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Abstract
Brain states, which indicate degrees of arousal during wakefulness, sleep, or anesthesia,
have been long investigated over the last decades. The dynamics of distinct brain states
are conserved across different species of animals and tightly linked to physiological be-
haviors (e.g., pupil size modulation) and specific brain network activity. Both pupil
size and brain states are substantially regulated by neuromodulators originating from
the brainstem and subcortical structures through interactions with the cerebral cortex,
partly sharing common regulatory pathways. For this reason, pupil size and neuronal
activities of arousal-regulating brain regions demonstrate high correlations. However,
the correlation emerges with high variability across recording trials, indicating a possible
involvement of complex pupil- and brain state- regulatory pathways, including brain re-
gions of the lateral hypothalamus (LH) and anterior cingulate cortex (ACC) that could
induce the varied correlation properties. In this dissertation, I aim to shed light on
neural pathways regulating the brain state and pupil size variations using a multi-modal
experimental design in three research protocols. The first goal was to demonstrate a
platform to bridge the fields of functional magnetic resonance imaging (fMRI), pupil-
lometry, and fiber photometry neuronal Ca2+ recordings in anesthetized animals and
evaluate brain state dynamics from across-scale recordings. Using the information from
Ca2+ signals, we first distinguished different brain states. In each of these brain states,
different correlation features between fMRI signal and pupil size changes appeared, e.g.,
strong positive correlations in the A5 region where noradrenergic neurons are located.
The second goal was to assess cross-scale brain dynamics in electrophysiology, fMRI,
pupillometry, and fiber photometry Ca2+ recordings for specifying different brain states
under anesthesia based on the lateral hypothalamic (LH) activity. Across multi-scale
recording trials, both local field potential (LFP) and fMRI signals detected in the LH
presented distinct brain states with consistent distribution patterns of positive and neg-
ative correlations with pupil dynamics. The association of different pupil dynamics to a
distinct brain state was further verified by neuronal activity coupling between the LH
and anterior cingulate cortex (ACC), indicating the LH-ACC circuit-specific regulation
of pupil dynamics. The third goal was to demonstrate the properties of the LH regarding
pupil size and brain state regulations using optogenetics, pupillometry, and electrophys-
iology. Optogenetic stimulation of the LH in anesthetized animals evoked pupil dilation
and LFP delta power reduction. These changes showed an exponential relationship with
respect to the stimulation frequency. Moreover, the exponential feature was observed
only under one specific underlying brain state for LFP delta power reduction but under
all brain states for pupil dilation. These observations suggested that the LH mediates
pupil size independently of the underlying brain state variations. Overall, these studies
identified several important features of pupil-regulatory circuits underlying brain-state
transitions under anesthesia. The complex signal interdependence shown here indicated
that the brain state is orchestrated in multiple regions (especially the LH and ACC)
and at multiple scales (frequency and amplitude of neuronal firing, inter-region corre-
lation with pupil size, neurovascular coupling, etc.). This dissertation presents a novel
way to track brain state transitions by connecting pupillary signals and their variable



relationship with the whole brain signal and offers a reference framework to understand
the LH-ACC relationship. We demonstrate that LH/ACC activity provides a strong
indication of different vigilance levels and may become a useful approach to evaluate the
ongoing brain states in arousal-related clinical research.
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1 Chapter I: Introduction to the

evaluation of brain state

The brain of animal and human has developed uniquely over millions of years.

A number of animals across different species share fundamental brain structures and

behavioral features and have common regulatory features to control physiological pro-

cesses such as sleeping and eating. Brain states are referred to as various degrees of

wakefulness or different depths of sleep or anesthesia that vary across temporal scales,

and they are one of the fundamental features seen across all animal species (e.g., mam-

mals, fish, birds, and insects) [1–6]. Brain states transit from one to another such as

the transition between sleep and wakefulness [1, 7]. Even within sleep, wakefulness, or

anesthesia, the brain state oscillates and switches from one to another state periodically

as a result of arousal regulation; for instance, from a rapid eye movement (REM) to non-

rapid eye movement (NREM) sleep [1, 8–11]. Studies have investigated different brain

states through behavioral observations such as pupillometry and brain signal measures

such as electrophysiological and functional magnetic resonance imaging (fMRI) signals.

[9, 10, 12–15]. One of the most well-known methods to evaluate the brain state is the

measurement of electrophysiological signals such as electroencephalogram (EEG) and

local field potential (LFP). By observing different features of electrical activity in the

brain (e.g., slow oscillations and high amplitude during sleep but high frequency and

low amplitude during wakefulness), a clear distinction of different brain states is possible

[1] (Figure 1.1). However, the definition of a certain brain state is still controversially

discussed among researchers since the term often implies characteristics of different be-

havioral and physiological phenomena detected at multiple scales [5, 6]. When two brain

1



1 Chapter I: Introduction to the evaluation of brain state

Figure 1.1 Diverse features of electrophysiological signals under different brain states of
wakefulness, coma, anesthesia, and sleep. Reproduced with permission from
[1], Copyright Massachusetts Medical Society.
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1.1 Cortical and subcortical regulation of the brain state and pupil size under unconsciousness

states are clearly distinguishable through electrophysiological signals, e.g., wakefulness

and NREM sleep, researchers agree that these visible differences in electrophysiolog-

ical signals indicate two different brain states. However, different brain states also

exist within non-radically different sub-states of the brain. For instance, fluctuation of

neuronal signals and pupil size occurs under anesthesia, and these changes commonly

indicate different degrees of arousal [11, 16–19]. These oscillations of neuronal signals

and pupil size can be consistently observed within sleep or wakefulness, also suggesting

distinct brain states [9, 20]. Indeed, brain states under anesthesia share similarities with

different stages of the sleep cycle, indicating possession of similar brain state regula-

tory systems [21, 22]. Due to the nature of complex degrees in the arousal level, the

distinction of different brain states often requires to perform exploratory analyses such

as functional connectivity analysis in fMRI or correlation analysis across multi-modal

recording methods [20, 23–25]. Since understanding the full scale of these sub-states is

challenging, further research is necessary to facilitate comprehension of the brain state.

1.1 Cortical and subcortical regulation of the brain state

and pupil size under unconsciousness

A number of evidences show that subcortical and brainstem structures mediate

brain arousal states mainly through the ascending reticular activating system (ARAS)

in the vertebrate brain [26–29]. In fact, lesions in the ARAS lead to disorders of con-

sciousness such as coma [30]. ARAS is comprised of multiple brain nuclei that re-

lease different neurotransmitters respectively for arousal regulation, e.g., noradrenaline

from the locus coeruleus (LC), acetylcholine from the laterodorsal tegmental nucleus,

dopamine from the ventral tegmental area, and serotonin from the raphe nuclei [26].

These midbrain/brainstem nuclei send their projections to extensive regions of the cor-

tex and regulate brain states [26, 31, 32]. The transfer of neuronal signals in this relay

from the brainstem to the cortex is closed at the thalamus during the unconscious state

(both sleep and anesthesia) [33], and therefore sensory inputs do not pass through to the

3



1 Chapter I: Introduction to the evaluation of brain state

cortex. During a deep unconscious state, interactions between glutamatergic pyrami-

dal cells (excitation) and gamma-aminobutyric acid (GABA) interneurons (inhibition)

in the cortex generate up (depolarization) and down (hyperpolarization) states. The

balance of cortical excitation and inhibition produces the slow wave, which can be ob-

served as delta waves (1-4 Hz) in EEG during sleep and anesthesia [7, 34]. The bursting

activities of cortical neurons that produce the up and down states of slow waves are

delivered to the thalamus from layer 5 and 6 of cortical neurons [34]. The thalamic neu-

rons have the ability to fire rhythmically, and the glutamatergic excitatory cells project

to layer 4 of the cortex. Synchronization of reciprocal activities between the cortex and

thalamus enables us to detect the slow wave in electrophysiology. These slow waves are

disrupted by activation of the brainstem since various neurotransmitters are released

and modulate cortical and thalamic activities [26, 27, 35]. Even within different brain

states under unconsciousness, neurons in the subcortical and brainstem areas (e.g., the

LC and lateral hypothalamus (LH)) are discharged differently [26, 36, 37]. Thus, studies

focused on the functional mechanisms and interactions of cortical and subcortical areas

contribute to the understanding of brain state regulations.

1.1.1 Neuronal mechanisms of pupil size modulation

The change in brain states is often reflected in pupil size and in electrophysiological

signals of the brain [5, 9, 20, 38]. Pupil size is modulated by multiple brain regions that

also regulate the brain state such as the LC and hypothalamus [39–42] (Figure 1.2).

The pupil size changes spontaneously over time in a resting state, also known as pupil-

lary hippus [38]. This rhythmic dilation and constriction of pupil size are controlled by

the balance between sympathetic and parasympathetic pathways through the brainstem

and subcortical regions [41, 42]. The pupil dilation is regulated by an increase in the

sympathetic activity or decrease in the parasympathetic activity. The muscle of the iris,

responsible for pupil size enlargement through the sympathetic pathway, is controlled by

the Edinger-Westphal nucleus (EWN) via the ciliary ganglion for pupil size enlargement

through the sympathetic pathway. The pupil constriction is primarily regulated by an

4



1.1 Cortical and subcortical regulation of the brain state and pupil size under unconsciousness

Figure 1.2 Pupil size modulation by multiple brain regions (Adapted from [42]).

increase in the parasympathetic activity. The sphincter muscle of the iris is controlled by

the intermediolateral column (IML) via the superior cervical ganglion for pupil size re-

duction through the parasympathetic pathway. Both IML and EWN receive projections

from the LC [42, 43], and therefore, neuronal activities of LC are often reflected in and

correlated with pupil size [39, 41, 44–46]. However, recent studies have shown that pupil

size does not always anticipate the neural activity of these arousal-regulating neurons

such as the LC due to the influence of brain states [47]. In fact, electrical stimulation of

the LC evokes pupil dilation but with a time delay of milliseconds to a second [45, 46],

further indicating the involvement of other brain regions in pupil size modulation [38].

Indeed, in addition to neuronal projections from the LC to the IML and EWN, other

brain regions such as the hypothalamus and superior colliculus also send projections to

these nuclei [42–44]. Hence, high correlations between pupil size and arousal-regulating

neuronal activities can be also observed in a distant region such as the anterior cingulate

cortex (ACC) [46, 48].

5



1 Chapter I: Introduction to the evaluation of brain state

1.1.2 The role of midbrain and brainstem in brain state regulation

It has long been known that midbrain and brainstem regions play a crucial role in

arousal regulation [26, 49–51]. There was earlier evidence that the ARAS originated from

the reticular formation of the brainstem since stimulation of this region triggered cortical

activation [27, 29]. In fact, lesions of the ARAS lead to the opposite effect, abolishing

cortical activation and generating slow waves [28, 52, 53]. With the advance of experi-

mental techniques in recent years, multiple studies also revealed functional roles of more

specific midbrain and brainstem nuclei on mediating brain states such as the LC [51],

ventral tegmental area (VTA) [54], dorsal raphe nucleus [55], and LH [56]. These sub-

cortical/brainstem regions possess essential cell groups that release arousal-modulating

neurotransmitters, e.g., dopaminergic, noradrenergic, GABAergic, and orexinergic neu-

rons [57]. For instance, dopaminergic neurons in the VTA contribute to cortical arousal,

shown by evidence that electric stimulation of VTA and optogenetic stimulation of

dopaminergic neurons in the VTA induces wakefulness from anesthesia [54, 58]. Thus,

different types of neurotransmitters contribute to physiological regulation distinctly, ev-

idenced by pupil size, electrophysiologically-defined arousal or autonomic modulation

[45, 50, 55, 56, 59, 60]. Previous studies demonstrated that noradrenergic neuronal ac-

tivities in the LC particularly correlate with certain markers of arousal (e.g., EEG and

electromyography) as well as with pupil size [39, 41, 50]. In fact, direct activation of the

LC through electric and optogenetic stimulation induces pupil dilation and also cortical

discharges when animals are under unconsciousness [39, 50, 61, 62]. However, the cor-

relation between pupil size and neuronal activity of the LC is not always linear [46, 47].

It is suggested that other brain-state regulating regions such as hypothalamus and ACC

may be involved in pupil size modulation [63].

1.1.3 The role of lateral hypothalamus in brain state regulation

The LH is a distinct brain region in the subcortical structure where various types of

arousal-regulating neurons co-exist such as orexin, vesicular GABA transporter (VGAT),

6



1.1 Cortical and subcortical regulation of the brain state and pupil size under unconsciousness

and melanin-concentrating hormone (MCH) expressing neurons [64]. Neuronal activity

of the LH is involved in mediating different brain states during anesthesia, sleep, and

wakefulness [13, 15, 65, 66]. Orexin neurons, (also known as hypocretin neurons) found

exclusively in the LH, are one of the most long-investigated nuclei for arousal regu-

lation [64, 67, 68]. Studies on this neuronal population have shown that a deficit of

orexin neuropeptides causes narcolepsy in animals [69, 70] and that neurodegeneration

of orexin neurons is linked to human narcolepsy [71, 72]. Besides, their neuronal activity

increases during wakefulness but decreases during slow-wave sleep or anesthesia [65, 73].

