the electrode tip and the spread of depolarizing current does not exceed the size of the LC core.
The unilateral current application elicited a robust discharge of LC neurons bilaterally and stimulation-induced
discharge resembled a naturalistic LC response to salient stimuli. The LC stimulation at frequencies above 50 Hz
induced a transient change in the forebrain activity without causing awakening from natural sleep. Before the
main experiment, each rat was submitted to test stimulation when the stimulation effectiveness and the stimula-
tion parameters were calibrated. The parameters of LC stimulation were selected such that the strongest stimu-
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lation induced a transient change in the EEG power spectrum without causing awakening from sleep or any
adverse behaviors.

Behavioral testing. Rats were first habituated to a sound-attenuated chamber (60 cm x 40 cm x 40 cm)
and the cable plugging procedure. After habituation, rats were tested on acoustic, microstimulation, and mixed
(microstimulation/acoustic) trials as shown in Fig. 1b. The acoustic trials included startle (broadband noise,
40 ms, 100/105 dB), prepulse (10 kHz, 20 ms, 70/75 dB), or prepulse followed by startle with a 100-ms delay.
The microstimulation trials included 100-ms trains of pulses at 20, 50, and 100 Hz. Mixed trials included micro-
stimulation immediately followed by startle. Each trial type was randomly presented and repeated 40-80 times.
The ITI varied between 10 and 20 s to avoid animal habituation to sounds. The trial presentation was controlled
using the Spike2 software (CED, UK). Each session started with a 5-min habituation period, during which a
continuous white background noise (50/55 dB) was presented. Each rat was tested in 1 to 5 sessions. The move-
ment of the animal was measured via four floor-mounted vibration sensors; the floor deflection amplitude was
converted to voltage and synchronized with EEG recording. The maximal movement amplitude was extracted
from the 500-ms window after stimulus presentation. Baseline movement activity was calculated as maximal
amplitude in a 1-s time window before the sound onset. The PPI was quantified as following: %PPI=(1 - ASR
prepulse + startle/ASRstartle) *100%.

EEG spectral analysis. The effectiveness of LC stimulation was measured as a change in the EEG delta
(1-4 Hz) and gamma (60-90 Hz) power. We used a high-gamma range to avoid EEG contamination with the
artifacts produced by electric pulses at 50 Hz. The EEG delta oscillations are predominant during a low arousal
state, such as NREM sleep and delta power fluctuates with arousal”’. The EEG gamma activity is commonly
interpreted as a signature of cortical and/or behavioral arousal’®”. Modulation of gamma oscillations has been
implicated in saliency processing®-%2. Based on extensive evidence, we used the EEG delta and gamma power
change as a signature of cortical arousal. To quantify the EEG change, we extracted the band-limited power—1-s
to 3-s around the stimulation onset using a multi-taper method (http://chronux.org/)®. The power was z-score
normalized to a 1-s window before the stimulation onset and averaged across trials (20, 50, and 100 Hz). The
power change above 1.96 z-score was considered as significant. To characterize the magnitude of the band-
limited power change, we computed the power spectrum around LC stimulation; the 100-ms stimulation inter-
val was excluded due to artifacts. The time window of £1 s and +0.2 s was used for the delta and gamma band,
respectively. We then calculated the power change as a percentage of the pre-stimulation level.

To classify the behavioral state, each 2.5-s recording epoch was assigned to active awake, quiet awake, or
NREM sleep using EEG and the movement detector. The epochs of active awake were identified by the pres-
ence of active locomotion; the epochs of quiet awake were identified by the absence of motor activity and above
threshold theta (6-10 Hz)/delta (1-4 Hz) ratio; the epochs of NREM sleep were identified by the absence of motor
activity and below threshold theta/delta ratio. The minimal duration of the same behavioral state was set to 20 s.
The epochs in which the behavioral state could not be classified were excluded from the analysis (3.16 +0.25%
of total recording time).

To quantify the cortical arousal level immediately preceding the stimulus presentation, we used a Synchro-
nization Index (SI). The SI was calculated over a 2-s time window before the stimulus onset as a power ratio
between delta (1-4 Hz) and gamma (30-90 Hz) bands. The SI distributions were calculated for each behavioral
state and the SI-value at the intersection between distributions was used as a threshold for sorting the low and
high arousal trials (Fig. 4b).

Statistical analysis. The ASR amplitude distributions from different trial types were compared using the
Kolmogorov-Smirnov test. The non-parametric Wilcoxon signed-rank test was used for paired-comparisons of
the population mean rank. The effect size of the Wilcoxon signed-rank test was calculated as = \/Nzi . Different
Ipair
designs of analysis of variance (ANOVA) were used for comparing experimental conditions; the Greenhouse-
Geisser correction was applied when the sphericity assumption was violated. The Bonferroni test was used for
post-hoc comparisons. Pearson’s linear correlation was used for correlation analysis. Steiger’s Z test was used to
compare the correlation strength. The statistical significance (a-value) was set at p=0.05. The IBM SPSS Statis-
tics (v.22) and Matlab (MathWorks) software packages were used for statistical analysis.

Perfusion and histology. After the final recording session, rats were euthanized (100 mg/kg, i.p., Nar-
coren, Merial) and perfused. Brains were removed and stored in paraformaldehyde until used. Before section-
ing, brains were impregnated with sucrose until they sank. Serial 60-um-thick coronal sections were cut on a
horizontal freezing microtome (Microm HM 440E, Walldorf, Germany) and then directly Nissl stained or stored
at — 20 °C in a cryoprotectant solution until further processing. All sections were examined using an AxioPhot
or Axiolmager microscope (Carl Zeiss, Goettingen, Germany). The electrode tracks were localized visually and
digitized; the placement of the electrode tip was reconstructed.
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Abstract (340 words)

The brainstem noradrenergic nucleus Locus Coeruleus (LC) is the primary source of
norepinephrine (NE) in the forebrain. The LC-NE system plays a critical role in regulating arousal, it is
involved in mediating many visceral responses and also a variety of cognitive functions including
memory formation. Activating LC neurons during sleep is associated with a decrease in the occurrence
of hippocampal ripples and sleep spindles; both oscillatory events have been suggested to mediate the
hippocampal-cortical communication underlying system-level consolidation. Experimentally induced
ripple-triggered phasic LC stimulation during post-learning sleep causes memory deficit, possibly due to
interference with the cellular- and system-level memory consolidation mechanisms. Currently, the
involvement of LC-NE system in the hippocampal-cortical information transfer remains largely
unexplored. In the present study, we examined temporal coupling between the LC spiking activity,
hippocampal ripples, and sleep spindles. In general, we observed a consistent suppression of LC
population activity around hippocampal ripples. LC activity started decreasing several seconds earlier
before ripple onsets. The early decrease of LC firing rate was most likely due to the transition of cortical
activity to a more synchronized state allowing generation of ripples, as jittering ripples in a 5-sec time
window did not change the temporal dynamics of LC MUA modulation. Interestingly, there also existed a
brief suppression of LC neurons that was locked to ripple onsets and the degree of this ripple-associated
LC MUA suppression greatly varied across the subsets of ripples, yet no systematic relations were found
with the ripple properties such as amplitude or inter-ripple frequency. Notably, suppression of LC
activity was much stronger around awake ripples compared to sleep ripples. Furthermore, during NREM
sleep, LC activity showed earlier decreasing around spindle-coupled ripples than spindle-uncoupled
ones. Overall, our present study characterized the precise temporal relationship between hippocampal
ripples and LC activity during different brain states. It provides new evidence for the engagement of the

LC in ripple-associated memory processing and raises further questions about the causal role of LC in



mediating ripple generation and synergistic interactions across multiple cortical and subcortical brain

structures during hippocampal ripples.



Introduction

During states of awake immobility or non-rapid eye movement (NREM) sleep the hippocampal
neural activity is characterized by an irregular transient synchronization that is reflected in the
extracellular potential as a sharp-wave-ripple complex (SPW-R) [1, 2]. Hippocampal ripples, the high-
frequency (120-250 Hz) oscillation in the SPW-R, can be detected in the CA1 pyramidal layer of the
dorsal hippocampus, and have been suggested to mediate off-line memory processing [3, 4]. This
original hypothesis receives continuous experimental support. Indeed, ripples occur more frequently
after spatial experience [5, 6] and post-learning disruption of ripples is detrimental for spatial memory
consolidation [7, 8]. Furthermore, ripple-associated reactivation of behaviorally relevant activity of
neuronal assemblies in the hippocampus (and also other brain regions) is thought as a mechanism of
system-level memory consolidation [9-14], as well as an indicator of memory retrieval [15-18] or a
correlate of action planning [19-21]. In recent years, it became evident that ripples reflect not only
synchronization within the hippocampus, but indicate a time window of cross-regional coordination
within large-scale networks [22, 23]. The ripple-associated cross-regional communication may occur
through coordinated up/down-regulation of neural activity across cortical and subcortical structures,
including neuromodaulation centers [21, 24]. Several electrophysiological studies have demonstrated
temporally coordinated activity around ripples in multiple brain structures, including the amygdala [9],

the ventral tegmental area (VTA) [25], the median raphe [26] and the thalamus [22, 27-29].

The Locus Coeruleus (LC), a small pontine noradrenergic nucleus, is critical for learning, synaptic
plasticity and memory consolidation [30-33]. The noradrenergic neurotransmission has been long
suggested to play a critical role during the late phase of memory consolidation [15, 34, 35], which may
coincide with the protein-dependent phase of synaptic consolidation [36, 37]. Earlier, we reported a
delayed increase of LC activity during post-learning NREM sleep [38]. Temporal relationship between LC

4



activity and thalamo-cortical sleep spindles has been long known[39]. Recent study showed that during
NREM sleep LC spiking is correlated with a decrease in spindle power [40]. We have previously
demonstrated that the firing of LC neurons is phase-locked to cortical slow oscillations [41] that
orchestrate spindle and ripple occurrence [42, 43]. However, the direct relationships between LC activity
and hippocampal ripples have not yet been demonstrated, whereas indirect evidence is controversial. A
study in murine slice showed that increasing NE concentration in the hippocampus resulted in increase
of ripple incidence and their amplitudes [44]. The ripple-triggered LC activation by local

microstimulation in behaving rat had no influence on ripple generation [40, 45]. In the present study, we
sought to characterize the ripple-associated LC activity in spontaneously behaving rats. Our results
provide evidence for a state-dependent engagement of LC in modulating the hippocampal-cortical

communication.

Results

Results described below are based on 17 recording sessions collected from 4 rats (2to 9
sessions per rat) and containing broadband (0.1 Hz- 8 kHz) extracellular potentials simultaneously
recorded in the LC and dHPC. All recordings were made during rats’ active (dark) phase of their circadian
rhythm for 1.1- 3.8 hours while animals were allowed to behave spontaneously. Cortical state was

monitored by the frontal EEG continuously.