In fact, optogenetic activation of orexin neurons leads to a brain state transition from

NREM sleep to wakefulness [74], and optogenetic silencing of orexin neurons promotes

slow-wave sleep [75]. This fact strongly suggests that orexin neurons are crucial for

brain state regulation. In addition to orexin neurons, studies using optogenetics and

chemogenetics demonstrated that other neuronal populations of the LH such as VGAT

and glutamatergic neurons also promote wakefulness [15, 76]. However, MCH neurons

[77] in the LH have an opposite functional role compared to the other neuronal types of

the LH, promoting sleep [26, 78, 79]. These neurons are less active during wakefulness

but more active during sleep, especially in REM sleep [80]. They fire maximally during

REM sleep, low during NREM sleep, and minimally during wakefulness. Optogenetic

studies also confirmed that MCH neurons promote sleep [79, 81]. Each neuronal pop-

ulation of the LH fires during a certain brain state but stays silent during others, e.g.,

reduced discharges of awake-enhancing neurons such as orexin neurons during anesthesia

or NREM sleep [65, 73]. In consistence with the rate of neuronal discharges in the LH,

optogenetic/electric manipulation of LH neurons with different stimulation frequencies

modulates brain states differently, evoking brain state alteration when higher stimula-

tion frequencies (≥ 5Hz) are applied [15, 74, 81, 82]. The LH neurons are projected to a

number of both cortical and subcortical regions that also mediate the brain state such as

the thalamus, VTA, LC, and ACC [13, 15, 83–85]. A part of these LH-projected regions

such as LC, EWN, and ACC are also involved in pupil size regulations, demonstrating

high correlations between neuronal activity of these regions and pupil size [46, 48, 61, 62].

7



1 Chapter I: Introduction to the evaluation of brain state

In fact, an involvement of LH in pupil size controlling network has also been claimed

in previous studies [59, 86, 87]. Therefore, LH may play a key role in investigating

concealed functions of brain state-dependent pupil dynamics.

1.1.4 The role of anterior cingulate cortex in brain state regulation

The ACC is a part of the cerebral cortex commonly seen across different species

[88, 89] (Figure 1.3). Several studies have reported that the ACC has a direct impact

Figure 1.3 The location of the cingulate cortex across different species. ACC: anterior
cingulate cortex, MCC: midcingulate cortex (Adapted from [88]).

on sustaining wakefulness [90] as well as modulating pupil dynamics [46]. In fact, the

ACC is known to participate in the default mode network in rodents and humans [91].

During deep sleep and wakefulness, the ACC participates in the resting-state network

differently [92], suggesting brain state-dependent activity of this brain region. For in-

stance, Horovitz et al. [92] shows the involvement of the ACC in the default mode

network decreased under deep sleep, which is also in agreement with a recent study re-

porting high participation of the ACC in the default mode network during wakefulness

and N1 stage of NREM sleep compared to N2/N3 stages of sleep [24]. A neurochemical

8



1.1 Cortical and subcortical regulation of the brain state and pupil size under unconsciousness

study also shows that the bidirectional connections between the LC and ACC play an

important role in sustaining wakefulness, as demonstrated by a research report showing

that lesions of the ACC or denervation of catecholaminergic projections from the LC

to the ACC resulted in reduced wakefulness [90]. Furthermore, the ACC is involved in

pupil size modulation. As described in the above section 1.1.2, the LC plays a crucial

role in regulating pupil size. However, changes in pupil size are not solely controlled

by the LC. Instead, they are likely modulated by multiple brain regions, including the

ACC [48, 63]. In fact, lesions of the ACC alter pupil regulation [93], and a recent study

suggests that different modes of activity at the ACC relate to different brain states,

measured as distinct brain correlation patterns with changes of pupil size, particularly

involving noradrenergic regions in the brainstem [10]. These studies demonstrate that

ACC activity can reflect pupil dynamics and this cortical area might be a key region for

certain arousal-related brain state regulation.

9



1 Chapter I: Introduction to the evaluation of brain state

1.2 Research techniques for brain state evaluation

The brain state is typically assessed behaviorally by eye-tracking and physiologi-

cally by various brain signal measures (e.g., electrophysiology and fMRI) to track the

degree of wakefulness or the depth of sleep or anesthesia [5, 6, 9, 10, 12, 20]. Different

brain states have been identified as unique neural signatures using electrophysiology

(e.g., low frequency neuronal oscillations during sleep) [1], neuroimaging (e.g., different

functional connectivity patterns between sleep and wakefulness) [24], and pupillometry

(e.g., as relatively constricted pupil size during a low arousal level of both conscious

and unconscious states) [9, 20]. Each method has technical strengths and limitations in

recording brain signals (e.g., high temporal and low spatial resolution in electrophysi-

ology, low temporal and high spatial resolution in fMRI), and therefore many studies

combine multiple techniques to evaluate brain states [12, 20, 23, 94]. In animal research,

both invasive and non-invasive in vivo measurements have been widely conducted to

better understand the micro-scale details of neural activities and global brain functions

such as brain connectivity, e.g., the combination of fMRI and optogenetics to stimulate

a specific brain nucleus and assess the whole brain activity [95, 96]. In the following

sections, different techniques used for brain state assessments are introduced.

1.2.1 In vivo electrophysiology

Extracellular in vivo electrophysiology is one of the most frequently used methods in

animal studies to evaluate the brain state due to its high temporal resolution (less than a

millisecond) [1]. This method records electrophysiological signals from the extracellular

space of neurons at a region of interest (ROI) in the brain by inserting an electrode

(e.g., tungsten metal electrode) and enables to investigate the neuronal activities of

specific brain regions. The electrode inserted in the brain can capture a mixture of

multiple neuronal features such as spikes (action potentials) and LFP. For brain state

evaluation, LFP is widely evaluated since different oscillatory features of LFP represent

distinct brain states (e.g., 1-4 Hz of slow oscillation during sleep/anesthetized states).

10



1.2 Research techniques for brain state evaluation

LFP signals in the cortex are generated by pyramidal neurons, lumped together in

laminar morphology. The pyramidal neurons produce a current dipole between current

sink and source. For instance, when synaptic inputs activate apical dendrites of a neuron,

depolarization of the cell occurs, which creates stronger negative potentials outside the

cell and positive potentials inside the cell since Na+ ions flow into the cell. The currents

flow from current sink (apical dendrites) towards the source (soma), and this movement

creates the dipole, which can be detected by the electrode [97, 98]. In the cortex, a large

dipole is detected due to the laminar morphology of pyramidal neurons [99]. However,

the subcortical structures which lack laminar morphology can also generate LFP from

focal excitatory input, which is large enough to be detected [100]. In fact, a large number

of studies have reported LFP recording in other subcortical areas that lack of laminar

structure such as thalamus [101, 102], substantia nigra [103, 104], striatum [105, 106],

and LH [107–110].

Since the recorded electrophysiological signal contains various neuronal features

as well as noise (e.g., 50Hz electrical noise), raw data are first filtered into different

frequency bands. Filtered signals between 1-5 kHz commonly represent local spiking

activities within approximately 200 µm distance from the tip of electrode, known as

multiunit activity (MUA). Filtered signals between 0-600Hz represent local neuronal

activities within approximately 2mm distance from the tip of electrode, known as LFP.

However, the ability to record single unit activity, MUA, and LFP depends on electrode

impedance, tip size, shape, and material (e.g., electrode with lower impedance can detect

signals from wider areas). In fact, the distance at which an electrode can detect LFP has

been reported with various ranges between several micrometers and millimeters across

multiple studies: the approximate recording distance of LFP is around 1mm but can

range between 0-3mm [111–116].

The LFP signals are commonly filtered into different frequencies of oscillations

such as delta (1-4Hz), theta (4-7Hz), alpha (7-14Hz), beta (15-30Hz), low gamma

(30-60Hz), and high gamma (60-100Hz) bands [20, 117, 118]. Each LFP band has

different biological meanings [118, 119]. For instance, during deep sleep and anesthesia,
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slow waves are dominantly detected as the primary cortical activity in electrophysiology

[1, 119, 120]. The primary brain wave switches to higher frequencies when the brain state

transits from sleep/anesthesia to wakefulness [1, 9, 20]. Therefore, functional analysis

of LFP is a well-established procedure to evaluate different brain states.

1.2.2 functional Magnetic Resonance Imaging

The measurement of blood oxygen level dependent (BOLD) signal fluctuations

with fMRI is a well-established method to evaluate whole-brain activity non-invasively

[121, 122]. The BOLD fMRI signal is governed by dephasing of proton spins in the

blood vessels. When a cognitive event (e.g., triggered by a stimulus) occurs, synaptic

inputs induce neuronal spike and neurotransmitters are released from neurons, indicat-

ing neuronal activities (Figure 1.4 (1)). The modulation of neuronal activities directly

and indirectly trigger changes in hemodynamic responses such as blood volume, blood

flow, and blood oxygenation due to neurovascular coupling (Figure 1.4 (2,3)). The

combination of these changes can be detected by imaging sequences of MRI since the

amount of dephasing of proton spins in oxygenated and deoxygenated blood is different

(Figure 1.4 (4)). After a radio frequency (RF) pulse is transmitted from an RF coil,

the magnetic resonance (MR) signal decays exponentially over the time due to the spin

dephasing, characterized by the transverse relaxation time constant (T2
*). The detected

signal change is called BOLD fMRI response [123](Figure 1.4), which can be detected by

T2
* weighted imaging sequences such as a gradient echo (GE) sequence. The 0.01-0.1Hz

range of BOLD-fMRI fluctuation is particularly known to indicate neural activity during

the resting state [124, 125]. In contrast to the limited recording area in electrophysiology,

i.e., limited to the number of recording sites on the electrode(s), fMRI provides a higher

spatial resolution and can detect the whole brain activity. The fMRI signal comes from

vascular-based responses, an indirect measurement of neuronal signals [123]. Previous

studies confirmed that the fMRI signal shows high correlations with electrophysiology

signals, a direct measurement of neuronal responses (See 1.2.5) [126, 127]. Thus, fMRI

analysis is useful to investigate a wide range of brain functions (e.g., evaluations of
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Figure 1.4 Physiological processes to provoke BOLD-fMRI responses (Reprinted from
[123] with permission from Elsevier).

brain states, neurodegenerative diseases, or disorders of unconsciousness) with whole

brain coverage [6, 128]. For instance, functional connectivity analysis from resting-state

fMRI is a powerful technique to evaluate whole brain functions [129]. It evaluates the

temporal correlation across different brain regions that express similar functional fea-

tures. As a result of this connectivity analysis, different brain networks (e.g., default

mode network) appear under distinct brain states of wakefulness, sleep, or anesthesia

[6, 24, 25].

1.2.3 Calcium signal recording

Detection of calcium (Ca2+) signal is a direct measurement of neural activities by

observing changes of intracellular Ca2+ concentration in neurons through fluorescent sig-

nals [130, 131]. The concentration of Ca2+ ions in the extracellular space is maintained

at a higher level than in the intracellular space at rest when there is no evoked neuronal

activity. However, when the neuron fires (depolarized), Ca2+ ions in the extracellular

space flow into the intracellular compartment since voltage-gated Ca2+ channels open.

This increase of Ca2+ ions in the intracellular concentration can be used to measure
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neuronal activities. In order to detect the neuronal activity in the brain using Ca2+ sig-

nals, genetically encoded fluorescent sensors such as green fluorescent protein-calmodulin

fusion protein (GCaMP) (calcium sensors) [132, 133] are commonly used. The genetic in-

formation of GCaMP is delivered to a ROI by using a viral vector (e.g., adeno-associated

virus (AAV)) [134]. When the target neurons that express fluorescent dyes are depolar-

ized, Ca2+ signals can be detected by applying excitation light (e.g., wavelength between

480− 510 nm [135]) through one-/two- photon microscopy [136–138] or fiber photom-

etry [131, 139]. Especially, fiber photometry for Ca2+ signal recordings is widely used

in multi-modal fMRI recordings because an optical fiber is compatible with magnetic

resonance imaging (MRI) [95, 139, 140]. Due to the noise-free nature of the optical fiber

in the magnetic environment, the Ca2+ signals from fiber photometry are often used as

an alternative method to LFP measurement for tracking neuronal activity [10] (Figure

1.5).

Figure 1.5 An example of simultaneous LFP, MUA, and Ca2+ signal recordings, showing
strong correlations across different neuronal signal measures (Adapted from
[10]).

1.2.4 Optogenetics

Optogenetics is a biological approach to stimulate neuronal cells through light

[141, 142]. By experimentally manipulating neuronal activities, researchers can investi-

gate the functional roles of cell-specific brain nuclei [143]. This method allows excitation

(depolarization) or inhibition (hyperpolarization) of a specific type of neuronal cells, de-

pending on how researchers set up the experimental design [143, 144]. In order to con-
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trol neuronal activities, microbial rhodopsins, transmembrane ion channel proteins that

sense light such as channelrhodopsin [145] and halorhodopsin [146], are integrated into

membranes of neurons in a ROI in the brain using a viral vector (e.g., AAV and lentivi-

ral vectors) [143, 147, 148]). The genes that produce rhodopsins are linked with other

cell-specific promoters, which can be active in a specific cell type only such as neurons

[144]. Therefore, cell-specific activation becomes possible with this technique. These

light-sensitive ion channels in the transfected neurons open when they receive a specific

wavelength of light, e.g., 473 nm wavelength of blue light for channelrhodopsin-2 (ChR2)

activation [144]. This opening of channels causes an influx of positively charged ions

such as Na+ and Ca2+ or negatively charged ions such as Cl- into the cell. This chemical

movement induces depolarization or hyperpolarization of the neurons. In research to

investigate brain states, optogenetics is widely used to activate arousal-regulating neu-

rons such as orexin and noradrenergic neurons and alter the brain state experimentally.

For example, activation of orexin neurons in the LH triggers a brain state transition

from NREM sleep to wakefulness [74]. In parallel with brain state transition, behavioral

modulation such as pupil size is commonly monitored; for example, optogenetic acti-

vation of noradrenergic neurons in the LC or serotonergic neurons in the dorsal raphe

nucleus induces pupil dilation [61, 149]. Therefore, optogenetics is a powerful tool to

experimentally manipulate brain states and understand the function of brain nuclei on

brain state regulation.

1.2.5 Correlations across different recording techniques

Logothetis et al. [126] first reported that LFP is in direct relationship with BOLD

signals in fMRI. However, the correlation between LFP and BOLD fMRI can be positive

or negative [127]. Although the mechanism that causes these variations of the LFP-

BOLD coupling is not fully understood, the correlation between LFP and BOLD signals

depends on several factors such as brain regions, LFP frequency ranges, and brain states

[150–152]. It has been reported that higher LFP frequencies (e.g., gamma band) are more

positively coupled with BOLD while low LFP frequencies (e.g., delta band) tend to be
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more negatively coupled [127, 150], although these positive and negative correlations vary

across different brain regions [151]. Schölvinck et al. reported that positive correlations

between low frequency (2-15Hz) LFP power and fMRI signal could be observed across

wide regions of the cerebral cortex such as frontal, parietal, and occipital lobes [153].

Conner et al. also reported a similar observation showing that the delta band is positively

correlated with the global BOLD signal across the cortex, however, regional differences

were observed, including some anti-correlations in the middle and superior temporal

gyrus [151]. Additionally to these studies, the delta band power and BOLD signals

were found to be negatively correlated in the prefrontal cortex [154]. Subcortical areas

such as the striatum also exhibited negative correlations between LFP delta band power

and BOLD signal fluctuations [155]. Even within the same area, correlation features of

fMRI with neuronal signals vary across different temporal scales [152, 153]. For instance,

correlation values between LFP and fMRI are low during an eye open state but high

during an eye closed state within the same monkey [153], demonstrating brain state-

dependent coupling features across multi-modal recordings.

Simultaneous monitoring of eye responses and brain signal measures (e.g., electro-

physiology and fMRI) can also be used to evaluate brain states [9, 12, 20, 23]. Technical

constraints of multi-modal neuroimaging methods (e.g., interference of fMRI signals with

electrodes and/or limited temporal resolution in fMRI and spatial resolution in electro-

physiology signal recordings) often lead to a lack of understanding about functional roles

of different brain regions on brain state regulation, and pupillometry can add further

details of brain states upon evaluation. Using pupillometry, the brain state has been

studied in rodents during wakefulness [9], sleep [20], and anesthesia [10]. Similar to

the variations of correlations between electrophysiology and fMRI measurements across

different temporal scales, correlation patterns between pupil size and brain signal mea-

sures also vary depending on brain states [10, 20, 23]. For instance, low frequency LFP

power exhibits strong negative correlations with pupil size oscillations during slow-wave

sleep but weaker correlations during wakefulness [20]. Overall, these features of varied

correlation across multi-modal measurements can be utilized as a useful approach to
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elucidate complex brain state mechanisms.
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1.3 Project aims

Pupil size has been used as an index to evaluate brain states over the last decade.

Both brain states and pupil size are mainly regulated by subcortical and brainstem areas,

suggesting an overlap of regulatory pathways. For instance, optogenetic manipulation

of arousal- and pupil- regulating nuclei in the brainstem causes both brain state and

pupil size modulations. Despite a strong link between pupil size and neuronal activities

of multiple arousal-regulating regions, the correlation feature diversifies under different

brain states or among different brain regions. This observation suggests an involvement

of up-regulatory regions such as LH and ACC that govern pupil-regulatory circuits but

also modulate brain states. Investigating these up-regulatory regions may illuminate

attributes of brain state and pupil size interactions. The purpose of this dissertation is

to provide a deeper understanding of neuronal mechanisms on brain state and pupil size

regulations through investigations of the ACC and LH using multi-modal brain signal

recordings with pupillometry under three main experimental protocols:

1. Understanding brain state-dependent correlations of pupil size with the whole

brain using pupillometry, fMRI, and Ca2+ signal recordings, described in Chapter

II.

2. Evaluating brain state-dependent pupil dynamics based on functional interactions

between pupil size and LH/ACC activities using pupillometry, electrophysiology,

fMRI, and Ca2+ signal recordings, described in Chapter III.

3. Manipulating pupil size and brain states experimentally through direct activation

of the LH using pupillometry, electrophysiology, and optogenetics, described in

Chapter IV.
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2 Chapter II: Multi-modal fMRI

measurements for brain state

assessments

2.1 Introduction

All work in this Chapter II has been already published in Proceedings of the Na-

tional Academy of Sciences (PNAS) in 2020 [10].

Neuronal oscillation below 0.1Hz in a resting state is involved in arousal fluctu-

ation [12, 156]. Using multi-modal brain imaging and behavioral measurements such

as fMRI, electrophysiology, and pupillometry, investigation of this oscillatory feature

can also reveal neuromodulatory attributes of distinct brain states and the transition

between them [5, 140, 157–159]. Especially, low frequency fMRI BOLD fluctuation

(0.01-0.1Hz) reflects neural activity at the rest state [124, 125]. From the acquired

fMRI data, functional connectivity is commonly calculated for evaluating different brain

states, cognitive functions or clinical disorders [24, 160–162]. Especially, brain state

transitions/fluctuations under wakefulness, sleep, or anesthesia are often evaluated from

resting-state fMRI signals, showing distinct functional connectivity patterns among dif-

ferent brain states [12, 24, 25, 91, 153, 163, 164]. A previous animal study reported that

simultaneous fMRI and Ca2+ astrocytic/neuronal signal recordings could indicate brain

state transitions under anesthesia [140]. Furthermore, oscillation of these fMRI signals

also correlates with dynamics of pupil size across temporal scales, and these correla-
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tions represent arousal fluctuations and vary depending on the underlying brain state

[12, 23, 165]. However, functional brain networks of arousal state transitions are not

fully well-known.

Changes in pupil size are associated with brain state modulations and also neuronal

activity of arousal-regulating cortical (e.g., the ACC) and brainstem (e.g., noradrenergic

neurons in the LC) regions [9, 20, 45, 46, 48, 166]. For instance, pupil size appears to be

more constricted when the cortex is in a slow-wave state but more dilated when the cortex

is in a desynchronized state [9]. Under an unconscious state of sleep or anesthesia, pupil

size also changes spontaneously across different temporal scales [16, 17, 20]. However,

correlations between pupil size and neuronal activity of arousal-regulating regions such

as the ACC and LC often vary across different recording trials [46], possibly due to the

influence of brain state differences [47].

Although these various correlations are often studied in electrophysiology with pupil

size [9, 20, 45, 46], the correlation features at the global brain level have not been clearly

understood. By evaluating trials that show brain-state differences, unique correlation

features between pupil size and global brain activity may arise depending on different

brain states. In Chapter II here, the aim of study was first to establish a platform

to investigate pupil size, whole-brain BOLD fMRI, and Ca2+ signals from GCaMP-

mediated fiber photometry in anesthetized animals. By utilizing Ca2+ signals as a tool

to distinguish different brain states, we demonstrated brain state-dependent correlations

between pupil size and whole-brain BOLD fMRI signals.
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2.2 Methods

2.2.1 Subjects

Ten Sprague Dawley rats (Strain: Crl:CD(SD), Sex: Male, Charles River Laborato-

ries, Sulzfeld, Germany) were used in all experiments. The age of rats was 4-5 weeks at

the start of the experiment when the intracranial virus-vector injection was conducted.

The age of rats at the time of fMRI experiments was 3-6 months.

2.2.2 Stereotaxic injection of viral constructs

Transfection of viral constructs was conducted in 4-5 weeks old rats for virus ex-

pression of calcium indicator. The animal was anesthetized with oxygen-enhanced air

(30% oxygen) mixture containing 5.0% isoflurane in an induction box. The anesthetized

animal was placed in a stereotactic frame in a prone position. The animal’s head was

secured to a stereotaxic frame with earpieces and a bite bar. Animals were kept be-

ing anesthetized with 1.5-2.5% isoflurane via nose cone. The depths in anesthesia was

examined by the absence of pedal withdrawal. The body temperature of the animal

was monitored and controlled to be at 37-38 ◦C by a heating pad. A small amount of

sterile ophthalmic ointment was placed in each eye to protect them from drying. Hairs

above the surgical area were shaved first. Then, the area was cleaned with 70% alco-

hol and iodine. A sagittal midline incision was made to expose the skull. In order to

inject a viral construct, a craniotomy was performed on the surface of the skull above

the ACC based on the rat brain atlas from Paxinos and Watson [167]. The viral con-

struct, GCaMP(AAV5.Syn.GCaMP6f.WPRE.SV40), was injected at the ACC (A/P=

+1.20mm, M/L= +0.50mm, D/V= -1.50mm) with the portion of 600 nL at a rate of

200 nL/min. After the injection is completed, the craniotomy was closed with sterile

wax. It the end, the skin was sutured and disinfected.
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2.2.3 Surgical preparation for measurements of fMRI and calcium

signals

Prior to the fMRI experiments, animal surgeries were performed to ventilate the

animal, provide intravenous anesthetics, monitor blood pressure, and record calcium

signals. The animals were first anesthetized in a gas mixture containing 5.0% isoflurane

in an induction box. The anesthetized animal was supinely placed on a custom-made

board for tracheal intubation. Animals were ventilated at 60±1 breaths per minute

with 2.0% isoflurane and oxygen-enhanced air (20% oxygen) via tracheal intubation on

a table with a heating pad. The body temperature of the animal was kept between 37-

38 ◦C. The animal’s hair on the groin of the right hind limb was shaved. The shaved area

was disinfected, and a small surgical incision was made on the disinfected area. Surgeries

for femoral artery and vein cannulation were performed using polyethylene tubes (PE-

50) through this incised area. Once cannulation was done, the incised area was sutured

and closed. Then, the animal was pronely placed on a stereotactic device for optical fiber

insertion in the cortex. The animal’s head was secured with earpieces and a bite bar on

the stereotactic device, and its head hairs were shaved. The shaved area was cleaned with

70% alcohol. A sagittal midline incision was made on the disinfected area to expose the

skull. A craniotomy (< 1mm diameter) was performed on the surface of the skull above

the ACC (A/P= +1.20mm, M/L= +0.50mm). An optical fiber (200 µm diameter) was

then inserted into -1.50mm depth from the surface of the brain where GCaMP was

expressed. The optical fiber was fixed to the skull with cement. Once the fiber was

stably attached, the earhole was filled with a fluoride paste. Finally, an intravenous

infusion of alpha-chloralose anesthesia (a bolus of (∽ 80mg/kg) was conducted through

the catheter, previously inserted in the femoral vein. Simultaneously, inhalation of

isoflurane was stopped. The animal was moved to the MRI scanner and secured on a

custom-made bed. A heating pad was used to maintain the body temperature of the

animal at 37 ◦C. This temperature was monitored through a rectal probe. End-tidal

CO2 was also monitored through the intubation tube. One catheter from the femoral

artery was connected to a blood pressure recording device (Biopac 150 system), and the
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other catheter from the femoral vein was connected to an infusion pump, both located

outside of the scanner. Through this catheter in the femoral vein, alpha-chloralose

anesthesia (∽ 25mg/kg/h) and pancuronium (∽ 2mg/kg/h) were provided throughout

the experiment.

2.2.4 Data acquisition of brain images and fMRI signals

A 14.1T / 26 cm magnet (Magnex) with an Avance III console (Bruker) was used

to acquire all structural and functional images. A custom-made transceiver surface

coil (∽ 2x2.7 cm), connected to the scanner, was placed on the head of the animal for

excitation and reception of signals. To acquire fMRI data, 3D echo planar imaging (EPI)

sequence was used for 15min and 25 s of scan time (925 volumes) in each trial with

parameters of 400x400x600 µm resolution, 48x48x32 matrix size, 12.5ms echo time (TE),

and 1 s repetition time (TR) with the whole brain coverage. To acquire anatomical brain

images for image registration purpose, the rapid acquisition with relaxation enhancement

(RARE) sequence was used with parameters of 600 µm slice thickness, 128x128 matrix

size, 150 µm in-plane resolution, 8x RARE factor, 32 slices, 9ms TE, and 4 s TR.

2.2.5 Extraction of pupil diameter in pupillometry

A video camera with 30mm x 21mm x 15mm dimension and 10mm focal length of

the lens was used to capture the pupil size during the fMRI experiment. Additionally,

an infrared LED light (wavelength: 880 nm) was placed next to the video camera to

increase the contrast of pupil image since the video was recorded in a dark environment.

Honestech VHS to DVD (version 2.0) was used to record the video with the following

parameters: 29.97 frames/second, 24 bits per pixel in RGB24, and 240 x 352 pixels. To

measure pupil size from the acquired videos, the DeepLabCut toolbox [168, 169] was

used. Four points were diagonally marked on the edge of pupil from 1330 frames of 73

videos (Figure 2.1a). Then, an artificial network was trained based on these labeled

frames using k-means clustering. This trained network computed the four points of all

frames from all 73 videos (Figure 2.1b, c).
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Figure 2.1 A representative example of pupil size extraction in DeepLabCut. a) four
points were labeled on the edge of pupil. b) The coordinates of four points
from all frames (15min) in one trial. c) The time course of x and y coordinates
for all four points across 15min of recording.