Influence of cortical state on LC activity and hippocampal ripple rate

Since ripple rate and firing rate of LC neurons both depend on the ongoing behavioral/brain

state, we first sought to characterize the modulation of LC population activity and hippocampal ripples



by cortical arousal state. The moment-to-moment fluctuation of the cortical state was quantified by
using a synchronization index (Sl). The Sl was calculated as a power ratio between low (1- 4Hz) and high
(30- 90Hz) frequency band over a 2-sec time window. Ripple oscillations were identified by thresholding
(5 SDs) of a z-score normalized ripple band power envelope (band-pass: 140 - 250 Hz, smoothing at
25Hz) extracted from the CA1 dHPC LFPs (Fig. 1A, middle traces). On average, 1030-3441 ripple events
were detected per session, ripple rate was 19.9 + 1.7 ripples per minute and the averaged ripple
amplitude was 10.6 + 0.6 SDs. The LC population activity was characterized by multiunit spike times
(referred here as multiunit activity, MUA; Fig. 1A, bottom trace). Pair-wise correlation showed that Sl
was negatively correlated with the firing rate of LC neurons (r =-0.28 + 0.05, p < 0.01), while positively

correlated with the ripple occurrence (r =0.16 + 0.04, p < 0.01; Fig. 1B).

To disentangle the ripple-associated change of LC activity from the influence of cortical state, we
created a sequence of ‘surrogate’ events to capture the cortical state change around ripples while not to
associate with the increased hippocampal ripple power. To achieve this, for each given session, ten
groups of ‘surrogate’ events were calculated by distributing the same number of ripples detected every
1-10 sec in a random order. Cortical delta power (1-4Hz) and hippocampal ripple power around each
group of ‘surrogate’ events (Fig. 1C) were examined to determine the optimal time window for shuffling
ripples. ‘Surrogate’ events computed with a 5-sec time window was associated with increased cortical
power and unchanged hippocampal ripple power (power exceeding 95% Cl of baseline activity; see
Methods for more details), and thus were chosen for controlling the confounding effect from the
transition of cortical states. Furthermore, consistent with the negative correlation between cortical
synchronization level and LC firing rate, we observed a decrease of LC activity around ‘surrogate’ events

in all sessions (Fig. 1D).



LC spiking is transiently suppressed around hippocampal ripples

To characterize the ripple-associated LC activity and minimize the influence of cortical states,
the ‘corrected’ peri-ripple LC MUA firing rate was calculated by subtracting the LC activity around
‘surrogate’ events from the corresponding values of the time series around ripples (Fig. 2A). Consistent
downregulation of LC neural activity around ripples was observed in all sessions. To characterize the
ripple-associated LC MUA modulation with higher signal-to-noise ratio, we calculated the c-Mls (area
above/below the PETH curve, see Methods for more details, figs. 2A&B) every 0.5 sec along each PETH
and significant modulation was confirmed for all recording sessions (below lower bound of 95%
confidence interval (Cl) of baseline Mls). We next analyzed the temporal dynamics of ripple-associated
LC MUA modulation in more details. Specifically, we first up-sampled the c-Mls to the time resolution
0.01 sec by interpolation and then extracted time windows when LC activity differed from 95% Cl of
baseline Mls. Specifically, LC MUA suppression started 1.63 + 0.07 sec (range: 1.22 — 2.26 sec) before
ripple onsets, reached peak modulation at 0.59 + 0.08 sec (range: 0.5 — 1 sec) before ripples and lasted

for 1.69 + 0.09 sec (range: 1.26 — 2.39 sec).

LC activity modulation around different ripple subtypes

We assumed that the magnitude of LC MUA modulation varied across subsets of ripples. To
quantify this prediction, for each dataset we first randomly selected 20% of total number of ripples
detected in each session. We next characterized the modulation depth (Mls) by computing area
above/below the averaged PETHSs over the subset of ripples within a time window [-2, 0] before ripple
onsets when LC activity became significantly suppressed. The same procedure was repeated 5000 times,

and resulted in a distribution of subsampling-Mls (s-Mls) for each session (see Methods). The s-Mls



indicated that the magnitude of LC MUA modulation, indeed, substantially varied across different ripple
subsets (s-Ml range: -12.2 to 3.6 a.u.; Fig. 3A). In total, ~95% of s-Mls were associated with significant

suppression.

To identify the factors underlying the heterogeneous modulations of LC activity around ripples,
we first examined whether degrees of LC suppression depended on the ripple intrinsic features. No
systematic relationships were revealed between the Mls and corresponding values of the ripple
amplitude or intra-ripple frequency (Repeated measures ANOVA, ns, for all sessions; Fig. 3B). The LC
MUA modulation may depend on a temporal pattern of ripple occurrence. Therefore, we split all
detected ripples into ‘isolated’ or ‘clustered’ ripples (see Methods, fig. 3C). This comparison revealed no
MiI-difference of LC suppression between the isolated (Ml: -3.63 + 0.31) and clustered (MI: -4.72 + 0.27)
ripples (Wilcoxon signed-rank test, p = 0.37). However, compared to the clustered ripples, LC MUA
recovered to a significantly higher firing rate after isolated ripples (Wilcoxon signed-rank test, p < 0.05;

Fig. 3D).

Finally, we compared Mls around ripples occurring during either awake or NREM sleep. Using
the frontal EEG, we classified each 10-s segment into awake or non-REM (NREM) sleep episode (Details
see methods). We then split all detected ripples into the ones occurring during awake or sleep (A-ripples
and S-ripples, respectively). We plotted the LC MUA PETHSs centered at either A-ripples or S-ripples and
calculated the corresponding c-Mls. Consistent LC MUA suppression around A-ripples was observed
across all sessions while 4 out of 17 sessions showed no modulation of LC activity around S-ripples.
Regarding the temporal dynamics, suppression of LC activity lasted longer around A-ripples (1.83 + 0.26
secvs.1.32 £ 0.16 sec around A- and S- ripples; Wilcoxon signed-rank test, p = 0.04; fig. 4A). Overall, the

LC MUA suppression was stronger around A-ripples (MI: -7.71 + 0.75) vs S-ripples (MlI: -3.13 £ 0.53,



Wilcoxon signed-rank test, p = 0.0005). A-ripples and S-ripples differed in intra-ripple frequency (191.31
+1.53 Hz sec vs. 181.99 + 2.07 Hz respectively, Wilcoxon signed-rank test, p = 0.002) but not in
amplitude (11.05 £ 0.70 SDs vs.10.33 + 0.56 SDs respectively, Wilcoxon signed-rank test, ns). However,
as modulation depth was similar across ripples with different intra-ripple frequencies, it was more likely
that the different degrees of LC suppression around A- and S- ripples was due to the behavioral states

when ripples occurred.

As previously reported [29], a subset of S-ripples co-occurring with sleep spindles were
associated with bi-directional modulations in the thalamus. The temporal correlation of ripple and
spindle events was evident by a transient EEG power increase in the spindle band (12-16Hz) on a peri-
ripple EEG spectrogram (Fig. 4B). Sleep spindles were then detected and the times of spindle on- and
offsets were extracted (see Methods for details) and S-ripples were further subdivided into spindle-
coupled and spindle-uncoupled ones (Fig. 4C). LC MUA was suppressed earlier around spindle-coupled
ripples (1.68 + 0.20 sec vs.1.05 + 0.11 SDs before spindle-coupled and -uncoupled ripples, Wilcoxon
signed-rank test, p = 0.02, Fig. 4D). However, the modulation depth of LC was not different between the
spindle coupled and -uncouple ripples (Mls: -3.86 + 0.68 SDs vs.-3.11 + 0.35, respectively, Wilcoxon

signed-rank test, ns).

Finally, the hippocampal-cortical coherence around spindle-coupled and spindle-uncoupled
ripples exhibited strikingly different profiles at ~10Hz and ~20Hz (Fig 4E). This result further pointed to

different type of cross-regional interaction during spindle-coupled and spindle-uncoupled ripples.



Discussion

In the present study, we reported a consistent suppression of LC population activity around
hippocampal ripple occurrence. LC activity started decreasing several seconds earlier before ripple
onsets but the early decreasing was most likely due to the ripple-related cortical state transition.
Interestingly, LC exhibited brief suppression before ripple onsets and the degree of LC MUA suppression
around ripples greatly varied across the subsets of ripples, yet no systematic relations were found with
the ripple amplitude or inter-ripple frequency. Notably, ripples that occurred during distinct brain states
correlated with different modulation of LC activity. Suppression of LC activity was much stronger around
awake ripples compared to sleep ripples. Furthermore, during NREM sleep, LC activity showed earlier
suppression around spindle-coupled ripples than spindle-uncoupled ones. Overall, our present study
characterized the precise temporal relationship between hippocampal ripples and LC activity under
different brain state. It provides new evidence for the engagement of the LC in ripple-associated
memory processing and raised further questions about the causal role of LC in mediating ripple
generation and synergistic interactions across multiple cortical and subcortical brain structures during

ripples.

The consistent and long-lasted suppression of LC activity around ripple-containing episodes (~5
sec) was expected based on the function of the LC in modulating arousal state. Ripples mainly occur
during low-arousal state such as awake immobility or NREM sleep [2], when LC firing rate is relatively
low compared to active exploratory state [46]. Moreover, optogenetic activating the LC caused sleep-to-
awake transition and inhibiting the LC reduced wakefulness, further revealing the causal role of LC in

tuning arousal [47].
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Interestingly, a brief suppression of LC activity occurred before ripple onsets and diminished

when ripple times jittered within 5-sec time window, suggesting the suppression of LC activity was

specific to hippocampal ripples. The magnitude of suppression varied across subsets of ripples, and ~5%

of ripples were not associated with any modulation. Previous work has demonstrated that modulation

of reward responsive neurons in the VTA was greater around ripples containing replay of previous task

experience than ripples that did not [25]. Another recent study showed that stimulation of the LC at a
low frequency during post-learning sleep did not change the ripple rate but decreased the stability of

the place cell replay and further impaired the spatial memory consolidation [40]. Based on these

findings, we speculated that different degrees of the preceding LC suppression might bias the content of

memory reactivation during the following ripples. Brief silence of the LC activity might contribute to a

higher fidelity of memory reactivation.

Ripples play a critical role in memory consolidation but further examination suggests that the
mechanism underlying awake and sleep ripples and the exact mnemonic function they serve might be
different [21, 48]. Compared to sleep ripples, awake ripples are associated with stronger and more
structured reactivation and the reactivation is more correlated with the recent experience [49].
Moreover, the interaction between the hippocampus and other brain regions, such as ACC, VTA and
thalamus is stronger around awake ripples [25, 29, 50]. In this study, we also observed a stronger

suppression of the LC activity around awake ripples. On one hand, it could be due to the higher LC

activity during awake state which requires to be lowered to a larger degree to achieve the optimal level

for ripple generation. On the other hand, the stronger LC suppression might correlate with inhibiting

irrelevant information for the reactivation of recently encoded memory trace to be better consolidated.
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Different from awake ripples, sleep ripples are coordinated with cortical slow oscillations and
spindles [24]. Previous studies demonstrated that cortical and thalamic neurons exhibit different firing
patterns around the spindle-coupled and -uncoupled ripples [27, 29, 51]. Furthermore, the precise
temporal correlation between the hippocampal and cortical oscillations has been causally linked to
memory consolidation involving transferring newly encoded information from the hippocampus to the
cortex for long-term storage [52, 53]. Here we observed that LC activity differed for these two types of
ripples, with an earlier suppression around spindle-coupled ripples, which could facilitate the transfer of

memory trace replayed during spindle-coupled ripples to the cortex.

Ripples can trigger hippocampal LTP and LTD [54, 55]. The ripple-associated LC suppression
seems to be inconsistent with the role of LC in facilitating LTD and LTP by co-releasing NA and DA
through its terminals in the hippocampus [36, 37, 56-58]. It is notable that all the previous studies have
been conducted either in vitro or in awake animals. However, the LC has been shown to exert distinct
influence on different stages (e.g. encoding, retrieval) of hippocampal-dependent memory processing,
and LC-associated modulation also depends on the ongoing behavioral states. For examples, stimulation
of the LC in awake animals facilitated memory encoding [59], while ripple-triggered LC stimulation
during post-learning sleep impaired memory consolidation [45]. To conclude, LC is a critical node in the
ripple-associated large neuronal network. Suppression of the LC activity is necessary for ripple-
dependent memory consolidation by creating an optimal brain state and possibly by inhibiting
consolidating irrelevant information. Further experiments are needed to explore the role of LC in

hippocampal-dependent synaptic plasticity and memory consolidation.

12



Materials & Methods

Animals

Six adult male Sprague-Dawley rats were used. Data from four rats were collected for a previous
study [41] and reanalyzed. Additional two rats (Charles River Laboratory, Germany) were kept on a 12h
light-dark cycle (8:00 am lights on) and single-housed after surgery. Recordings were performed during
the dark cycle. Similar surgery and recording procedures were used as reported in detail elsewhere [29,
41]. The study was performed in accordance with the German Animal Welfare Act (TierSchG) and Animal
Welfare Laboratory Animal Ordinance (TierSchVersV). This is in full compliance with the guidelines of the
EU Directive on the protection of animals used for scientific purposes (2010/63/EU). The study was
reviewed by the ethics commission (§15 TierSchG) and approved by the state authority

(Regierungsprasidium, Tubingen, Baden-Wirttemberg, Germany).

Surgery and electrode placement

Procedures for stereotaxic surgery under isoflurane anesthesia have been described in detail
elsewhere [29]. Briefly, anesthesia was initiated with 4% and maintained with 1.5-2.0% isoflurane. Body
temperature, heart rate and blood oxygenation were monitored throughout the entire anesthesia
period. The depth of anesthesia was controlled by a lack of pain and sensory response (hind paw pinch).
A fully anesthetized rat was fixed in a stereotaxic frame with the head angle at zero degree. The skull
was exposed and local anesthetic (Lidocard 2%, B. Braun, Melsungen, Germany) was applied on the skin
edges. Craniotomies were performed on the right hemisphere above target regions. Additional burr
holes were made for EEG, grown and anchor screws (stainless steel, 0.86-1.19 mm diameter, Fine

Science Tools, Heidelberg, Germany). Dura mater was removed. For extracellular recording, single
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platinum-iridium electrodes (FHC, Bowdoin, ME) were placed in the anterior cingulate cortex (ACC,
AP/ML: 2.8 mm/0.8mm from Bregma and DV: ~1.8 mm from from the dura surface). For recording of
the hippocampal ripples, the electrode was mounted on a self-made movable microdrive and inserted
above the CA1 pyramidal layer of the dorsal hippocampus (dHPC, -3mm/2mm/~2mm). For LC recording,
microwire brush arrays (MicroProbes, MD) and silicon probe (Cambridge Neurotech, Cambridge, UK)
mounted on a microdrive (Cambridge Neurotech, Cambridge, UK) were implanted above LC (~4.2
mm/~1.2 mm from Lamda; DV: ~5.5-6.2 mm) with a 15-degree angle. The accuracy of LC targeting was
verified by online monitoring of neural activity. The LC neurons were identified by broad spike widths
(~0.6 msec), regular low firing rate (1 —2 spikes/s) and biphasic (excitation followed by inhibition)
response to paw pinch. For EEG recording, a screw was placed above the frontal cortex. The ground
screw was placed above the cerebellum. Screws were fixed in the skull and additionally secured with
tissue adhesive. The entire implant was secured on the skull with dental cement (RelyX™ Unicem 2
Automix, 3M, MN). A copper mesh was mounted around the implant for shielding and protection of
exposed connection wires. During post-surgery recovery period, analgesic (Carprofen 5.0 mg/kg, s.c.;
Rimadyl) and antibiotic (10.0 mg/kg, s.c.; Baytril, Bayer) were given for 3 and 5 days, respectively.

Electrode placements was histologically verified.

Electrophysiological recording and data analysis

Rats were first habituated to the sleeping box and cable plugging procedure. The electrodes
were connected to the Neuralynx Digital Lynx acquisition system via two 32-channel head stage
(Neuralynx, Bozeman, MT). The electrode placement in the LC was optimized by lowering the electrodes
with a maximal 0.05 mm step and monitoring spiking activity on the high-passed (300 Hz — 8kHz)

extracellular signal. The depth of dHPC electrodes was adjusted by gradually lowering the electrode
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(maximum 0.05 mm per day) until reliable ripple activity was observed. Once the electrode position was
optimized, the broadband (0.1Hz - 8kHz) extracellular signals were acquired and digitized at 32kHz and
referenced to the ground screw. The animals’” movement was monitored by video tracking (25 frames
per sec) with the aid of LEDs attached to the head stage. All recordings were performed between 10

a.m.and 7 p.m.

Classification of behavioral states

We classified the rat spontaneous behavior into awake and NREM sleep using frontal EEG or
cortical LFPs by applying a standard sleep scoring algorithm described in detail elsewhere [45]. Briefly,
animal movement speed was extracted from the video recording synchronized with neural signal. The
theta/delta (8/6) ratio was calculated from the artifact-free EEG in 2.5-sec epochs. The epochs of awake
state were identified by the presence of active locomotion and above threshold 6/6 ratio; the epochs of
NREM sleep were identified by the absence of motor activity and below threshold 6/6 ratio. The
minimal duration of the same behavioral state was set to 10 sec; data segments with less steady

behavioral states were excluded from further analysis.

Event detection

For detection of the hippocampal ripples, a broadband (0.1Hz - 8kHz) extracellular signal
recorded from the dHPC (pyramidal layer, CA1 subfield) was band-pass (140 — 250 Hz) filtered, rectified
and low-pass filtered (25Hz). The resulting signal was z-score normalized and ripple oscillations were
detected by signal thresholding at 5 standard deviations (SDs). A 70-ms refractory window was applied.
Ascending and descending crossings at 1SD defined the ripple on- and off-set, respectively. Clustered

and isolated ripples were classified based on the inter-ripple interval (IRI) as described in detail
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elsewhere [60]. Briefly, IRIs were extracted and log(IRl) distribution was analyzed. Bimodal log(IRI)
distribution indicated ripple occurrence with shorter and longer IRIs. A crossing point of two
distributions was used for classifying the ripple type. Ripples with short IRI (< 0.33 sec) were classified as
‘clustered’ and treated as a single ripple event; the onset time was defined by the first ripple in a cluster.

Ripples with IRl > 0.33 sec were classified as ‘isolated’.

For detection of sleep spindles, EEG signal was band-pass (12 - 16 Hz) filtered, down-sampled
(200 Hz) and the root mean square (0.2 s smoothing) was calculated. Spindle detection threshold was
defined at 3 SDs of the signal amplitude during NREM sleep episodes. Ascending and descending signal
crossings at 1SD defined spindle on- and off-set, respectively. The minimal sleep spindle duration was

set to 0.5 sec.

Analysis of peri-event neural activity

For analysis of peri-ripple modulation of LC activity, we used a method described in details
elsewhere [29]. First, the spike times of LC multiunit activity (MUA) were extracted by high-pass (600Hz)
filtering of the broadband extracellular signal recorded from LC and thresholding at -0.05 mV. The LC
MUA was triggered by ripple onset and the averaged peri-event spike histogram (PETH) was generated +
5 sec around all detected ripples (5-ms bins, Gaussian smoothed with a 10 ms-window). A grand
average of PSTHs was built across all events for each recording session. To compensate for possible
state-dependent fluctuations of LC MUA, a ‘surrogate’ event sequence was generated by distributing
randomly the same number of time points within a certain time window; the jittering procedure was
repeated 100 times. The averaged PETH was generated £ 5 sec around surrogate events. Time series of

LC MUA around the surrogate events were subtracted from the corresponding values around ripples and
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the resulting (‘corrected’) PETHs were z-score normalized to the baseline LC firing rate. To quantify peri-
ripple dynamics of LC MUA, a continuous modulation index (c-Ml) was calculated by extracting the area
above/below the curve of each PETH for each 1-s epoch along the * 5s peri-ripple window. To determine
the significance of modulation, we built PETHs around ‘shuffled’ ripple times generated by permutation
of the IRIs and calculated the Mis for each of the 5000 shuffled PETHs; 95% confidence interval (Cl)
served as significance threshold. To quantify the LC MUA modulation around subsets of ripples, s-Ml
was computed for a subset of ripples (20% of all detected ripples in each session) and the same

procedure was repeated 5000 times. The s-Ml distribution was analyzed.