From the extracted four points, the pupil size (in pixels) was calculated with the

following equation 2.1 .

dpupil =

√
(x2 − x1)2 + (y2 − y1)2 +

√
(x4 − x3)2 + (y4 − y3)2

2
(2.1)

2.2.6 Data acquisition of calcium signals

The Ca2+ signal (GCaMP) at the ACC (A/P = +1.20mm, M/L = +0.50mm,

D/V = −1.80mm) was acquired using fiber photometry. The optical fiber (200 µm

diameter, FT200-EMT, Thorlabs) was connected between the ACC and a light path

setup. The analog signals from the light path setup were converted to digital signals

and recorded in Biopac 150 system at the sampling rate of 5 kHz.
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2.2.7 Data analysis of calcium signals

In order to evaluate the change of Ca2+ fluorescent signals, the acquired signals

were first normalized with the following equation:

Fchange =
∆F

F
(2.2)

Changes in fluorescent signals are depicted as Fchange, the fluorescent signal of a certain

time point as ∆F , and the initial fluorescent signal as F .

For extracting power of Ca2+ signals, spectral analysis was performed using the

wavelet decomposition with a specification of 0.5-10Hz frequency band and 2 s sliding

window from the raw data of Ca2+ signals. From the outcome of spectral analysis, the

Ca2+ spectral power was extracted between 0.5-10Hz. The extracted Ca2+ power was

filtered with the passband of 2-3Hz, using the filtfilt function of Matlab (R2020b, The

MathWorks Inc., Natick, Massachusetts, USA).

bandpass filtered with passband

2.2.8 Data analysis of fMRI signals

All functional data from each animal was first registered to the anatomical scan

of the same animal using the AFNI software package [170]. All anatomical RARE

scans across animals were registered to one RARE scan as a template to pair all data

of different animals using the 3dAllineate function of AFNI. Then, all EPI data were

registered using these transformation matrices. The preprocessed functional data were

filtered between 0.005 and 0.15Hz to perform further fMRI analysis such as correlation

analysis between pupil size and fMRI signals.
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2.3 Results

2.3.1 Simultaneous acquisition of fMRI, calcium signals, and pupil

size

We first established a multi-modal fMRI setup to investigate the brain state-dependent

relationship between pupil size and whole brain activities: simultaneous recordings of

whole-brain fMRI signals, fiber photometry calcium signals, and pupil size (Figure 2.2).

Figure 2.2 The experimental setup for multi-modal fMRI recordings. The diagram de-
scribes the calcium signal from the ACC (expressing GCaMP fluorescence),
pupil size fluctuations, 1st derivative of pupil size time course, the whole brain
fMRI signal, and the correlation between the fMRI and pupil size (Adapted
from Pais-Roldán et al., 2020) [10].

The pupil size was recorded as a video inside of the MRI scanner for 15min in

each trial. In a resting state under anesthesia, the pupil spontaneously dilated and

constricted across time (Figure 2.3a). In line with pupil size fluctuations, the power

of neuronal calcium signals from ACC, expressing GCaMP fluorescence (Figure 2.2),

also showed coherent fluctuations, most robustly observed between 2-3Hz in the power

spectrogram (Figure 2.3e, f). At the same time, the fMRI signal also fluctuated similarly
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with changes of pupil size (Figure 2.2). In particular, the 1st derivative of pupil size

time course (Figure 2.3b), indicating the change of pupil size (positive value for the

change when the pupil starts dilating and negative values when constricting), showed

global negative correlations with fMRI signals in the cortex but positive correlations in

brainstem regions (Figure 2.3c).

These results indicate that the brain state fluctuates in a resting state even under

anesthesia, and fMRI signals are tightly linked with the brain state dynamics.

2.3.2 Correlations of fMRI signals and pupil size

To investigate the correlation between pupil size and whole-brain functional data,

voxel-wise correlation analysis was performed. The resting-state fMRI signals showed

global negative correlations with pupil size fluctuation (Figure 2.4a). In particular, these

negative correlations were more robust in the cortical and thalamic regions, including

the cingulate cortex (Figure 2.4c). Interestingly, when the 1st derivative of pupil size

fluctuation was correlated with all voxels of fMRI signals, global negative correlations

appeared in the cortical and thalamic regions. Similar to the pupil size fluctuations (Fig.

2.4b, c). However, positive correlations emerged in the brainstem regions, most robustly

in A5 pontine tegmentum (Figure 2.4b, c, d).

2.3.3 Brain state-dependent correlations of fMRI signals and pupil

size

To investigate the brain state-dependent effect on the correlations between whole-

brain fMRI signals and pupil size, we evaluated Ca2+ signals from the ACC. The

strongest wave of Ca2+ signal was found between the 2-3Hz (Figure 2.5c). This re-

sult was also consistently observed in electrophysiology assessment (Figure 2.5b, g).

These analyses indicated that electrophysiology and Ca2+ signal recordings were com-

plementary to each other. The cross-frequency analysis demonstrated that the power of

2-3Hz Ca2+ signals coupled with the baseline fluctuation (0-0.5Hz) of Ca2+ signals in
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Figure 2.3 A representative example of temporal dynamics in pupil size, fMRI signal,
and Ca2+ signal. a) Pupil size fluctuation across 15min of a resting state. b)
The 1st derivative of pupil size. c) Correlations between 1st derivative of pupil
size and the whole fbrain regions. d) The trace of time-varying fMRI-inferred
brain state (tv-fMRI-bs), e) The power of Ca2+ signals between 2-3 Hz. f)
Power spectrogram of Ca2+ signals along with pupil size fluctuations (black
trace) (Adapted from Pais-Roldán et al., 2020) [10].
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Figure 2.4 Voxel-wise correlations between resting-state fMRI signals and pupil size. a)
The whole-brain voxel-wise fMRI correlation map with pupil size fluctuation
and b) 1st derivative of pupil size fluctuation) across all trials (n = 71, 10
animals). c) A table showing statistical significance of correlations between
specific brain regions and pupil size fluctuation and 1st derivative of pupil
size fluctuation. d) The brainstem fMRI correlation map with 1st derivative
of pupil size fluctuation. White arrows indicate the noradrenergic cell group
5 (A5) region Note: [--] p < 0.005, [+++]&[---] p < 0.001 (Adapted from
Pais-Roldán et al., 2020) [10].
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39.4% of trials (n= 28) but did not in the rest of 60.6% of trials (n= 43; Figure 2.5h).

Interestingly, whole-brain fMRI correlation map showed that the 1st derivative of the

pupil size was positively correlated with fMRI signals in the brainstem, particularly A5

regions, among trials when the 2-3Hz and baseline Ca2+ signal did not couple (Figure

2.5i). However, these robust positive correlations in the A5 regions were not observed

among 2-3Hz/baseline coupled trials.
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Figure 2.5 Brain state-dependent correlations of fMRI signals and pupil size based on
Ca2+ signals. a) A schematic showing that the Ca2+ signal was separated
into 2-3 Hz and slow fluctuations. b) An example of simultaneous LFP and
Ca2+ recordings for 30min. The enlarged picture shows 25 s of the time
window. c) Power spectral density of Ca2+ signal from all animals (n=64,
10 animals). d) Each peak of Ca2+ signals (grey trace) and its average (blue
trace) within a trial. e) Averaged MUA at each peak of Ca2+ signals. f) Each
peak of LFP signals (grey trace) and its average (black trace). g) Linear
correlation of Ca2+ and LFP signals. h) Cross-frequency coupling analysis
between baseline (0-0.5Hz) Ca2+ signals and 2-3Hz power of Ca2+ signals.
i) Voxel-wise fMRI correlation map with 1st derivative of pupil size from 2-
3Hz/baseline uncoupled (left) and coupled trials (right), as well sagittal and
coronal views of brainstem regions (Adapted from Pais-Roldán et al., 2020)
[10].
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2 Chapter II: Multi-modal fMRI measurements for brain state assessments

2.4 Discussion

In the work of Chapter II, we measured fiber photometry neuronal Ca2+, whole-

brain BOLD fMRI signals, and pupil size simultaneously to identify brain state-dependent

correlations between pupil size and whole brain activity in anesthetized animals. Changes

in pupil size (the first derivative of the time course of pupil size) were negatively cor-

related with the whole-brain fMRI signals globally but positively with noradrenergic

A5 regions in the brainstem in a trial-specific manner. The positive correlation in the

A5 region appeared only under a specific brain state that showed decoupling between

fluctuations of the baseline Ca2+ signal (below 0.5Hz) and 2-3Hz Ca2+ power in cross-

frequency analysis. These results demonstrate that distinct correlation features between

pupil size and brain activity are observable under different brain states of anesthesia,

particularly in pupil- and arousal- related neuromodulatory regions.

Fluctuation of pupil size is associated with dynamics of cortical activity, presenting

changes in the degree of arousal during wakefulness, sleep, or anesthesia in animals

[9, 16, 17, 20]. In consistency with these studies, our results also demonstrated that pupil

size spontaneously fluctuated (dilation and constriction of pupil size recurring) during

15min of resting state under anesthesia (Figure 2.3a, b). Furthermore, the changes of

pupil size also coincided with the fluctuation of low frequency Ca2+ power at the ACC

(Figure 2.3f), similar to a previous sleep study demonstrating that pupil size oscillation

correlates with power fluctuation of low frequency LFP bands under unconsciousness

[20].

Our observation indicated that the changes of pupil size were also associated with

the fluctuations of BOLD fMRI signals (Figure 2.4a). The global BOLD fMRI signal was

negatively correlated with both the pupil size and the first derivative of pupil size, more

robustly in the cortical and thalamic regions (Figure 2.4a, b), similar to a previous report

demonstrating that the cortical resting-state fMRI signal is negatively correlated with

arousal fluctuation of eye movements (opening and closing of eyes) [12]. Despite these

global negative correlations, the first derivative of pupil size was positively correlated

with the noradrenergic A5 region (Figure 2.4c, d). The noradrenergic neurons in the
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2.4 Discussion

A5 region project to other arousal-regulating regions such as the parabrachial nucleus

and periaqueductal gray [171, 172]. Neuronal activity of the A5 region is known to vary

under different brain states of unconsciousness [173], and their neurons project to other

arousal-regulating regions such as the parabrachial nucleus and periaqueductal gray

[171, 172], suggesting that the A5 activity may possibly be involved in regulating brain

states and pupil size. This strong positive correlation in the A5 region appeared only

with the first derivative of the pupil size change, e.g., changes in dilation or constriction,

rather than with the direct fluctuations of the pupil size (Figure 2.4a, b). This fact

suggests that A5 activity may contribute more to brain state transitions instead of

brain state maintenance, although further investigations are necessary to understand

the link between pupil size and A5 activity, e.g., direct activation of A5 neurons using

optogenetics and measurement of pupil size concurrently.

The GCaMP6f-mediated neuronal Ca2+ signal from fiber photometry represents

comparable neuronal activity from the electrophysiology recording (Figure 2.5b, e, g),

consistent with the previous studies [140, 174]. Therefore, simultaneous measurements

of Ca2+ and BOLD fMRI signals can be a useful setup to evaluate state-dependent

whole brain activity. From our acquired Ca2+ signals, we observed that the baseline

Ca2+ signal fluctuation (below 0.5Hz) coupled with the 2-3Hz Ca2+ power in 40% of

trials but decoupled in the rest of 60% in the cross-frequency analysis (Figure 2.5h),

suggesting the presence of distinct brain states since the coupling features of low- and

high- frequency bands switch in a brain state transition [11]. Interestingly, the positive

correlation between pupil size and the A5 region emerged only in trials where baseline

Ca2+ fluctuation uncoupled with 2-3Hz Ca2+ power (Figure 2.5i), demonstrating that

coupling features of pupil size and A5 activity are brain state-dependent.

As discussed in Chapter I, the classification of distinct brain states is still contro-

versial, especially in the context of anesthesia. However, brain state transitions clearly

appear under anesthesia, coinciding with neuronal signal and/or pupil size changes

[11, 16–19]. These fluctuations also appear under sleep or wakefulness in the same

manner [9, 20]. These different brain states are often distinguishable from exploratory
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2 Chapter II: Multi-modal fMRI measurements for brain state assessments

analysis across cross-scale recording techniques, e.g., correlations between pupil size and

electrophysiology/fMRI signals [12, 20, 23]. Although we have to take into account the

fact that interpretation of brain state fluctuations differs from ones without anesthetics,

our study here could distinguish different correlation patterns between changes of pupil

size and BOLD fMRI fluctuation under distinct brain states of anesthesia.

In summary, this study reported unique coupling features across the fields of fMRI,

Ca2+ signal, and pupil size responses. We demonstrated the brain state-dependent

positive correlation features between changes of pupil size and A5 activity in fMRI

signal that varies depending on coupling features of baseline Ca2+ signal fluctuation

with 2-3Hz Ca2+ power. Although further investigation of the coupling mechanisms in

brain states without anesthesia might be necessary for future research, this study can

contribute to understanding brain state-dependent pupil regulation in a whole brain

perspective.
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3 Chapter III: Evaluation of the brain

state through lateral hypothalamic

activities

3.1 Introduction

All work in this Chapter III has been already posted in bioRxiv (an open access

preprint server) in 2021 [175]. The work can be published in a peer-reviewed journal in

the future.

Although Chapter II provides a solid platform to evaluate the brain-state depen-

dent correlations between pupil size and regional/whole brain activities, the study still

lacks of evaluation to understand more specific brain states such as an indication of

different arousal levels and compare the attributes with electrophysiology. One possi-

ble approach for brain state evaluation can be to investigate the interactivity between

dynamics of pupil size and LH/ACC signals since interactions between pupil dynamics

and fluctuation of cortical electrophysiology amplitudes appear with negative correla-

tions during a low arousal state of unconsciousness [20]. As mentioned in Chapter I,

multiple subcortical and brainstem regions, including the LH and LC, are involved in

regulating the brain state [39, 49, 50, 59]. Noradrenergic interactions between the LC

and ACC especially play an important role in adjusting pupil size and different degrees

of arousal such as wakefulness and various sleep stages [39, 45, 50, 63, 90, 93]. This

attribute indicates that the ACC’s activity can reflect pupil dynamics and might be key
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

to evaluate arousal-related brain states. Although the contribution of the LC-ACC no-

radrenergic projection to brain state and pupil size regulations is vital, other subcortical

regions and neuronal projections are also involved in the change of brain state and pupil

size by interacting with ACC [46, 48, 63]. In fact, neuronal activity of ACC correlates

positively and negatively with pupil size changes depending on trials [46]. Hence, a more

convoluted mechanism involving subcortical regions could be involved in pupil size and

brain state changes.

One key region that regulates pupil size and brain states is the LH since neuronal

discharges of different cell types in the LH mediate distinct brain states [65, 74, 79, 80].

Moreover, the LH contributes to pupil size regulation through neural circuits to the LC

and EWN [59, 86, 176]. Interestingly, the LH also contains neuronal projections to the

ACC [84], but functional attributes of the ACC and LH relations have not been thor-

oughly understood especially in regard to the roles of concurrent brain state and pupil

size regulations. Hence, the aim of Chapter III is to evaluate brain state-dependent vari-

ations of correlation features between pupil size and whole brain activity by investigating

the interaction between ACC and LH activities.

In this study, we performed two independent multi-modal brain signal recordings

in anesthetized animals to evaluate brain state-dependent pupil dynamics: 1) simul-

taneous measurements of pupil size and electrophysiological signals at the ACC and

LH, 2) simultaneous measurements of pupil size, GCaMP-mediated Ca2+ signals at the

ACC, and whole-brain BOLD fMRI. In the multi-modal electrophysiology study, we

first detected two phases of correlation patterns (positive and negative correlations)

between dynamics of pupil size and LFP power at the ACC and LH across record-

ing trials. To further investigate in-depth features of these positive and negative cor-

relation trials, we conducted cross-frequency analyses and characterized two different

brain states. For instance, higher phase-amplitude coupling values (coupling of delta

phase with theta/alpha/beta/gamma amplitude) from the ACC appeared in trials that

showed negative correlations between pupil size and LH LFP delta power, indicating a

low arousal state within unconsciousness. In the multi-modal fMRI study, a consistent
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distinction of correlation features between dynamics of pupil size and Ca2+ power in the

ACC was identified by looking at the correlations between pupil size and LH fMRI signal

fluctuations, characterizing analogous brain states from LH activity between fMRI and

electrophysiology recordings. This study portrayed unique distinction of brain states

under anesthesia based on LH-ACC circuit-specific coupling features with pupil size.
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

3.2 Methods

3.2.1 Subjects

Nine Sprague Dawley rats (Strain: Crl:CD(SD), Sex: Male, Charles River Lab-

oratories, Sulzfeld, Germany) were used for multi-modal fMRI experiments and nine

Sprague Dawley rats for multi-modal electrophysiology experiments. The age of rats at

the time of experiments was between 3-6 months.

3.2.2 Surgical procedures for multi-modal electrophysiology

experiments

All surgical details for cannulation of the femoral artery and vein are described

in Chapter II (see 2.2.3 Method) since the same operations were performed in this ex-

periment. Once the cannulation surgeries were complete, the animal was moved to a

stereotactic device pronely for electrode insertion in the ACC and LH. The animal’s head

was fixed on the stereotactic device with earpieces and a bite bar, and then the head

hairs were shaved. The shaved area was cleaned with 70% alcohol. A sagittal midline

incision was made on the cleaned area to expose the skull. A craniotomy (< 1mm diam-

eter) was performed on the surface of the skull above the ACC (A/P= +1.20mm, M/L=

+0.50mm) and LH (A/P= -3.20mm, M/L= +1.50mm). A tungsten electrode (1MΩ

resistance; FHC Inc) was inserted into -1.50mm depth above the ACC and -7.80mm

above the LH respectively from the surface of the brain by using the stereotactic device.

Then, an intravenous infusion of alpha-chloralose anesthesia (a bolus of (∽ 80mg/kg)

was performed through the catheter connected to the femoral vein, and inhalation of

isoflurane was stopped at the same time. The body temperature of the animal was con-

stantly monitored and maintained between 37-38 ◦C using a warm water heating pad.

Throughout the experiment, alpha-chloralose anesthesia (∽ 25mg/kg/h) and pancuro-

nium (∽ 2mg/kg/h) were provided through the catheter in the femoral vein using an

infusion pump.
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3.2.3 Data acquisition in electrophysiology experiments

Electrophysiology signals were acquired from LH and ACC using a single-channel

tungsten electrode in each brain region. In addition to these recording electrodes, a

silver wire was positioned in the space between skin and skull above the cerebellar areas

for the purpose of ground and reference. Each electrode was connected to a custom-built

preamplifier (25x gain and 0.1Hz high pass) through a wire cable inside of a Faraday

cage. This preamplifier was connected to an amplifier (MCP-Plus 8, Alpha Omega LTD;

20x gain and 10 kHz low pass), located outside of the cage. Signals from the amplifier

were converted from analog to digital by using CED Power1401-3A (Cambridge Elec-

tronic Design). These digitally converted signals were recorded in the Spike 2 software

(Cambridge Electronic Design). By combining the amplification factors from the pream-

plifier and amplifier, electrophysiology signals were acquired with a total amplification

of 500 times at a sampling rate of 25 kHz. Additionally, the onset time for electrophysi-

ology recording was controlled by MacroRecoder software in order to maintain the exact

same onset time between electrophysiology and pupil size measurements.

3.2.4 Surgical procedures and data acquisition for multi-modal

fMRI experiments

All details for stereotaxic injection of viral vectors and measurements of fMRI and

Ca2+ signals are described in Chapter II (see Method 2.2.2, 2.2.3, 2.2.4, and 2.2.6) since

the same surgical procedures were performed in this study.

3.2.5 Extraction of pupil diameter in pupillometry

All details of pupillometry for fMRI experiments are described in Chapter II (see

Method 2.2.5) since the same methodological procedures were used. For the recording

of pupil size in electrophysiology experiments, OBS studio was used to record the video

with the following parameters: 30 frames/second, 8 bits per pixel in RGB24, and 628x586

pixels. By using the DeepLabCut toolbox [168, 169], four points were diagonally marked

39



3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

on the edge of the pupil from 200 frames in each animal (Figure 2.1a). Then, an

artificial network was trained based on these labeled frames using k-means clustering.

This trained network computed the four points of all frames from all videos in each

animal (Figure 2.1b, c). From the extracted four points, the pupil size was calculated

with the above equation, mentioned in Chapter II (See Equation 2.1).

3.2.6 Electrophysiology analysis

All acquired data from Spike 2 software was first converted to the .mat file in

order to perform data analysis in Matlab. Spectral analysis was first performed using

the wavelet decomposition with a specification of 0.5-100Hz frequency band and 2 s

sliding window on the raw data of electrophysiology signals. From the outcome of

spectral analysis, the LFP power was extracted between 0.5-100Hz. This LFP power

was filtered, using the filtfilt function of Matlab, into six different frequency bands of

neuronal oscillations: delta wave (1-4Hz), theta wave (4-7Hz), alpha wave (7-14Hz),

beta wave (15-30Hz), low gamma wave (30-60Hz), and high gamma wave (60-100Hz)

according to the classification of neuronal oscillations in sleep from an animal study [20].

The power time series of each frequency band was smoothed with a 10 point moving

average window, using the filtfilt function of Matlab.

Correlation analysis

Correlation analysis evaluates the degree of similarity between two variables of

measurement. In our correlation analysis, pupil size and LFP power fluctuations were

compared using the corrcoef function of Matlab.

Phase locking value

The phase locking value (PLV) analysis assesses phase synchronization of brain

signals from two different recording electrodes (ACC and LH) in this study. The outcome

indicates the functional connectivity between two brain regions [177]. Before performing

the PLV analysis, the original electrophysiology data from the ACC and LH were first
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downsampled from the sampling rate 25 kHz to 5 kHz. From the downsampled data,

phase angles were calculated by applying the Morlet wavelet and fast Fourier transform.

These phase angles were used to calculate the PLV using the following equation:

PLV =

∣∣∣∣∣
∑n

t=1 e
i(ϕLH(t)−ϕACC(t))

n

∣∣∣∣∣ (3.3)

In the Equation 3.3, ϕLH(t) and ϕACC(t) depict phase angles in the time series from the

LH and ACC, ei depicts the complex exponential function, n depicts the number of

sampling points.

Coherence

Coherence analysis evaluates the degree of synchronization between two different

recording electrodes in the frequency domain [178]. To perform the coherence analysis,

the original electrophysiology data from the ACC and LH with a sampling rate of 25 kHz

were first downsampled to a sampling rate of 5 kHz. The magnitude-squared coherence

was evaluated by applying these downsampled data in the Matlab mscohere function

with a specification of 2 s Hanning window and 1s overlap. By using the mscohere

function, functional connectivity has been previously investigated in electrophysiology

analysis [179].

Phase-amplitude coupling

Phase-amplitude coupling analysis assesses a degree of synchronization between

the phase of low frequency band and amplitude of high frequency band from electro-

physiology signals and suggests brain state modulation [180, 181]. First, phase an-

gles of delta band was calculated using the angle and hilbert functions of Matlab.

The amplitude of higher frequency bands (theta, alpha, beta, low gamma, and high

gamma bands) was calculated using the envelope function of Matlab. To perform

the phase-amplitude coupling analysis, the modulation index (MI) [181] was evaluated

from the calculated phase angles and amplitudes using the modulation_index function
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

(https://github.com/pierremegevand/modulation_index) in Matlab.

3.2.7 Calcium signal analysis

To extract Ca2+ power, spectral analysis was performed using the wavelet decom-

position with a specification of 0.5-100Hz frequency band and 2 s sliding window from

the raw data of Ca2+ signals. From the outcome of spectral analysis, the Ca2+ power

was extracted between 0.5-10Hz frequency. The extracted Ca2+ power was filtered to

1-4Hz (the same frequency range as the LFP delta band) by using the Matlab filtfilt

function. The extracted 1-4Hz Ca2+ power was used for correlation analysis with pupil

size and fMRI signals using the corr and corrcoef functions of Matlab.

3.2.8 fMRI analysis

All details for preprocessing of fMRI data are described in Chapter II (see Method

2.2.8) since the same analytical procedures were performed in this study. The prepro-

cessed fMRI data were first filtered between 0.01 and 0.1Hz using the filtfilt function

of Matlab. The filtered fMRI data were used for correlation analysis with pupil size

and 1-4Hz Ca2+ power fluctuations, using the corr function of Matlab. By using the

calculated correlation coefficient, t-values for voxel-wise correlation were computed in

Matlab to compare the fMRI correlation maps with previous studies [10, 165]:

t =
r
√
n− 2√
1− r2

(3.4)

In the Equation 3.4, t depicts t-value, n depicts the number of sampling points, r

depicts correlation coefficients. The t-value fMRI map from each trial was overlaid on

the anatomical scan using AFNI [170]. To identify brain regions of the t-value fMRI

map, anatomical images with t-values were additionally overlaid on the rat brain atlas

[167]
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3.2.9 Thresholding to distinguish positive and negative correlations

in each correlation analysis

Electrophysiology and pupil size correlation

To determine the thresholds of positive, no, and negative correlations between LFP

band power and pupil size fluctuations, correlations between the randomized time course

of pupil size and delta power with 10,000 permutations were first calculated with the

corrcoef and randperm functions of Matlab. Then, 95% confidence intervals from the

null distribution of these 10,000 correlations were computed (Figure S2). If correlation

coefficients of experimental trials exceeded above the upper limit of 95% confidence

interval (above 0.065 correlation coefficients), the trials were considered as a positive

correlation. If correlation coefficients of experimental trials fell below the lower limit of

95% confidence interval (below -0.065 correlation coefficients), the trials were considered

as a negative correlation. The remaining trials (−0.05 < correlation coefficients < 0.065)

were considered as no correlation. The null distribution of 10,000 correlations between

the randomized time course of pupil size and delta power exhibited a normal distribution

and differed from the distribution of experimentally acquired correlations between pupil

size and delta power (Figure S2). These results indicated that the correlation between

LFP delta power and pupil size fluctuations was not generated by random chance.