Spectral analysis

For LFP analysis, we applied the Morlet-wavelet time-frequency analysis to estimate spectral

power and computed coherence with the MATLAB toolbox Chronux (http://www.chronux.org) [61].
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Figure Captions

Figure 1. Modulatory effect of cortical states on LC population activity and hippocampal ripples. A.
Representative traces of simultaneously recorded CA1-LFP and LC MUA. Dashed line in the middle trace
marks the ripple detection threshold; red dot marks ripple event. B. Fluctuation of firing rate of LC
neurons and rate of ripple occurrence depended on the cortical state, which was indicated by the
synchronization index (Sl) as the ratio between low frequency (1-10Hz) and high frequency (30-90Hz)
power. C. Averaged cortical delta power and hippocampal ripple power are shown around each group of
‘surrogate’ events created by varying time windows from 1 to 10 seconds. D. The averaged PETHSs of LC
MUA around ‘surrogate’ events computed with a 5-sec shuffling time window are shown for 17 LC MUA
recordings obtained from 4 rats (bin size: 5ms, smoothed with a 10ms Gaussian window and z-score

normalized).
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Figure 2. The LC population activity is suppressed around hippocampal ripples. A. The averaged PETH
of LC MUA across all sessions around ripples (blue) and around ‘surrogate’ events (black). C-Mls were
computed as the area below/above the curve every 0.5 sec along the time axis of the PETH. B. Averaged

c-Mls of LC MUA PETHs around onsets of all detected ripples are shown for each recording session.

Figure 3. Heterogeneous modulation of LC activity around subsets of hippocampal ripples. A.
Distribution of s-Mls extracted for ripple-associated (red) and permuted-events-associated (blue) PETHs.
The vertical dashed lines mark the upper and lower limits of 95% confidence intervals. B. Mls did not
show difference across subsets of ripples with different levels of ripple amplitudes and intra-ripple
frequencies. C. Representative traces for isolated (marked by red circles) and clustered (marked by blue
circles) ripples. D. C-Mls of PETHs of LC MUAs around isolated (red) and clustered (blue) ripples.
Horizontal black bar indicates significant difference between c-Mls around two types of ripples, p < 0.05

(Wilcoxon signed-rank test).

Figure 4. Ripple-associated LC suppression is state-dependent. A. C-Mls of PETHs of LC MUAs around
awake (red) and sleep (blue) ripples. Horizontal bars indicate significant suppression of LC

MUA; Comparison of Mls within time window [-2 0] sec before awake (red) and sleep (blue) ripples was
shown in the inset. *** p < 0.001 (Wilcoxon signed-rank test). B. Peri-ripple spectrogram of the frontal
EEG around ripples occurring during awake (A-ripples) and NREM sleep (S-ripples). C. Representative
traces of the frontal EEG and CA1 LFP during NREM sleep episode. Blue dots mark spindle-coupled
ripple, red dots mark spindle-uncoupled ripples. D. C-Mls of PETHs of LC MUAs around spindle-coupled
(red) and uncoupled (blue) ripples. Horizontal bars indicate significant suppression of LC

MUA; Comparison of Mls within time window [-2 0] sec around spindle-uncoupled (red) and coupled
(blue) ripples was shown in the inset. E. Coherence between the hippocampus and cortex around

spindle-coupled (S-coupled) and —uncoupled (S-uncoupled) ripples.
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Occurrence of Hippocampal Ripples is Associated with
Activity Suppression in the Mediodorsal Thalamic Nucleus

Mingyu Yang,' Nikos K. Logothetis,? and Oxana Eschenko!
"Max Planck Institute for Biological Cybernetics, Tiibingen D-72076, Germany, and 2Centre for Imaging Sciences, Biomedical Imaging Institute,
The University of Manchester, Manchester M13 9PT, United Kingdom

Forming reliable memories requires coordinated activity within distributed brain networks. At present, neural mechanisms underlying
systems-level consolidation of declarative memory beyond the hippocampal-prefrontal interactions remain largely unexplored. The
mediodorsal thalamic nucleus (MD) is reciprocally connected with the medial prefrontal cortex (mPFC) and also receives inputs from
parahippocampal regions. The MD may thus modulate functional connectivity between the hippocampus and the mPFC at different
stages of information processing. Here, we characterized, in freely behaving Sprague Dawley male rats, the MD neural activity around
hippocampal ripples, indicators of memory replay and hippocampal- cortical information transfer. Overall, the MD firing rate was
transiently (0.76 = 0.06 s) decreased around ripples, with the MD activity suppression preceding the ripple onset for 0.41 = 0.04 s (range,
0.01-0.95 s). The degree of MD modulation correlated with ripple amplitude, differed across behavioral states, and also depended on the
dynamics of hippocampal- cortical population activity. The MD suppression was the strongest and the most consistent during awake
ripples. During non-rapid eye movement sleep, MD firing rate decreased around spindle-uncoupled ripples, but increased around
spindle-coupled ripples. Our results suggest a competitive interaction between the thalamocortical and hippocampal- cortical networks
supporting “on-line” and “off-line” information processing, respectively. We hypothesize that thalamic activity suppression during
spindle-uncoupled ripples is favorable for memory replay, as it reduces interference from sensory relay. In turn, the thalamic input
during hippocampal- cortical communication, as indicated by spindle/ripple coupling, may contribute to selectivity and reliability of
information transfer. Both predictions need to be tested in future experiments.

Key words: cortical state; hippocampus; mediodorsal thalamus; memory consolidation; sharp-wave ripples; sleep

(s )

Systems mechanisms of declarative memory consolidation beyond the hippocampal-prefrontal interactions remain largely unexplored.
The connectivity of the mediodorsal thalamic nucleus (MD) with extrahippocampal regions and with medial prefrontal cortex underlies
its role in execution of diverse cognitive functions. However, little is known about the MD involvement in “off-line” consolidation. We
found that MD neural activity was transiently suppressed around hippocampal ripples, except for ripples co-occurring with sleep spin-
dles, when the MD activity was elevated. The thalamic activity suppression at times of spindle-uncoupled ripples may be favorable for
memory replay, as it reduces interference with sensory relay. In turn, the thalamic input during hippocampal- cortical communication,
as indicated by spindle/ripple coupling, may contribute to selectivity and reliability of information transfer. j
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pal—cortical network is essential for the encoding, consolidation,
and retrieval of declarative memory (Wang and Morris, 2010;
Eichenbaum, 2017). The two-stage model of the hippocampal-
dependent memory consolidation (Buzsaki, 1989) postulates that
experience-induced changes of neural activity in the hippocampus
(HPC) are mediated “on-line” by theta rhythm and “off-line” by
high-frequency (~200 Hz) oscillations, or ripples, produced by syn-

Introduction

Higher-order brain functions rely on fine-tuned interactions
within large-scale brain networks. The network-level information
processing takes place during alert behaviors, but also during so-
called “off-line” states when sensory input is absent. The hippocam-
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during periods of enhanced cortical excitability (Sirota et al., 2003;
Battaglia et al., 2004; Molle et al., 2006) and coincide with thalamo-
cortical sleep spindles (Siapas and Wilson, 1998). The ripple-
associated replay of experience-activated neurons is thought to
reflect memory trace reactivation and promote selective synaptic
plasticity (Skelin et al., 2018). The coordinated hippocampal and
cortical population activity is thought to mediate information trans-
fer from the HPC to cortex for long-term storage (Buzséki, 1989;
Wang and Morris, 2010; Skelin et al., 2018).

The hippocampal—prefrontal pathway is the most extensively
studied circuit in the context of mechanisms of declarative mem-
ory. Clearly, memory supporting network is not limited to these
two brain regions; yet, the neural interactions beyond the hip-
pocampal—prefrontal pathway remain largely unexplored. Our
fMRI-based mapping of the whole brain activity at times of rip-
ples in macaques revealed a characteristic pattern of positive and
negative BOLD responses (Logothetis et al., 2012). Specifically,
many cortical and limbic regions were activated during ripples,
while a subset of subcortical areas, including the thalamus,
showed activity suppression (Logothetis et al., 2012). Subsequent
electrophysiological examination confirmed the ripple-associated
inhibition in the lateral geniculate nucleus (Logothetis, 2015).
The results of our fMRI study are consistent with numerous re-
ports about tight temporal coupling between the population
bursts in the HPC and neuronal activity in associative (Peyrache
et al., 2009; Wierzynski et al., 2009; Wang and Ikemoto, 2016;
Wilber etal., 2017) and primary sensory (Sirota et al., 2003; Ji and
Wilson, 2007; Rothschild et al., 2017) cortices. Enhanced activity
around ripples has been also shown in the ventral striatum (Lan-
sink et al., 2008). Furthermore, bidirectional modulation was
reported for neurons in the ventral tegmental area (VTA; Gom-
perts et al., 2015) and basolateral amygdala (BLA; Girardeau et
al., 2017), while activity suppression was found in the median
raphe (Wang et al., 2015) and the midline thalamic nuclei (Lara-
Viésquez et al., 2016).

In the present study, we sought to characterize the ripple-
associated activity in the mediodorsal thalamic nucleus (MD).
The MD integrates various types of information and mediates
it to the medial prefrontal cortex (mPFC) for execution of
diverse cognitive functions (Mitchell, 2015), including mem-
ory (Markowitsch, 1982; Van Der Werf et al., 2003). Although
there are no known direct projections between the MD and HPC
(Groenewegen, 1988; Varela et al., 2014), the MD contributes to
declarative memory as a part of extrahippocampal circuit (Ketz et
al., 2015). The MD receives afferents from the lateral entorhinal
and perirhinal cortices, which provide parallel multisensory in-
put to the MD and HPC (Groenewegen, 1988; Burwell, 2000).
The MD is reciprocally connected with the mPFC, which in turn
receives direct input from the HPC (Jay et al., 1992). The MD is
thought to gate the hippocampal-cortical and cortical-cortical
interactions that are relevant for declarative memory (Floresco
and Grace, 2003; Ketz et al., 2015). However, the role of MD in
off-line processing has not been explored. Here, we report that
the MD activity is systematically suppressed around ripples. We
also found that the ripple-associated MD modulation varied
across awake and sleep states. The MD suppression was more
consistent and robust during awake state, while synergistic acti-
vation of the MD-HPC-mPFC network occurred during non—
rapid eye movement (NREM) sleep at times of ripple/spindle
coupling. Collectively, our results suggest competitive interac-
tions between large-scale brain networks mediating different
stages of information processing.
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Materials and Methods

Animals. Eight adult male Sprague Dawley rats (Charles River Laborato-
ries) weighting 300—450 g were used. After surgery rats were single-
housed and kept on a 12 h light/dark cycle (8:00 A.M. lights on). All the
experiments were performed during dark cycle. The study was performed in
accordance with the German Animal Welfare Act (TierSchG) and Animal
Welfare Laboratory Animal Ordinance Tierschutz-Versuchstierverordnung
(TierSchVersV), and was in full compliance with the guidelines of the EU
Directive 2010/63/EU on the protection of animals used for scientific pur-
poses. The study was reviewed by the ethics commission Tierschutzgesetz,
(TierSchG, Section 15) and approved by the state authority (Regierungspra-
sidium, Tiibingen, Baden-Wiirttemberg, Germany).

Anesthesia. Implantation of electrodes was performed under isoflu-
rane anesthesia (initiation 4%, maintenance 1.5-2.0%). The depth of
anesthesia was controlled by ensuring a lack of responses to mildly nox-
ious stimuli (pinch of hind paw). Heart rate and blood oxygenation were
monitored using a pulse oximeter (Nonin 8600V, Nonin Medical); sup-
plementary oxygen was provided to maintain the blood oxygenation
level above 90%. Body temperature was maintained at 37°C throughout
the entire anesthesia period.

Surgery and electrode placement. A fully anesthetized rat was fixed in a
stereotaxic frame with the head angle at 0°. The skull was exposed, and a
local anesthetic (Lidocard 2%, B. Braun) was applied on the skin edges to
additionally numb the skin. Burr holes were made for electrodes and
anchor screws. Dura mater was removed when necessary. For EEG re-
cordings, a stainless-steel screw (0.86 mm diameter, Fine Science Tools)
was placed above the frontal cortex, and the ground screw was placed
above the cerebellum. Four anchor screws (1.19 mm diameter, Fine Sci-
ence Tools) were placed on the skull side edges. Screws were fixed in the
skull and additionally secured with tissue adhesive. For extracellular re-
cording in the MD and HPC, twisted wires or tube tetrodes (Kapoor et
al., 2013) were used. The tetrodes were made from insulated nichrome
wire (12 uwm diameter, Sandvik Wire and Heating Technology) and as-
sembled into a microdrive (Versadrive; Neuralynx). A custom design of
the microdrive allowed targeting the MD with up to six tetrodes and
dorsal HPC (dHPC) with up to two tetrodes. Before implantation, te-
trode impedance was adjusted to 150-500 k{2 by gold plating. The drive
with electrodes was fixed in a stereotaxic micromanipulator (David Kopf
Instruments) and slowly lowered until the electrode tips targeting the
MD reached ~5.0 mm below the brain surface. The tips of dHPC elec-
trodes were fixed ~3.0 mm higher and expected to reach ~2.0 mm
depth. A single platinum-iridium electrode (FHC) was implanted in the
mPFC. The final adjustment of the electrode position was guided by
on-line monitoring of neural activity. The entire implant was secured on
the skull with dental cement (Paladur, Heraeus Kulzer). A copper mesh
was mounted around the implant to protect exposed wires and also to
isolate recording electrodes from the electrical noise. The injection of
analgesic (2.5 mg/kg, s.c.; Finadyne, Essex) and antibiotic (5.0 mg/kg,
s.c.; Baytril, Bayer) was given before rat awakening from anesthesia and
repeated at 24 h intervals during next 4 d. Animals were allowed 1 week of
postsurgery recovery.

Electrophysiological recording. Rats were first habituated to the record-
ing setup and cable plugging procedure. The head implant was connected
to the Neuralynx Digital Lynx acquisition system via two 16-channel
head stages with red/green tracking LEDs (Neuralynx). The electrode
placement in the MD was optimized by lowering the electrodes in 0.05—
0.1 mm steps and monitoring spiking activity on the high-passed (300 Hz
to 8 kHz) extracellular signal. The depth of dHPC electrodes was adjusted
by gradually lowering the tetrodes (maximum 0.05 mm per day) until
reliable ripple activity was observed. Once the electrode position was
optimized, the broad-band (0.1 Hz to 8 kHz) extracellular signals were
acquired and digitized at 32 kHz. The brain activity was referenced to the
ground electrode. The animals’ movement was monitored by video
tracking (25 frames per second) with the aid of LEDs attached to the head
stage. All recordings were performed between 10:00 A.M. and 7:00 P.M.
forup to 2 h.

Single-unit isolation. The MD single units were isolated using two or
four tetrode channels. Extracellular signals were high-pass (600 Hz) fil-
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tered and the spike waveforms with negative peaks exceeding —0.05 mV
were extracted. The template-matching algorithm based on the principal
component analysis was used for clustering the spike waveforms of indi-
vidual units (Spike2 software, Cambridge Electronic Design). Various
specific measurements of the spike waveform were additionally used for
cluster refinement. A unit cluster was classified as a single-unit activity
(SUA) if the refractory period (time between two consecutive spikes) was
at least 1 ms. When the recording quality and the spike sorting did not
allow unambiguous single-unit isolation, the spike cluster was conserva-
tively classified as multiunit activity (MUA).

Classification of behavioral states. We classified the rat spontaneous
behavior into awake and NREM sleep using frontal EEG or PFC local
field potentials (LFPs) by applying a standard sleep-scoring algorithm
described in detail previously (Novitskaya et al., 2016). Briefly, animal
movement speed was extracted from the video recording synchronized
with neural signal. The 6/8 ratio was calculated from the artifact-free EEG
in 2.5 s epochs. The epochs of awake state were identified by the presence
of active locomotion and above threshold 6/8 ratio; the epochs of NREM
sleep were identified by the absence of motor activity and below thresh-
old 6/8 ratio. The minimal duration of the same behavioral state was set
to 20 s; data segments with less steady behavioral states were excluded
from further analysis.

Detection of cortical spindles. Sleep spindles were detected from the
artifact-free EEG channel by bandpass (12-16 Hz) filtering, downsam-
pling to 200 Hz, and thresholding of the spindle band power envelop
(root mean square (RMS) with 0.2 s smoothing window; spindle RMS).
The spindle detection threshold was calculated as 3 SDs of the spindle
RMS during NREM sleep. The minimal length of sleep spindle was set to
0.5 s of continuous spindle RMS values above the threshold. The spindle
onsets and offsets were defined at 1 SD threshold ascending and descend-
ing crossings, respectively.

Detection of hippocampal high-frequency oscillations. The transient
high-frequency population bursts were detected from the LFPs recorded
in the pyramidal layer of the dorsal CA1. The LFP signal was bandpass
(gamma band, 70-120 Hz; ripple band, 120-250 Hz) filtered, rectified,
and low-pass filtered at 25 Hz. The resulting signal was z-score normal-
ized. The high-frequency events were identified by signal amplitude ex-
ceeding a threshold of 5 SDs for ripples and 4 SDs for gamma events. The
event onsets and offsets were defined at the 1 SD threshold ascending and
descending crossings, respectively. We used a 70 ms refractory window to
prevent double detection of the same event. The Morlet-wavelet time-
frequency analysis was used to classify the events into gamma, gamma/
ripple, and ripple oscillations based on intraevent frequency. For
exploring the temporal pattern of ripple occurrence, we used a method
based on computing the logarithm of inter-ripple intervals (IRIs), de-
scribed in detail previously (Selinger et al., 2007). Briefly, the bimodal
log(IRI) distribution indicated two temporal patterns of ripple occur-
rence with shorter and longer IRIs. We identified the crossing time of two
distributions and used it for classifying “clustered” and “isolated” ripples.
Ripples with short IRIs (<0.33 s) were considered as a ripple cluster and
treated as a single ripple event. The time of the first ripple in the cluster
was considered the ripple onset time. Spindle-coupled ripples were de-
fined as ripples occurring between onsets and offsets of spindles.

Analysis of perievent neural activity. To examine neural activity around
transient oscillatory events (ripples, spindles, gammas), perievent spike
histograms (PETHs) were generated *2 s around the event onsets and
smoothed with a Gaussian window (window size, 6 ms; bin size, 2 ms).
To minimize the impact of slow fluctuations of the neuronal excitability
that is synchronized throughout the entire forebrain, we applied an event
permutation procedure. In specific, we created a “surrogate” event se-
quence by randomly distributing the same number of events detected
every 4 s in a given session. The permutation procedure was repeated 100
times and the PETHs were generated *2 s around the surrogate events.
The time series (2 ms bins) of MD MUA/SUA around the surrogate
events were subtracted from the corresponding values around “true”
events, and the resulting (“corrected”) PETHs were z-score normalized
to the MD MUA/SUA firing rate during the entire 4 s time window of the
surrogate PETHs.
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To quantify perievent changes of neural activity, a modulation index
(MI) was calculated by extracting the area above/below the curve of each
PETH = 0.5 s around time 0. To determine the significance of modula-
tion, we built PETHs around surrogate events generated by permutation
of the interevent intervals and calculated the MIs for each of 5000 shuf-
fled PETHs. The 95% confidence interval (CI) served as the significance
threshold. The onset/offset and the duration of the firing rate change
were defined by the =1 SD threshold crossing of normalized perievent
MD MUA. For examining MD modulation around subsets of ripples, for
each data set, the ripple times were bootstrapped, and the bootstrapped
MI (b-MI) was computed for 100 randomly selected ripples. Then the
same procedure was repeated 5000 times, and the distribution of b-MIs
was plotted, also for awake and NREM sleep ripples.

Experimental design and statistical analysis. The LFPs and MUA re-
cordings from different placements in the MD were considered indepen-
dent if a linear distance between the sites exceeded 140 um (Buzsiki,
2004). A one-way ANOVA was used for independent measures. In the
case of repeated observations, a repeated-measures ANOVA or paired t
test was used when data met the criteria for normality; otherwise, a Wilcoxon
signed-rank test was used. For ANOVAs, when the sphericity assumption
was violated, the Greenhouse—Geisser correction method was applied. Bon-
ferroni’s test was used for post hoc comparisons. Pearson’s linear correlations
were used when appropriate. The statistical significance « value was set at
p = 0.05. The IBM SPSS Statistics (version 22) and MATLAB (MathWorks)
software packages were used for statistical analysis.

Perfusion and histology. After the last recording session, rats were killed
with a lethal dose of pentobarbital sodium (100 mg/kg i.p.; Narcoren,
Merial) and perfused transcardially with 0.9% saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains
were removed and stored in the same fixative. Before sectioning, whole
brains were placed in 0.1 M PB buffer containing 30% sucrose until they
sank. Serial 60-um-thick coronal sections were then cut on a horizontal
freezing microtome (Microm HM 440E; Thermo Fisher Scientific,
Waltham, MA), collected in 0.1 M PB, and then directly stained or stored
at —20°C in a cryoprotectant solution (30% ethylene glycol and 10%
sucrose in 0.05 M PB) until further processing. Nissl staining was per-
formed according to a standard procedure. Briefly, sections were
mounted on gelatin-coated glass slides, defatted, stained with cresyl
violet, rinsed with acetic acid, dehydrated, and coverslipped. All sec-
tions were examined using an AxioPhot or Axiolmager microscope
(Carl Zeiss). Positions of the electrode tips were assessed visually and
digitized.