Ca2+ and pupil size correlation

In the same manner as the determination of thresholds for positive, no, and negative

correlations between LFP band power and pupil size fluctuations, correlations between

the randomized time course of pupil size and 1-4Hz Ca2+ power with 10,000 permuta-

tions were also calculated with the corrcoef and randperm functions of Matlab. Then,

95% confidence intervals from the null distribution of these 10,000 correlations were

computed (Figure S6). If correlation coefficients of experimental trials exceeded above

the upper limit of 95% confidence interval (above 0.065 correlation coefficients), the

trials were considered as a positive correlation. If correlation coefficients of experimen-
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tal trials fell below the lower limit of 95% confidence interval (below -0.065 correlation

coefficients), the trials were considered as a negative correlation. The remaining trials

(−0.065 < correlation coefficients < 0.065) were considered as no correlation. The null

distribution of 10,000 correlations between the randomized time course of pupil size and

1-4Hz Ca2+ power exhibited normal distribution and differed from the distribution of

experimentally acquired correlations between pupil size and 1-4Hz Ca2+ power (Figure

S6). These results indicated that the correlation between 1-4Hz Ca2+ power and pupil

size fluctuations was not generated by a random chance.

Pupil size and fMRI correlation

To determine the thresholds of positive, no, and negative correlations between pupil

size and fMRI signal fluctuations, correlation between the randomized time course of

pupil size and fMRI in the LH was also calculated with the corr and randperm func-

tions of Matlab. Then, t-value for the correlation was computed based on the Equa-

tion 3.4, and 10,000 permutations were performed. The ROI for the LH was selected

from a coronal slice of anatomical scans (A/P = -3.2mm, 33 voxels), the same loca-

tion where LFP recording for the LH was conducted. From the obtained 10,000 t-

values for correlation, 95% confidence intervals of the null distribution were computed

(Figure S10). If the t-value from experimental trials exceeded above the upper limit

of 95% confidence interval (t-value> 1.96), the t-value was considered as a positive

correlation. If the t-value from experimental trials fell below the lower limit of 95%

confidence interval (t-value< −1.96), the t-value was considered as a negative corre-

lation. The remaining t-values (−1.96 < t-value < 1.96) were considered as no cor-

relation. The null distribution of 10,000 t-values between the randomized time course

of pupil size and fMRI exhibited normal distribution and differed from the distribu-

tion of experimentally acquired t-values between pupil size and fMRI (Figure S10).

Furthermore, the false discovery rate (FDR) correction was applied for the statistical

correction of a t-value correlation map between fMRI voxel (20,022 voxels) and pupil

size, using the FDR function in Matlab with alpha 0.05 (https://www.mathworks.com/
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3.2 Methods

matlabcentral/fileexchange/71734-fdr-false-discovery-rat). After the FDR

correction, the threshold of positive correlation was t-value > 2.54 and negative correla-

tion was t-value < −2.54 in the whole-brain t-value correlation map (Figure 3.4c,Figure

S9).

Ca2+ and fMRI correlation

T-value correlation map for fMRI and 1-4Hz Ca2+ power was computed in the same

manner as the t-value correlation map of pupil size and fMRI signal as described in the

above section 3.2.9 ”Pupil size and fMRI correlation”.
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3.3 Results

3.3.1 Relationship between pupil size and LFP signals at the LH

and ACC

Electrophysiology signals were recorded from tungsten electrodes placed on the

LH and ACC of anesthetized animals with simultaneous pupil size measurements for

15min (Figure 3.1a). The power spectrogram of the electrophysiology signals showed the

strongest power in the range of LFP 1-4Hz (Figure 3.1b). In parallel, the pupil size also

fluctuated similarly with the change of LFP 1-4Hz power (Figure 3.1b). Interestingly,

this coupling of pupil size and LFP power appeared with positive, no, and negative

correlations across different trials in both ACC and LH (n = 89, 9 animals; Figure 3.1c,

d). These unique variations of correlation patterns were also confirmed across different

trials of each animal (Figure S1). Since the 1-4Hz power was the strongest frequency

band that we could observe under anesthesia, we performed in-depth examinations of

delta (1-4Hz) power and pupil size fluctuation. The positive and negative correlations of

LFP delta power in the LH and pupil size fluctuations were more uniformly distributed

([positive corr]: 52% (n = 46), [no corr]: 4% (n = 4), [negative corr]: 44% (n = 39);

Figure 3.1e, left). However, the correlation pattern was more negatively distributed

in the ACC LFP recording ([positive corr]: 13% (n = 12), [no corr]: 8% (n = 7),

[- corr]: 79% (n = 70); Figure 3.1e, right). The thresholds to determine the positive

and negative correlations were calculated by 95% confidence intervals of null distribution

from 10,000 permuted correlations between the randomized time course of pupil size and

delta power (See Method 3.2.9 and Figure S2). The two-sample Kolmogorov-Smirnov

test [182] showed that distributions of the correlation between the ACC and LH were

significantly different (p = 5.1×10−7; Figure 3.1f). When pupil size and LH delta power

fluctuations showed negative correlations (LFP-Group 1), pupil size and ACC delta

power correlations were always negative (Figure 3.1g). However, when pupil size and

LH delta power fluctuations showed positive correlations (LFP-Group 2), pupil size and

ACC delta power were both positively and negatively correlated (Figure 3.1g). These
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correlations between pupil size and ACC delta power of LFP-Group 1 and 2 differed

significantly in the evaluation of two-sample t-tests (p = 5.2 × 10−10; Figure 3.1g).

These results suggest that the correlation feature between pupil size and LH activity

may indicate differences in the brain state.

3.3.2 Identifying different brain states from time–frequency analysis

To characterize different brain states based on the correlations of pupil size and LH

delta power fluctuations (LFP-Group 1 and 2), time-frequency analysis was performed.

First, the power spectral analysis exhibited the peak of LFP mean power on both the

LH and ACC at 2Hz in LFP-Group 1 but 3Hz in LFP-Group 2 (Figure 3.2a, Figure

S3). Similarly, the PLV analysis also presented differences on phase synchronization

of LH and ACC LFP signals: the PLV was higher at 2Hz in LFP-Group 1 but at

3Hz in LFP-Group 2 (Figure 3.2b, c and Table S1). The PLV between LFP-Group 1

and 2 differed significantly at 2Hz (p = 4.8 × 10−7) and 3Hz (p = 8.8 × 10−7) in the

evaluation of two-sample t-tests. In consistency with the PLV analysis, the coherence

between LFP signals of ACC and LH also exhibited the highest synchronization in

the frequency domain at 2Hz in LFP-Group 1 but 3Hz in LFP-Group 2 (Figure 3.2d

and Figure S4). Furthermore, the phase-amplitude coupling analysis indicated that MI

between the phase of low frequency band (delta) and amplitude of higher frequency

bands (theta, alpha, beta, low gamma, and high gamma) in the ACC showed higher

values in LFP-Group 1 compared to LFP-Group 2 (Figure 3.2e and Table S2). The

two-sample t-tests also confirmed that the MI between LFP-Group 1 and 2 for the ACC

differs significantly (p = 1.9 × 10−12 for delta-theta, p = 4.6 × 10−12 for delta-alpha,

p = 1.9 × 10−11 for delta-beta, p = 1.5 × 10−5 for delta-low gamma, p = 5.9 × 10−8

for delta-high gamma). Similarly, comparable results were also observed in the LH that

the MI in LFP-Group 1 showed significantly higher values compared to LFP-Group 2

except delta-low gamma interactions (p = 2.6 × 10−8 for delta-theta, p = 2.4 × 10−7

for delta-alpha, p = 3.2× 10−8 for delta-beta, p = 0.0013 for delta-high gamma; Figure

S5 and Table S3). These examinations suggest different neural coupling mechanisms
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Figure 3.1 Correlation analysis between pupil size and LFP power band fluctuations. a)
A diagram showing the locations of the ACC and LH where the electrodes
were placed for electrophysiological signal recording as well as image examples
of pupil dilation and constriction. b) A representative example of power
spectrogram from a 15min LFP recording at the ACC. The pink trace depicts
changes in pupil diameter. c) Correlations between pupil size and each LFP
power band fluctuations at the LH (circle markers) and ACC (cross markers)
(89 trials, 9 animals). (the caption continues to the next page)
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Figure 3.1 The positive correlation is depicted by green markers, no correlation by gray
markers, and negative correlation by red markers. d) Representative exam-
ples of pupil size (pink trace) and LFP delta power (blue trace) fluctuations
at the LH (left Figures) and ACC (right Figures), showing positive (upper
Figures) and negative (lower Figures) correlations. e) Correlations between
pupil size and delta power at the LH (left) and ACC (right) across all trials
(89 trials from 9 animals). The positive correlation is depicted by green mark-
ers, no correlation by gray markers, and negative correlation by red markers.
The boxplots and pink traces depict the distribution of correlations. The pie
charts depict the percentage of positive, no, and negative correlations across
trials. f) The distribution of correlations between pupil size and delta power
at the ACC and LH in violin plots. g) Grouping the correlations based on
trials when LH delta power and pupil size fluctuations were positively (named
LFP-Group 1, orange circle) or negatively (named LFP-Group 2, blue circle)
correlated. The blue dashed lines depict the thresholds of positive (correlation
coefficents = 0.046) and negative (correlation coefficents = -0.046) correla-
tions. Note: *** p < 0.001, ** p < 0.01, * p < 0.05 (Adapted from Takahashi
et al., 2021) [175].

between ACC and LH under the two different states of anesthesia, similar to previous

studies of different brain states in sleep [183–185].

3.3.3 Examination of Ca2+ signal coupling with pupil size and whole

brain fMRI signal

Here, simultaneous recording of pupil size, BOLD fMRI, and Ca2+ signal was con-

ducted to investigate the coupling features between whole-brain activity and pupil size,

which vary depending on the brain state (Figure 3.3a). The Ca2+ signal, recorded from

GCaMP expressing neurons through fiber photometry, showed the strongest power in

the range of 1-4Hz in the power spectrogram (Figure 3.3b), similar to the power spectro-

gram of LFP (Figure 3.1b). In parallel, the pupil size also fluctuated with the change of

Ca2+ 1-4Hz power (Figure 3.3b). The coupling of pupil size and Ca2+ power appeared

with positive, no, and negative correlations across different trials in the ACC but showed

a more negative distribution ([positive corr]: 11% (n = 7), [no corr]: 20% (n = 12),

[negative corr]: 69% (n = 42), 9 animals; Figure 3.3c, d), similar to the correlation
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

Figure 3.2 Power spectrum and cross frequency analyses. a) The distribution of LFP
power from the ACC(right) and LH(left). The orange lines indicate trials
when LH delta power and pupil size showed negative correlations (LFP-Group
1). The blue lines indicate trials when LH delta power and pupil size showed
positive correlations (LFP-Group 2). The standard error of the mean is indi-
cated by the shaded regions. b) Polar plots of phase-locking values from 2 and
3Hz electrophysiology signals between the ACC and LH in the LFP-Group 1
(orange) and 2 (blue). c) Phase-locking values from 1-5Hz electrophysiology
signals between ACC and LH in LFP-Group 1 (orange) and 2 (blue). (the
caption continues to the next page)
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Figure 3.2 d) Coherence of electrophysiology signals between the ACC and LH in LFP-
Group 1 (orange) and 2 (blue). The standard error of mean is indicated by
shaded regions. e) MI between phase angles of delta band and amplitudes of
theta, alpha, beta, low gamma, and high gamma bands from ACC in LFP-
Group 1 (orange) and 2 (blue). The standard deviation is depicted by error
bars. Note: *** p < 0.001, ** p < 0.01, * p < 0.05. (Adapted from Takahashi
et al., 2021) [175].

analysis of LFP delta power and pupil size (Figure 3.1e). The thresholds to determine

these positive and negative correlations were calculated by 95% confidence intervals of

null distribution from 10,000 permuted correlations between the randomized time course

of pupil size and Ca2+ 1-4Hz power (See Method 3.2.9 and Figure S6). The Ca2+ 1-4Hz

power from the ACC also exhibited both positive and negative correlations with fMRI

signals over different trials and brain regions (Figure S7). These positive and negative

correlations appeared more robustly under the trials when the Ca2+ 1-4Hz power fluc-

tuation was negatively correlated with pupil size (Figure 3.3f), compared to the rest of

trials (Figure S8). Particularly, positive correlations were more apparent in the cortical

and thalamic regions, but negative correlations were more apparent in the brainstem

and subcortcial regions, including the LH (Figure 3.3f, Figure S7). These results suggest

that ACC Ca2+ and fMRI coupling features can vary depending on different brain states

of anesthesia.

3.3.4 Characterizing different brain states from the coupling of

pupil size and LH BOLD fMRI

To investigate different brain states based on the correlations between LH activity

and pupil size in shaping the whole brain view and compare the results with LFP data

analysis (See Result 3.3.1 and 3.3.2), correlations between BOLD fMRI signal and pupil

size were evaluated. The whole brain fMRI correlation map with pupil size appeared to

have more negative correlations in the cortical and thalamic regions (Figure S9). The

correlation between dynamics of pupil size and fMRI signals appeared positively and

negatively depending on trials and brain regions (Figure 3.4a, b). In the LH, 33%(n =
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

Figure 3.3 Correlation analysis from multi-modal fMRI recordings. a) Simultaneous
recordings of pupil size, fMRI, and Ca2+ signals. b) A representative ex-
ample of a power spectrogram from a 15min Ca2+ signal recording at the
ACC. The pink trace depicts the changes in pupil diameter. c) Representa-
tive examples of pupil size (pink trace) and Ca2+ 1-4Hz power (blue trace)
fluctuations at the ACC, showing positive (right Figure) and negative (left
Figure) correlations. d) Correlations between Ca2+ 1-4Hz power at the ACC
and pupil size across all trials (61 trials from 9 animals). The boxplots and
pink traces depict the distribution of correlations. The pie charts depict
the percentage of positive (green), no (gray), and negative (red) correlations
across trials ([positive corr]: 11% (n = 7), [no corr]: 20% (n = 12), [negative
corr]: 69% (n = 42)). e) Representative examples of Ca2+ 1-4Hz power at
the ACC (blue trace) and fMRI signal (brown trace) fluctuations, showing
positive (upper Figure) and negative (lower Figure) correlations. (the caption
continues to the next page)
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Figure 3.3 f) A t-value correlation map between fMRI voxels and Ca2+ 1-4Hz power at
the ACC from the trials when Ca2+ 1-4Hz power fluctuation was negatively
correlated with pupil size (69%, n = 42). On the overlaid correlation map,
only the t-values above 2.25 and below -2.25 are displayed to demonstrate
positive and negative correlations. The magnified photo displays the posi-
tion of LH (A/P= -3.2mm), indicated by black polygons and white arrows.
(Adapted from Takahashi et al., 2021) [175].