Results

We obtained 42 simultaneous recordings in the CAl area of the
dHPC, prelimbic area of the PFC, and MD in eight rats. Figure 1A
illustrates the electrodes targeting the dHPC and MD. We sam-
pled MD activity from different subregions of the MD using mul-
tiple tetrodes and by lowering tetrodes after each recording
session (see Materials and Methods). Two to 17 different elec-
trode placements per rat resulted in total of 49 MD recordings
from the medial (n = 19), central (n = 10), and lateral (n = 20)
sections of the MD. Figure 1B shows the reconstruction of the
deepest recording sites in the MD. Preliminary analyses did not
reveal any difference in neural activity across the MD sites; there-
fore, the results described below were obtained using combined
data sets from different MD subregions, and, for simplicity, we
will refer to all thalamic recordings as MD.

Neural activity in the MD is suppressed around

hippocampal ripples

We first characterized the overall population activity in the MD
around hippocampal ripples. Ripples were detected by threshold-
ing at 5 SDs of the bandpass-filtered (120—250 Hz; smoothed at
25 Hz), rectified, and z-score-normalized CA1 LFP signal (Fig. 2,
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Simultaneous multisite electrophysiological recording in freely behaving rats. 4, Schematicillustration of the electrode placements in the dHPCand MD. Tetrodes (2 for dHPCand up to

6 for MD) were mounted on a movable microdrive allowing depth adjustment of each tetrode individually. B, Reconstruction of the deepest recording sites within the MD is shown on different
anterior—posterior planes. White circles, Medial MD; gray circles, central MD; black circles, lateral MD.
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Detection of ripple and gamma oscillations. Representative traces of simultaneously recorded neural activity in the dHPC (top) and MD (bottom). The two middle traces show

bandpass-filtered dHPC LFPs; black solid lines show rectified and smoothed signals. Horizontal dashed lines mark the detection threshold for ripples at 5 SDs, gamma events at 4 SDs, and spikes at
—0.05 mV. Symbols above two middle traces mark transient oscillatory events. Open triangles mark isolated ripples, open circles mark clustered ripples, black triangles mark gamma events, and

black circles mark gamma/ripple events.

middle). On average, 1013.4 * 66.3 ripples were detected per
each recording session. The multiunit spike times (referred to
here as multiunit activity) were extracted from the wide-band
(0.1 Hz—8 kHz) extracellular signal recorded in the MD by high-
pass (600 Hz) filtering and thresholding at —0.05 mV (Fig. 2,
bottom). For each recording session and each MD site, a PETH
was generated at =2 s around ripple onsets and subsequently
corrected for spiking activity fluctuation around randomly dis-
tributed surrogate events (for details, see Materials and Meth-
ods). A significant transient suppression of the MD MUA around
ripples was present in essentially all MD sites (Fig. 3A). We also
calculated a modulation index (Fig. 3C) and tested each MD
MUA case for significant modulation (see Materials and Meth-
ods). The periripple firing rate decrease was significant for all 49
MD MUA recordings (mean MI lower than the lower limit of
95% Cls). To characterize in more detail the dynamics of ripple-
associated modulation of MD MUA, for each session-averaged
PETH, we extracted the onset, peak time, and duration of the
firing rate change, as illustrated in Figure 3C. Remarkably, in

most cases, a decrease of the MD firing rate preceded the ripple
onset, occurring, on average 0.41 * 0.04 s (range, 0.01-0.95 s)
before the ripple. The MD suppression lasted, on average, for
0.76 = 0.06 s (range, 0.13-2.10 s) and peaked at 0.11 = 0.01 s after
ripple onset (range, 0.04—0.39 s). Figure 3D shows the distribu-
tion for the MD inhibition onset (red line), duration (blue), and
times of the minimal firing rate (black). There was no difference
in the onset, peak time, or duration of MD MUA suppression
across different MD subregions (one-way ANOVA, onset,
F,57 = 0.72, p = 0.50; peak time, F, 3,y = 0.14, p = 0.87;
duration, F, 5, = 0.36, p = 0.70).

It is possible, however, that the multiunit population response
does not capture the response profiles of the individual MD neu-
rons. Therefore, we also characterized the ripple-associated firing
rate modulation of the MD single units. The recording quality
permitted reliable isolation of 40 single units (n = 6 rats). The
ripple-associated suppression was present in all MD single units
(Fig. 3B). We thus considered the MD neurons as responding
homogeneously and used MD MUA for further analyses.
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Figure 3.

Ripple-associated suppression of the MD neural activity. A, B, Normalized firing rate is plotted for MD MUA (A) and MD single units (B). The averages around onsets of all

detected ripples are shown for 49 MD MUA recordings obtained from different MD sites in eight rats and 40 single units (n = 6 rats). The cases are sorted according to the values of the
MI. Color bars show zscores. Insets, Median and variability outside the upper and lower quartiles are indicated. €, Quantitative characterization of the ripple-associated firing rate change.
The Ml was calculated as the area (gray) between the curve and y = 0 within =0.5 s around the ripple onset (t = 0). The onset and offset of modulation were detected by =1 SD
threshold crossings (vertical dashed lines). The time between onset and offset was considered the duration of modulation (red double-headed arrow). The peak time was determined as
the time with the minimum firing rate (red arrow) D, The distribution of onsets (red), peak times (black), and offsets (blue) of the MD firing rate change relative to ripple onset (t = 0)

for all MD MUA cases (n = 49) shown in A.

The degree of MD suppression A B

correlates with ripple features 1 .
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group the corresponding MI. A significant 3

linear correlation was found between the MI § -5 r=-0.28, p < 0.0001

and ripple amplitude (r = —0.28, p < :

0.0001); a stronger MD MUA suppression 1 2 3 4 0= 0.2 Ll 8893
was associated with ripples of higher ampli- Ripple Amplitude (quartiles) Time, sec

tude (Fig. 44). No such relationships were Figure4. The degree of MD modulation correlated with ripple amplitude and the temporal pattern of ripple occurrence. A, The

revealed between MI and intraripple fre-
quency (r = 0.096, p = 0.18).

We also studied whether the MD
modulation depended on the temporal
pattern of ripple occurrence. The visual
inspection of the bandpass-filtered
(120-250 Hz) CA1 LFPs indicated that some ripples occur in
close (<0.33 s) temporal proximity to each other, while other
ripples are rather sparse (Figs. 2, middle, 4B). Thus, we classi-
fied the detected ripples as isolated or clustered (see Materials
and Methods). Clusters typically consisted of two to seven
ripples. We computed the PETHs of the MD MUA around
isolated and clustered ripples (in the case of ripple clusters, the
first ripple onset was used as t+ = 0) and observed a much
stronger MD suppression around isolated ripples (—2.75 *

Mis from all 49 MD MUA cases are plotted according to the quartiles of ripple amplitude. The black line shows the linear regression.
Note that stronger MD suppression (lower Mis) corresponds to ripples of higher amplitude. B, The log-scale distribution of inter-
ripple intervals with Gaussian fittings (black lines). Numbers indicate the peak times and the crossing time of two Gaussians. Note
that there is a bimodal distribution of inter-ripple intervals.

0.19 vs —1.94 = 0.11 for MIs of isolated vs clustered ripples,
respectively; paired ¢ test, t,5) = 4.12, p < 0.001). Overall, the
amplitude of isolated ripples was slightly lower than that of
clustered ripples (8.86 * 0.23 vs 9.71 = 0.27 SDs, for isolated vs
clustered ripples, respectively; paired t test, t,o) = 11.12, p <
0.0001). The difference in the temporal pattern of ripple occur-
rence did not affect the strong negative correlation between the
MI and ripple amplitude, as such relationships were present
for both types of ripples (isolated, r = —0.24, p < 0.001;
clustered, r = —0.27, p < 0.0001).
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Ripple-associated modulation of MD
activity depends on behavioral state

We further explored whether the ripple-
associated modulation of MD MUA de-
pended on the behavioral state. We
classified the behavioral state as awake or
NREM sleep using frontal EEG or PFC
LFPs (see Materials and Methods), as also
described in detail previously (Novitskaya
et al., 2016). Briefly, animal movement
speed was extracted from the video re-
cording synchronized with the neural sig-
nal. The 6/ ratio was calculated from the
artifact-free EEG in 2.5 s epochs. The ep-
ochs of awake state were identified by the
presence of active locomotion and an
above-threshold 6/8 ratio; the epochs of
NREM sleep were identified by the ab-
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Figure5.  The MD activity modulation around different types of high-frequency population burstsin the dHPC. A—C, Represen-

tative perievent spectrograms for gamma (left), gamma/ripple (middle), and ripple (right) events. D—F, Normalized and color-
coded MD firing rates are plotted for all MD MUA cases (n = 49) around the gamma (D), gamma/ripple (E), and ripple (F) events.
The horizontal color bar shows z scores. Overlaid black lines show the averaged MD population dynamics around corresponding
event types. The color bar on the right of each plot shows the proportion of MD MUA cases with ripple-associated suppression
(blue), ripple-associated activation (red), and no modulation (green). Note the strongest MD suppression around ripples and

bidirectional changes of the MD firing rate around gamma and gamma/ripple events.

Modulation of MD activity around gamma oscillations

We also characterized the dynamics of MD MUA around tran-
sients of high-gamma (70-120 Hz) oscillations (or gamma
events), which is another prominent type of population activity
in the HPC (Sullivan et al., 2011). We detected the gamma events
by thresholding at 4 SDs of the bandpass-filtered (70-120 Hz;
smoothed at 25Hz), rectified, and z-score-normalized CA1 LFP
signal (Fig. 2, middle). Consistent with the existing literature
(Ramirez-Villegas et al., 2015), a substantial fraction of gamma
events (40.78 = 1.92%) co-occurred with ripples. Based on the
spectral composition of the detected transient high-frequency
oscillations, we split them into “pure” gamma, “mixed” gam-
ma/ripple, and “pure” ripple events (Fig. 5A—C). The MD MUA
was significantly suppressed around pure ripples in all cases
(n=49), while around gamma/ripple and pure gamma events,
the MD MUA decrease was detected in 79.6% (n = 39) and
53.1% (n = 26) of cases, respectively. Consequently, the mean
MI was the lowest for pure ripples (—2.87 * 0.15), indicating
a more consistent decrease of the MD firing rate, compared to
other event types (—1.81 £ 0.18 and —1.42 = 0.13 for gamma/
ripple and pure gamma events, respectively). Figure 5D-F
shows the profiles of the MD firing rate for each event type.
Finally, we compared the magnitude of MD suppression
across event types by submitting only significantly modulated
cases to repeated-measures ANOVA. There was a significant
main effect of the event type (F, 4,) = 31.99, p < 0.0001). Post
hoc tests showed that the MD MUA suppression was the stron-
gest around pure ripples and the weakest around pure gamma
events. Based on this result, for further analysis we considered
only ripple oscillations without accompanying gamma power
increase.

sence of motor activity and a below-
threshold 6/6 ratio. Consistent with the
existing literature (Llinds and Steriade,
2006), MD activity was higher during
awake state than during NREM sleep
(27.99 = 1.78 Hz vs 10.21 = 0.75 Hz for
awake vs NREM sleep, respectively; Wil-
coxon signed-rank test, p < 0.0001). Rip-
ples occurred more frequently during
NREM sleep than during awake epochs
(7.84 £ 0.59 ripples/min vs 22.96 * 1.28
ripples/min, respectively; Wilcoxon signed-
rank test, p < 0.0001). We then repeated
the analysis as described above for all ripples, but subdivided
ripples according to the behavioral state. For each of 49 MD MUA
cases, the averaged MI was calculated for awake and sleep ripples,
and the significance of modulation was defined based on the
averaged MI value. During awake state, a significant ripple-
associated MD suppression was present in 43 of 49 MD MUA
cases (87.8%), while fewer cases (35 of 49, or 71.4%, showed
significant MD modulation during NREM sleep; x¢,, = 4.91,p =
0.027). Furthermore, the MD suppression during awake state was
significantly stronger than during NREM sleep when only signif-
icantly modulated MD cases were considered (—2.49 £ 0.21 vs
—1.60 = 0.11 for MI of ripples during awake state vs NREM
sleep, respectively; Wilcoxon signed-rank test, p = 0.00057).