20) of trials showed positive correlations between dynamics of LH fMRI signals and pupil

size and 67%(n = 41) no correlation, shown by t-values of correlations(Figure 3.4b). The

thresholds to determine these positive and negative correlations were calculated by 95%

confidence intervals of null distribution from 10,000 permuted correlations between the

randomized time course of pupil size and LH fMRI signals (See Method 3.2.9 and Figure

S10). These positive correlation trials were named as fMRI-Group 1 and negative as

fMRI-Group 2. In the fMRI-Group 1 trials, pupil dynamics were positively correlated

with fMRI signals in the subcortical and brainstem areas but negatively in cortical and

thalamic areas (Figure 3.4c). However, a significant correlation was not observed at the

whole brain level under the fMRI-Group 2 trials (Figure 3.4c). Furthermore, correlations

between dynamics of pupil size and Ca2+ 1-4Hz power at the ACC always appeared with

the negative sign in the fMRI-Group 1 trials but with random correlation patterns in

the fMRI-Group 2 trials (Figure 3.4d, e), demonstrating the compatible results with the

LFP analysis (See Result 3.1g). These t-values of correlations for dynamics of pupil

size and ACC Ca2+ power between fMRI-Group 1 and 2 differed significantly in the

evaluation of two-sample t-tests (p = 3.7 × 10−4; Figure 3.4d). Although the positive

correlation between pupil size and LH fMRI activity predicted the negative correlation

of pupil size and ACC Ca2+ power, the negative correlation between pupil size and

LH LFP delta activity predicted the negative correlation of pupil size and ACC LFP

delta power. This relationship may possibly be resulted from an opposite correlation

feature between LFP delta power and fMRI signals in the LH (See Discussion 3.4).

Moreover, correlations between dynamics of ACC Ca2+ power and whole-brain fMRI

signal appeared more significantly in the fMRI-Group 1 trials than the fMRI-Group 2
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3 Chapter III: Evaluation of the brain state through lateral hypothalamic activities

(Figure 3.4f). These results suggest that the correlation feature between fluctuations

of pupil size and LH fMRI signal can characterize different brain states, in consistence

with brain state differences from the LH LFP and pupil size relationship.
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Figure 3.4 a) Representative examples of pupil size (pink trace) and fMRI signal (green
trace) fluctuations, showing positive (left Figure) and negative (right Figure)
correlations. (the caption continues to the next page)
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Figure 3.4 b) Bar plots for correlations between pupil size and LH fMRI BOLD signal
across all trials (61 trials from 9 animals). The boxplots and pink curve
depict the distribution of correlations. The orange shaded color box shows
trials with the positive correlation (33%, n = 20), named fMRI-Group 1. The
blue shaded color box shows trials with no correlation (67%, n = 41), named
fMRI-Group 2. c) A t-value correlation map between fMRI voxels and pupil
size from the trials when the LH fMRI signal was positively (fMRI-Group 1,
top Figure) and not (fMRI-Group 2, bottom Figure) correlated with pupil
size. On the overlaid correlation map, only the t-values above 2.54 and below
-2.54 are displayed to demonstrate positive and negative correlations. The
sagittal photo displays the position of LH, indicated by a white arrow. d)
Correlations between Ca2+ 1-4Hz power at the ACC and pupil size from the
trials when the LH fMRI signal was positively (fMRI-Group 1, orange circle,
n = 20) and not (fMRI-Group 2, blue circle, n = 41) correlated with pupil
size. e) Plots demonstrating the association between two correlation analyses.
The scatter plot on the left shows t-values of correlations between pupil size
and LH fMRI BOLD signal from the trials (33%, n = 20). The scatter plot
on the right shows correlations between Ca2+ 1-4Hz power at the ACC and
pupil size (67%, n = 41). The orange color indicates the trials when the
LH fMRI signal was positively correlated (fMRI-Group 1) and the blue color
indicates the trials when the LH fMRI signal was not correlated (fMRI-Group
2). f) A t-value correlation map between fMRI voxels and Ca2+ 1-4Hz power
at the ACC from the trials when the LH fMRI signal was positively (fMRI-
Group 1, top Figure) and not (fMRI-Group 2, bottom Figure) correlated with
pupil size. On the overlaid correlation map, only the t-values above 2.54 and
below -2.54 are displayed to demonstrate positive and negative correlations.
The sagittal photo displays the position of LH, indicated by a white arrow.
Note: *** p < 0.001, ** p < 0.01, * p < 0.05 (Adapted from Takahashi et
al., 2021) [175].
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3.4 Discussion

This Chapter III demonstrated brain state-dependent coupling features between

dynamics of pupil size and whole-brain activity by investigating the LH and ACC of

anesthetized animals in multi-modal brain signal measures. In the electrophysiology

study, fluctuation of ACC LFP delta power was always negatively correlated with pupil

dynamics in trials when LH LFP delta power and pupil dynamics exhibited negative

correlations. On the other hand, correlations of ACC LFP delta power with pupil size

varied unpredictably in positive correlation trials between LH LFP delta power and

pupil dynamics. Based on these distinctive correlation features, we characterized two

distinct brain states (Named as LFP-Group 1 and 2) by performing cross-frequency

coupling analyses. Furthermore, these unique LH/ACC-pupil correlation patterns were

compatibly identified in the fMRI study, demonstrated by the appearance of the negative

correlation between dynamics of ACC 1-Ca2+ power with pupil size in all trials when LH

fMRI signal and pupil dynamics exhibited positive correlations. Overall, we identified

two different brain states from interactions of pupil and LH activity, confirmed by the

cross-frequency coupling analyses from LFP signals and correlations among pupil size,

LFP, Ca2+, and whole-brain fMRI signals.

Dynamics of pupil size are known to indicate changes in arousal levels, reflected

in brain signals from electrophysiology and fMRI signals [9, 12, 20, 23, 45]. However,

correlation features among dynamics of pupil size, electrophysiology, and fMRI signals

often vary across trials due to underlying brain state differences [20, 23, 46, 47, 153].

Our results also exhibited varied correlation patterns between fluctuations of pupil size

and LFP power in the ACC and LH of anesthetized animals across different recording

trials (Figure 3.1c, d). Anesthetized brain states express similar features of brain signals

from distinct sleep stages, possibly sharing common apparatus of brain state regula-

tion [21, 22]. These brain states during anesthesia, sleep, and wakefulness are com-

monly regulated by subcortical and brainstem regions such as the LH [15, 49, 65, 66].

For instance, neuronal activity of arousal-regulating cells in the LH decreases under

anesthesia and slow-wave sleep [65, 73]. Furthermore, optogenetic stimulation of these
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arousal-regulating LH neurons leads to a brain state transition from anesthesia or sleep

to wakefulness [15, 74]. On the other hand, the neuronal activity of MCH cells, sleep-

promoting neurons, does not change under anesthesia [65]. Thus, LH activity alters

depending on the underlying brain state. The LH is also involved in modulating pupil

size through neuronal projections to pupil-regulating circuits [59, 86]. These factors sug-

gest that the varied LH activities under different brain states of anesthesia might have

produced different correlation patterns between dynamics of pupil size and LFP power

in our result (Figure 3.1c, d).

In addition to the interaction of LH activity with pupil dynamics, we observed that

ACC activity is also linked with pupil dynamics as well as LH activity (Figure 3.1e and

3.2c,d). The ACC appears in the default mode network in both animals and humans

[91], and the activity of ACC varies depending on the underlying brain state since the

default mode network under a low arousal state exhibits a reduced involvement of ACC

activity in comparison to a high arousal state [24, 92]. The ACC mediates brain states

through bidirectional projections to the LC and also contributes to modulating pupil size

since noradrenergic neurons in the LC are key neurotransmitters for both brain state and

pupil size regulation [10, 41, 90, 186]. However, correlations between dynamics of pupil

size and ACC activity in our study showed both positive and negative correlations across

different recording trials (Figure 3.1c, d, e). This observation of variation in correlations

suggests that interaction between pupil size and ACC activity is not simply caused by

noradrenergic innervation of LC. Since both ACC and LC receive projections from the

LH that also mediates both pupil size and brain states [13, 83, 84], we propose that the

varied interaction features between pupil size and ACC activity are mediated by the LH.

Our observation for correlations between fluctuations of pupil size and ACC delta

power always showed negative correlations among trials when LH delta power was neg-

atively correlated with pupil size, named as LFP-Group 1 (Figure 3.1g). However, these

interactions of ACC and pupil appeared more randomly, showing positive and negative

correlations, among trials when LH delta power was positively correlated with pupil

size, named as LFP-Group 2 (Figure 3.1g). Correlation features between dynamics of
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pupil size and brain signals in electrophysiology or fMRI vary depending on underly-

ing brain states [20, 23]. Particularly, stronger negative correlations between the power

of low frequency electrophysiology signal and pupil size fluctuations indicate a lower

arousal state during unconsciousness [20]. Thus, our results indicate that LFP-Group

1 represents a low arousal state under anesthesia. In fact, the power spectral density

of electrophysiology signals from the ACC and LH showed the peak power at 2Hz in

LFP-Group 1 but 3Hz in LFP-Group 2 (Figure 3.2a), showing similar tendencies as

in sleep studies where the peak frequency appears around 2Hz during a lower arousal

state of unconsciousness but 2.5-3Hz during a higher arousal state of unconsciousness in

cortical areas [184, 185, 187, 188]. Furthermore, phase-amplitude coupling values (See

Method 3.2.6) in LFP-Group 1 were higher than LFP-Group 2, also demonstrating that

LFP-Group 1 is a lower arousal state since a deeper state of unconsciousness (anesthesia

and sleep) expresses higher phase-amplitude coupling values [180, 183, 189]. Between

LFP-Group 1 and 2, functional connectivity of ACC and LH also switched as both PLV

and magnitude-squared coherence appeared with different synchronization frequencies

(2Hz in LFP-Group 1 but 3Hz in LFP-Group 2), in consistence with previous studies

showing changes of PLV and coherence upon brain state alteration during sleep or anes-

thesia) [190–192]. Therefore, we demonstrated brain state differences under anesthesia

(LFP-Group 1 vs. 2) by performing cross-frequency analysis from electrophysiology

signals at the LH and ACC.

To track brain state fluctuations, changes of pupil size are commonly monitored to-

gether with fMRI [12, 23, 165]. In Chapter II 2.3.2, we demonstrated the global BOLD

fMRI signal correlates negatively with changes of pupil size (See Figure 2.4a, b). This ob-

servation is in consistence with previous reports demonstrating the negative correlation

between dynamics of pupil size and cortical low frequency LFP power during anesthe-

sia and sleep [16, 20]. However, the correlation patterns in both electrophysiology and

fMRI measurements vary under different brain states [10, 20, 23]. Our results also ex-

hibited various correlations between dynamics of pupil size and electrophysiology/fMRI

signals across trials (Figure 3.1c,d,e, and 3.4a,b). Similar to the observation of vari-
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ous correlations between LH LFP and pupil dynamics, the LH BOLD fMRI signal also

showed varied correlation features with pupil dynamics among different trials: 33% of

positive correlation and 67% of no correlation (Figure 3.4b). Interestingly, under the

condition of these positive correlation trials (fMRI-Group 1), dynamics of Ca2+ 1-4Hz

power were always negatively correlated with pupil size fluctuation (Figure 3.4d). This

observation was consistent with the findings from the correlation analysis of LH LFP

with pupil dynamics (Figure 3.1g). These results demonstrated that compatible brain

states were distinguished between electrophysiology and fMRI signals based on pupil size

and LH activity. Furthermore, fMRI-Group 1 feasibly indicated a lower arousal state

compared to fMRI-Group 2. Under the condition of fMRI-Group 1, robust negative

correlations between dynamics of pupil size and fMRI signal in cortical and thalamic

areas were mainly observed and positive correlations in subcortical and brainstem ar-

eas (Figure 3.4c). However, these correlations did not appear in fMRI-Group 2 (Figure

3.4c), suggesting a transition of brain states from the interaction of pupil size and LH

fMRI signal.