Bidirectional modulation of MD activity during sleep ripples

We next examined how MD MUA varied across individual rip-
ples. To this end, for each data set, the ripple times were boot-
strapped and the b-MI was computed for 100 randomly selected
ripples. Then, the same procedure was repeated 5000 times (for
details, see Materials and Methods). This analysis confirmed that
MD inhibition accompanied the majority of b-MIs (78.10 =
0.28%); however, some b-MIs were associated with either en-
hanced or unchanged MD MUA (0.61 * 0.02% and 21.29 =
0.30%, respectively; Fig. 6A). Subdividing ripples according to
the behavioral state (awake vs sleep) revealed that the b-MIs were
mostly negative during awake state, while both positive and neg-
ative b-MIs were obtained during NREM sleep (Fig. 6B). Specif-
ically, a significant MD suppression was present in 88.39 * 4.27%
of b-MIs during awake state versus 59.79 = 4.34% of b-MIs dur-
ing NREM sleep. The MD enhanced activity around ripples was
observed in 0.35 * 0.2% and 1.11 % 0.7% of b-MIs during awake
state and sleep, respectively. The difference in the distribution of
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Ripple-associated MD modulation varies across behavioral states. 4, Bidirectional changes of MD MUA around ripples. Example raster plots (top) and corresponding averages of z-scored

MD firing rates (bottom) are plotted around 100 randomly selected ripples. B, Distribution of b-MIs generated by bootstrapping ripples during awake state (black) and NREM sleep (white). The
vertical dashed lines mark the lower and upper limits of 95% confidence interval. Note that all b-MIs during awake state are negative, indicating consistent MD suppression, while both negative and

positive b-MIs were obtained during NREM sleep.

b-MIs showing decreased, increased, or unmodulated MD MUA
was statistically significant (x(,) = 1064.99, p < 0.0001). This
result is consistent with a stronger MD suppression around
awake ripples as revealed by MI.

The MD activity is not suppressed around ripples
co-occurring with sleep spindles

Besides fluctuations of neural activity in the HPC and MD thal-
amus across awake and sleep states, a temporal coupling exists
between the hippocampal ripples and sleep spindles, which is
thought to enable the hippocampal-cortical information trans-
fer underlying memory consolidation (Siapas and Wilson, 1998;
Maingret et al., 2016; Latchoumane et al., 2017). It is also well
established that sleep spindles emerge as a result of synchronized
interplay within the thalamocortical circuit (Contreras and Ste-
riade, 1997; Llinds and Steriade, 2006). Sleep spindles were de-
tected during NREM sleep episodes as described previously
(Novitskaya et al., 2016), and the times of spindle onsets and
offsets were extracted. We first split ripples occurring during
awake state (34.3 = 2.1%) from the remaining ripples occurring
during NREM sleep, and the latter were further subdivided into
spindle-uncoupled (51.8 = 0.7%) and spindle-coupled (13.9 =
0.6%) ripples. Figure 7A—C shows representative epochs depict-
ing different patterns of ripple/spindle coupling. Ripples occur-
ring during different behavioral/brain states differ by their
intrinsic properties. We compared the intraripple frequency and
the ripple amplitude among three patterns of event occurrence.
The repeated-measures ANOVA revealed a significant effect
of the condition for both the intraripple frequency (F(, 15,11, =
4117.99, p < 0.0001) and the ripple amplitude (F(, j6457) =
1119.10, p < 0.0001). The subsequent post hoc comparisons
(Bonferroni corrected) showed that awake ripples had the highest
intraripple frequency and the highest amplitude, while the spindle-
coupled ripples had the lowest intraripple frequency and amplitude
(Fig. 8). Table 1 summarizes the correlation strength between the
ripple amplitude and MI for different subtypes of ripples.

We thus studied whether the ripple-associated MD activity
depended on ongoing hippocampal-cortical population dynam-
ics. Remarkably, two distinct patterns of MD MUA were ob-
served during NREM sleep around ripples that were coupled or
uncoupled with sleep spindles (Fig. 7E, F). Specifically, around
spindle-uncoupled ripples, the MD was primarily suppressed

(85.71%, n = 42), whereas no change (24 of 49 cases, 48.98%) or
a transient increase (20 of 49 cases, 40.82%) of the firing rate was
present around spindle-coupled ripples (Fig. 6F). The profile of
MD MUA was almost identical around ripple-coupled spindles
and around all detected sleep spindles (Fig. 9). Since during
NREM sleep the MD suppression was predominant during
spindle-uncoupled ripples as it was during awake ripples, we
compared the magnitude of MD suppression between these two
subsets of ripples. The MD suppression was significantly stronger
around awake ripples (mean MI, —2.46 = 0.20 vs —1.97 = 0.11
for awake vs spindle-uncoupled sleep ripples, respectively; Wil-
coxon signed-rank test, p = 0.02).

Discussion

In the present study, we have characterized neural activity in the
MD, an associative thalamic nucleus, during epochs of memory
replay as indicated by hippocampal ripples (Skelin et al., 2018).
Opverall, the MD spiking was transiently suppressed around both
awake and sleep ripples. Notably, a decrease of MD firing rate
systematically preceded the ripple onset. A stronger MD suppres-
sion corresponded to the ripples with higher amplitude and ones
occurring sparsely (not in clusters). Strikingly, periripple MD
modulation was fine-tuned to the thalamocortical activity dy-
namics such that the MD suppression was observed around
ripples occurring outside sleep spindles. In contrast, during
spindle-coupled ripples, no MD suppression was present, and in
about half of cases, the MD firing was increased. We also charac-
terized the MD activity around other hippocampal oscillatory
patterns, namely, the high-gamma episodes and mixed gamma/
ripple oscillations. High-gamma oscillations are another promi-
nent pattern of the hippocampal population activity that typically
occurs during alert behaviors (Colgin and Moser, 2010), but also
during low arousal states including NREM sleep (Csicsvari et al.,
1999; Sullivan et al., 2011). We found that the MD suppression
was much weaker or absent around high-gamma oscillations.
Furthermore, although MD suppression was systematically pres-
entaround gamma/ripple events, the modulation magnitude was
lower than around pure ripples. The latter result is in agreement
with existing evidence that although ripples and high-gamma
oscillations share similar mechanisms, the network effects of
gamma oscillations are more local (Sullivan et al., 2011). Overall,
our present study provides new evidence for coordinated activity
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Figure7.

The MD activity is not suppressed around ripples co-occurring with sleep spindles.

A-C, Top traces show the broad-band-filtered (0.1-300 Hz) and bandpass-filtered (12—16 Hz) LFPs

recorded from the mPFCand the bandpass-filtered (120 —250 Hz) LFPs recorded from the CA1 subfield of the dHPC during awake state (left) and NREM sleep (middle, right). Bottom traces show the

corresponding MD firing rates. Black dots mark ripples, dashed-lined rectangles mark sleep sp
according to the M value. The horizontal color bar shows z scores. Vertical color bars show the

indles. D-F, Normalized firing rates of all MD MUA cases are plotted around ripple onset and sorted
proportions of MD cases with significant decrease (blue), increase (red), or no change (green) in the

firing rate. Insets, Box plots show the MIs distribution across MD MUA cases with significant firing rate modulation. Note that during NREM sleep, ripples may (right) or may not (middle) coincide with

sleep spindles, and that periripple MD modulation depends on the ripple/spindle coupling.
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awake, spindle-uncoupled, and spindle-coupled ripples. ***p << 0.001 (Bonferroni corrected).

Table 1. Ml of the MD MUA and MI correlation (r) with different subsets of ripples

First Second Third Fourth Correlation
quartile quartile quartile quartile coefficient
M, all ripples —111%£0.10 —1.57 =011 —1.80 £0.17 —1.81 = 0.15 r = —0.28***
MI, awakeripples ~ —0.94 £0.10 —1.26 £0.13 —135*0.11 —1.30 = 0.11 r = —0.23***
M, spindle- —0.93 £0.09 —130+0.13 —1.20 £0.11 —1.20 = 0.06 r = —0.12*
uncoupled ripples
M, spindle- 0.58 010 046 =0.10 0.41+0.09 045 *0.05r= —0.06
coupled ripples

*p < 0.05; **p < 0,001,

between the associative thalamus and the dHPC during off-line
states and raises further questions about causality of these inter-
actions and the functional significance of the ripple-associated
modulation of MD neural activity.

Spindle-
uncoupled coupled
Ri

Intrinsic properties of different ripple types. A, B, Bars represent ripple amplitude (4

Spindics (Jadhav et al., 2016). Bidirectional modula-

tion of prefrontal neurons during memory
replay is well suited for selectivity of infor-
mation transfer and triggering synaptic
plasticity within memory trace—specific cell
assemblies (Peyrache et al., 2011; Jadhav et
al., 2016). Ripple-associated neuron firing
was also shown in the ventral striatum (Lansink et al., 2008). Both
excitatory and inhibitory responses during ripples were observed in
the VTA (Gomperts et al., 2015) and BLA neurons (Girardeau et al.,
2017). Our previous study combining electrophysiological record-
ings in the HPC with fMRI-based whole-brain activity mapping
provided the first evidence for inverse relationships between
thalamic and hippocampal activity during ripples (Logothetis
et al., 2012). The ripple-associated spiking suppression was
subsequently demonstrated in the lateral geniculate nucleus in
nonhuman primates (Logothetis, 2015). Similar findings have
been reported previously in rats for the midline thalamus
(Lara-Vdsquez et al., 2016) and the median raphe nucleus
(Wang et al., 2015). Together, these observations reflect a
widespread activation/inhibition pattern of brain activity
associated with presumed memory replay as indicated by hip-
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) and intraripple frequency (B) for
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pocampal ripples. At present, the speci- A
ficity of such distributed brain activity
and its relevance to memory consolida-
tion remains poorly understood.

mPFC
0.1-300Hz I

mPFC

Bidirectional modulation of ripple- CA1
associated thalamic activity 120-250k
The main finding of the present study is - i
. . 8 iring Rate
differential engagement of the MD during
spindle-coupled versus spindle-uncoup-
led ripples. The elevated firing rate of MD
neurons during spindle-coupled ripples is
not surprising. It is well established that
sleep spindles emerge due to coordinated
interactions within the thalamocortical
circuit (Contreras et al., 1996; Steriade,
2006). It has also been demonstrated that ripples tend to occur
during periods of enhanced cortical excitability, or up states
(Sirota et al., 2003; Battaglia et al., 2004; Molle et al., 2006), and
coincide with sleep spindles (Siapas and Wilson, 1998). In our
recordings, about 20% of ripples were temporally coupled with
sleep spindles. Expectedly, the MD activity was enhanced during
spindles, regardless of whether spindles coincided with ripples or
not. A reduced inhibitory input from the limbic-projecting tha-
lamic reticular nucleus (TRN) during sleep spindles (Halassa et
al., 2014) is likely the key component regulating this spindle-
associated MD activation. On the other hand, one-half of sleep
ripples and all awake ripples were not temporally coupled with
spindles, and those spindle-uncoupled ripples (~80% of all rip-
ples) were consistently associated with pronounced MD suppres-
sion. Thus, we observed a synergistic activity within the
thalamic—hippocampal-cortical network during time windows
of ripple/spindle coupling, yet a memory-specific relevance of the
MD coactivation is currently unknown.

Spindle-ripple coupling has been suggested to be critical for
memory consolidation (Diekelmann and Born, 2010). Indeed, an
experimentally induced increase of spindle—ripple coupling dur-
ing postlearning sleep improved memory (Maingret et al., 2016;
Latchoumane et al., 2017), while its disturbance impaired mem-
ory (Novitskaya et al., 2016). Hippocampal ripples tend to pre-
cede sleep spindles (Siapas and Wilson, 1998; Wierzynski et al.,
2009; Peyrache et al., 2011); therefore, memory trace reactivation
during ripples may trigger synaptic modifications in the cortex
during subsequent spindles (Johnson et al., 2010; Timofeev and
Chauvette, 2017). It was hypothesized that the hippocampal out-
put during replay may selectively recruit thalamocortical cells
into thalamocortical rhythmic interactions reflected as spindles
(Peyrache et al., 2011). A strong engagement of cortical inhibi-
tion during spindles may permit activation of cortical cell assem-
blies representing specific memory traces and may therefore
reinforce synaptic plasticity within a selective network (Peyrache et
al., 2011; Jadhav et al., 2016). The MD coactivation during ripple-
spindle coupling may thus facilitate long-range network interactions
(Nakajima and Halassa, 2017).

The thalamic suppression during spindle-uncoupled ripples may
be favorable for memory processing, as it appears to reduce the
thalamocortical relay of sensory information. Indeed, mPFC
neurons appear more responsive to hippocampal input during
spindle-uncoupled ripples, that is, during periods when the re-
current thalamocortical circuit is not engaged (Peyrache et al.,
2011). In this context, a source of MD inhibition presents an
interesting question. The ripple-associated MD modulation does
not appear to simply reflect global fluctuations of thalamocorti-
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The MD firing rate is elevated around sleep spindles. A, Representative traces of simultaneously recorded neural
activity in the mPFC, dHPC-CA1, and MD during NREM sleep. Black dots mark ripples. The dashed rectangles mark ripple-coupled
(left) and ripple-uncoupled (right) spindles. B, The MD firing rate is plotted around sleep spindles (solid line) and a subset of
ripple-coupled spindles (dashed line). Spindle onset is at t = 0. Averages from 42 recording sessions (n = 8 rats) are shown; 4409
(43.82%) ripple-coupled spindles were isolated from total of 10,062 detected sleep spindles.

cal activity that is largely controlled by the TRN (Steriade et al.,
1993). Extrathalamic inhibitory control of the thalamic activity is
thought to be more selective and therefore more effective for
state-dependent gating of thalamocortical information transfer
(Bokor et al., 2005; Halassa and Acsady, 2016). For example,
cholinergic inputs from the midbrain parabrachial region cause
hyperpolarization in the thalamocortical neurons in auditory
thalamus (Mooney et al., 2004). Another candidate is the
GABAergic input from the zona incerta that selectively targets
higher-order thalamic relays (Bokor et al., 2005). The precise
temporal dynamics of these interactions would shed light on the
neurophysiological mechanisms controlling coordinated activa-
tion/deactivation of competing large-scale networks.

The strength of long-range interactions may depend on the
behavioral state and cognitive context. For example, a previous
study reported differential modulation of activity in the anterior
cingulate cortex (ACC) around awake and sleep ripples (Wang
and Ikemoto, 2016). Wang and Ikemoto (2016) proposed that
the absence of ACC activation during awake ripples may protect
freshly acquired information from alteration and, in turn, facili-
tate intrahippocampal information processing. Furthermore, a
type of MD interaction with the hippocampal-cortical network
may gate the direction of information transfer. It has been shown
that during time windows of spindle—ripple coupling (and MD
coactivation), the cortex is less responsive to hippocampal input
(Peyrache et al., 2011); therefore, cortical signaling to the HPC
may prevail. In turn, during spindle-uncoupled ripples (and MD
inhibition), input from the HPC to the cortex is prevalent. Evidence
accumulates that awake ripples may additionally support cognitive
functions, such as behavioral planning and decision making (Diba
and Buzsdki, 2007; Yu and Frank, 2015). Therefore, the MD sup-
pression around awake ripples may also favor memory retrieval
from cortex or other nonmnemonic functions requiring cortical—
hippocampal interactions. Thus, the functional state of the thala-
mic—hippocampal- cortical network as well as the content of neural
replay and directionality of information transfer may differ during
awake, spindle-coupled, and spindle-uncoupled ripples, and these
intriguing possibilities shall be further explored.

Possible role of the MD for declarative memory

The anatomical connectivity of the MD supports its involvement
in processing and integration of diverse information and medi-
ating it to the mPFC (Mitchell, 2015; Wolff et al., 2015). Conse-
quently, the MD may present a key element within the executive
control circuit (Van Der Werf et al., 2003; Ketz et al., 2015),
which in the case of declarative memory includes the HPC.
Through its connectivity with the hippocampal input and output
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structures (Groenewegen, 1988; Burwell, 2000), the MD can me-
diate the bidirectional information flow between the HPC and
mPFC (Floresco and Grace, 2003; Peyrache et al., 2011). Consis-
tent with the thalamic control of sensory selection (Saalmann and
Kastner, 2011), the MD neuronal populations may coordinate
selective engagement of functionally diverse neural circuits in
particular oscillatory dynamics (Ketz et al., 2015). Indeed, the
MD-PEC synchronization within the 8 (13-30 Hz) frequency
range accompanied performance of a spatial memory task (Par-
naudeau et al., 2013). Moreover, the MD inactivation reduced
MD-PEC f synchronization and also impaired the task perfor-
mance (Parnaudeau et al., 2013). Furthermore, sustained activity
within the MD-PFC network has been implicated in maintaining
information in working memory (Bolkan et al., 2017; Schmitt et
al., 2017). Thus, the MD may enhance functional connectivity
within a specific brain network (Nakajima and Halassa, 2017).

MD involvement in memory consolidation has been sug-
gested (Squire, 1986; Lee et al.,, 2011; Tu et al., 2014; Lara-
Vésquez et al,, 2016), yet this hypothesis requires further
experimental validation. The fact that a decrease in MD firing
rate systematically preceded the ripple onset suggests that a de-
creased spiking in the MD may be related to reorganization of the
network activity and a shift to a brain state permitting ripple
generation, which in turn promotes the hippocampal-cortical
communication mediating declarative memory consolidation.
Apart from the MD, the midline thalamic nuclei have also been
considered to play a role for memory processes (Pereira de Vas-
concelos and Cassel, 2015). For example, based on anatomical
connectivity, the nucleus reuniens could mediate the prefrontal—
hippocampal interactions (Varela et al., 2014). A previous study
by Lara-Vasquez et al. (2016) correlated the activity of midline
thalamic neurons with different oscillations in the HPC and ob-
served a functional heterogeneity among different cell types.
Specifically, calcium-binding protein calretinin (CR)-negative
neurons were modulated by theta oscillations, while CR-positive
neurons were inhibited during hippocampal ripples. In our
study, we sampled a relatively small number of MD single units
and did not observe differential modulation. However, heteroge-
neity of MD responses may be revealed in the future by examin-
ing a larger population of MD single units.

The thalamoprefrontal and hippocampal-prefrontal path-
ways appear to participate in different types of information pro-
cessing (Ketz et al., 2015; Eichenbaum, 2017), and, therefore,
coactivation of these functionally distinct networks may lead to
interference. If, indeed, the MD belongs to a competing (e.g.,
sensory-mediating) network, its activation during ripples would
likely interfere with the stabilization of recent memory traces.
Thus, a decrease in MD activity may reflect inactivation of a
competing network, which would in turn facilitate the hippocam-
pal—cortical communication mediating declarative memory consol-
idation. Consistent with this view, we showed previously
(Novitskaya et al., 2016) that thalamic activation produced by
ripple-triggered Locus Coeruleus stimulation impaired consolida-
tion of spatial memory in rats. Our present findings provide evi-
dence that a transient suppression of MD neural activity that
precedes hippocampal ripples may possibly play an active role in
coordinating activity within large-scale networks involved in differ-
ent aspects of information processing taking place off-line.

Thus, the activity pattern within a given brain region may
reflect its engagement or disengagement within a functionally
distinct and distributed network enabling specific types of infor-
mation processing. Bidirectional modulation of MD activity
around ripples was linked to different dynamic states of the thala-
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mic—hippocampal-cortical network differing by topography,
the directionality of information transfer, and the brain functions
they support. Possibly, spindle-uncoupled ripples combined
with thalamic activity suppression presents a brain state that is
favorable for memory replay and information transfer from the
HPC to the cortex, while the thalamic input at times of hip-
pocampal-cortical communication, indicated by spindle/ripple
coupling, may contribute to the neural assembly selection for
promoting synaptic plasticity in the cortex. Our present findings
open questions about the neurophysiological mechanisms regu-
lating these fine-tuned, thalamic—hippocampal-cortical interac-
tions and their functional significance.
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