In spite of the fact that correlation analysis between fluctuations of pupil size and

electrophysiology/fMRI signals is a well-established method to track brain states, the

correlation feature also varies depending on underlying brain states, different frequency

ranges of LFP signals, or brain regions [127, 150–152]. For instance, correlation strength

between fMRI and neuronal signals in the cortex appears stronger during a deep uncon-

scious state compared to high arousal state [153]. Our result also exhibited the positive

correlation between fluctuations of fMRI signal and Ca2+ 1-4Hz power (Figure 3.3f, 3.4f

and Figure S7). However, the negative correlation emerged in subcortical and brainstem

regions such as the striatum and LH (Figure 3.3f, 3.4f and Figure S7). This observation

is similar to previous reports demonstrating that activity in subcortical regions (e.g.,

striatum) expresses the negative correlation between LFP power from a low frequency

band (e.g., delta) and fMRI signal [154, 155]. These results indicate that vascular and

neuronal interactions diversify across brain regions and states.

Overall, this Chapter III demonstrates diverse correlation patterns that vary un-
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der distinct brain states, among different brain regions (e.g., ACC and LH), and across

cross-scale recordings (e.g., correlations among pupil size, LFP, Ca2+ signal, and fMRI

as well as cross-frequency couplings). In particular, interactions between pupil size and

ACC/LH activity from electrophysiology and fMRI signals provide a unique perspec-

tive to evaluate brain arousal states. Thus, this approach may contribute to a deeper

understanding of neuronal dynamics in brain arousal state research.
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4 Chapter IV: Manipulation of pupil

size and brain state by lateral

hypothalamic stimulation

4.1 Introduction

All work in this Chapter IV may be published in a peer-reviewed journal in the

future since we are currently in preparation for publication at the time of this thesis

submission.

The study from Chapter III demonstrated unique correlation features (positive vs.

negative) between dynamics of pupil size and LH/ACC activities that varied depending

on the underlying brain state. In fact, previous studies also reported trial-dependent

variability of correlations between pupil size and neuronal activities of pupil-regulating

regions such as the LC and ACC perhaps because of the impact of brain state differences

[10, 46, 47]. Since the LH carries neuronal projections to the pupil-regulatory circuits

and also modulates brain states [13, 83, 84], LH may play a key role in understanding

the variations of correlations.

The pupil regulating networks, embracing multiple brain regions such as the LC,

also receive inputs from the LH [13, 83], and interactions within the circuit such as LH-

LC functional interactivity mediate brain states as well[85, 193]. The LH is known to

regulate brain arousal states since optogenetics in various arousal-modulating neurons

of the LH promotes a transition of brain states [15, 74, 79]. The modulation of brain

63



4 Chapter IV: Manipulation of pupil size and brain state by lateral hypothalamic stimulation

states by optogenetics of the LH is induced depending on stimulation frequencies: higher

stimulation frequencies (≥ 5Hz) can cause a brain state transition with more probability

[15, 74, 81, 82]. In fact, each neuronal population in the LH shows selective behaviors

of neural discharges depending on given stimulation frequencies, which can lead to the

release of distinct neurotransmitters that mediate brain states [194]. Moreover, brain

state transitions induced by optogenetics are also affected by a fundamental brain state

by the time of stimulation, showing distinct success rates of brain state modulations

under different initial brain states [15]. Hence, investigation of the LH on concurrent

pupil size and brain state modulations may contribute to elucidating varied correlation

features of neuronal activity in arousal-regulatory areas with pupil size.

In this Chapter IV, optogenetic stimulation with frequencies between 1-20Hz was

conducted in LH neurons to evaluate the attributes of concurrent changes in brain states

and pupil size. Activation of the LH enlarged pupil diameter and diminished LFP delta

power of the ACC and LH. In addition, a higher increment in pupil size and a decrement

in LFP delta power of the ACC and LH with exponential hallmarks appeared as stimula-

tion frequencies increased, indicating that LH-induced alteration of pupil size and brain

states contains unique frequency-dependent features. The exponential feature for delta

power decrement emerged only under one state when the delta power of ACC from the

pre-stimulation phase was in a middle state of brain arousal during anesthesia. Yet, the

exponential feature for pupil dilation appeared similarly under all brain states. These

observations indicate that pupil size modulation by the LH is independently mediated

from the regulation of brain states.
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4.2 Methods

4.2.1 Subjects

Five Sprague Dawley rats (Strain: Crl:CD(SD), Sex: Male, Charles River Labo-

ratories, Sulzfeld, Germany) were used for multi-modal electrophysiology experiments

with optogenetics. The age of rats was 4-5 weeks at the start of the experiment when

the intracranial virus-vector injection was conducted. The age of rats at the time of

electrophysiology experiments was 3-6 months.

4.2.2 Stereotaxic injection of viral constructs

All surgical details for stereotaxic injection of viral vectors are described in Chapter

II (see Method 2.2.2) since the same operations were performed. However, instead of us-

ing the viral construct of GCaMP, a viral vector of channelrhodopsin (AAV5.CaMKII.ChR2.mCherry)

was injected at the LH (A/P= -3.20mm, M/L= +1.50mm, D/V= -7.70mm) with the

portion of 600 nL at a rate of 100 nL/min for optogenetic experiments.

4.2.3 Surgical procedures for multi-modal electrophysiology

experiments with optogenetics

Surgical details for cannulation of the femoral artery and vein are described in

Chapter II (see Method 2.2.3) and for electrode insertion in Chapter III (see Method

3.2.2) since the same operations were performed. However, an optical fiber (200 µm

diameter, FT200-EMT, Thorlabs) was attached to one electrode, which was placed at

the LH before insertion into the brain in order to perform optogenetics.

4.2.4 Extraction of pupil diameter in pupillometry

All details for the acquisition of pupil size are described in Chapter III (see Method

3.2.5) since the same methodological procedures were used in this experiment.
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4.2.5 Electrophysiology data acquisition and analysis

Experimental details for data acquisition of electrophysiological signals are de-

scribed in Chapter III (see Method 3.2.3) since the same experimental setups were

used.

All acquired data from Spike 2 software was first converted to the .mat file in order

to perform data analysis in Matlab. Spectral analysis was first performed using the

wavelet decomposition with a specification of 0.5-100Hz frequency band and 2 s sliding

window from the raw data of electrophysiological signals. From the outcome of spectral

analysis, the LFP power was extracted between 0.5-100Hz. By using the Matlab filtfilt

function, the extracted LFP power was filtered between 1-4Hz (delta band) according

to the classification of neuronal oscillations in sleep from an animal study[20].

Model fitting for exponential function and linear regression

An increment of pupil diameter and a decrement of LFP delta power with various

optogenetic frequencies were evaluated by fitting values into the exponential equation

using the fit function of Matlab as follows:

f (x) = a− b · e−λ·x (4.5)

f (x) depicts LFP delta power and x depicts frequencies and optogenetic stimulation.

To compare fitting models of the same data with linear regression about changes

of pupil diameter and LFP delta power, the fitlm function of Matlab was used. Fur-

thermore, these fit and fitlm functions of Matlab computed both Akaike information

criterion and adjusted R2.

Thresholding to distinguish different brain states under anesthesia

The bootstrap method was applied to evaluate if the 5 s-averaged delta power during

pre-stimulation time was due to random noise or not. Within each animal, both mini-

mum and maximum numbers of delta power were calculated. Between these minimum
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and maximum numbers, random values were produced with 10,000 times of repetition

by the randi function of Matlab. Then, the average of random values was also computed

with 10,000 repetitions. Finally, the distribution from randomly generated values was

drawn to compare with the distribution of 5 s-averaged delta power from pre-stimulation

time.
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4.3 Results

4.3.1 Modulations of pupil size and electrophysiological signal by

optogenetic stimulation of the LH

Optogenetics was conducted on CaMKII+ neurons of the LH in five anesthetized

animals with stimulation frequencies of 1Hz, 3Hz, 5Hz, 10Hz, and 20Hz to modulate

pupil size and brain states 4.1a, Figure S12). Changes of brain signals were detected

through electrophysiological signals at the ACC and LH, and concurrently pupil size was

monitored (Figure 4.1a, b, c). During pre-stimulation period (resting state), the power

spectrogram of LFP signals from the ACC exhibited the strongest frequency between

1 and 4Hz (Figure 4.1d). This intensity of power between 1 and 4Hz at the ACC

decreased after optogenetic stimulation at the LH was performed (Figure 4.1d). These

results demonstrated that activation of LH neurons induces pupil dilation and alters

ACC activity.

4.3.2 Frequency-dependent optogenetic stimulation of the LH for

pupil size and brain state modulations

Here, frequency-dependent LFP reduction and pupil dilation were further evaluated

to understand how the LH contributes to the simultaneous modulation of pupil size

and brain states. 4 s of optogenetic stimulation at the LH induced pupil dilation, and

the pupil dilated larger as the stimulation frequencies increased between 1 and 20Hz

(Maximum pupil diameter: 1Hz < 3Hz < 5Hz < 10Hz < 20Hz, Figure 4.2a). As soon

as the LH was stimulated by laser light, pupil dilation began instantly and continued

through the post-stimulation period for 1.5 s(1Hz), 7.5 s (3Hz), 7.3 s (5Hz), 7.5 s (10Hz),

and 8.1 s (20Hz) (Figure 4.2a). Two-sample t-tests also confirmed that pupil diameters

between pre- and post-stimulation periods differed significantly among all frequencies

of stimulation (p < 0.001, Figure 4.2b). In particular, the maximum diameter of the

pupil enlarged exponentially with an increase in stimulation frequencies between 1 and
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Figure 4.1 Illustrations of LFP and pupil size modulations upon optogenetic stimulation.
a) The experimental setup for simultaneous electrophysiology and pupil size
recordings with optogenetic stimulation. b) An representative example of
ACC electrophysiological signal modulation in the ACC by optogenetic stim-
ulation of the LH. c) sample pictures of pupil size from pre- (left) and post-
(right) optogenetic stimulation periods. d) Power spectrograms of electro-
physiological signals from the ACC during resting state (top left; 213 trials,
5 animals) and after 1Hz (top middle; 355 trials, 5 animals), 3Hz (top right;
355 trials, 5 animals), 5Hz (bottom left; 355 trials, 5 animals), 10Hz (bottom
center; 355 trials, 5 animals), and 20Hz (bottom right; 355 trials, 5 animals)
optogenetic stimulation. The duration of the x-axis is depicted with 40 s win-
dow.
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20Hz (Figure 4.2c and Figure S13). This exponential hallmark appears stronger during

pupil dilation, approximately 0-20 s of post-stimulation period (Figure S14). In fact, the

adjusted R2 for exponential function in pupil dilation exhibited higher values compared

to linear regression up to 25-30 s (Table S4), indicating a better exponential fit compared

to linear regression until 25-30 s. Furthermore, Akaike information criterion from a linear

fit exhibited greater values in the early post-stimulation time but smaller in the late post-

stimulation time (Figure S14 and Table S4), indicating that a fit model altered to linear

as the post-stimulation time proceeded.

Similar to instant dilation of the pupil, optogenetic stimulation also induced LFP

delta power reduction at the ACC and LH after the LH was stimulated (Figure 4.2d

and Figure S15a). Moreover, the delta power decreased more with an increase in stim-

ulation frequencies especially under a similar time span when pupil dilation occurred

(Figure 4.1d, 4.2d, e, and Figure S15a, b). Two-sample t-tests confirmed that LFP delta

power at the ACC from pre- stimulation period differed significantly from the duration

of pupil dilation in stimulation frequencies of 5Hz(7 s), 10Hz(8 s), and 20Hz(8 s) but

did not differ in 1Hz(2 s) and 3Hz(8 s) (Figure 4.2e). Two-sample t-tests also confirmed

that LFP delta power at the LH from pre-stimulation period differed significantly from

the duration of pupil dilation in stimulation frequencies of 3Hz(8 s), 5Hz(7 s), 10Hz(8 s),

and 20Hz(8 s) but did not differ in 1Hz(2 s) (Figure S15b). This reduction of LFP delta

power at the LH and ACC also exhibited the exponential attribute with an increase in

stimulation frequencies between 1 and 20Hz (Figure 4.2f and Figure S15c). The expo-

nential hallmark appeared stronger for approximately 0-20 s of post-stimulation period

at the ACC and 0-10 s at the LH (Figure S16a, c). The adjusted R2 for exponential func-

tion in LFP delta power reduction exhibited higher values compared to linear regression

up to 20-25 s at the ACC (Table S5), indicating a better exponential fit compared to

linear regression until 25-30 s. In consistence with evaluation of the adjusted R2, Akaike

information criterion for linear regression, showing the quality of the model in a linear

fit, diminished as the time proceeded from an early to late phase of post-stimulation,

demonstrating that a linear model fits better in the late post-stimulation phase but not
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in the early phase (Figure S16 and Table S5, S6). These findings indicate that activation

frequencies of LH affect the degree of pupil dilation and cortical signal changes with the

exponential trait.

4.3.3 Influence of underlying brain state differences on pupil size

and LFP modulation upon optogenetics at the LH

In Section 4.3.2 when optogenetics at the LH led to pupil dilation and LFP reduc-

tion, a large variation of the maximum pupil diameter (ranging between 19-313 pixels)

was observed across different recording trials but within the same stimulation frequency

paradigm (355 trials in each frequency; Figure 4.3a), suggesting the existence of dif-

ferent brain states since pupil size is an arousal indicator. In fact, delta power in the

pre-stimulation phase diversified widely across different trials within the same animal

(Animal 1: 350 trials, Animal 2: 200 trials, Animal 3: 300 trials, Animal 4: 300 trials,

Animal 5: 625 trials; Figure 4.3b and Figure S17). Since the magnitude of delta power or

amplitude demonstrates a level of arousal under unconsciousness [1], the trials showing

above 0.5 SD on the magnitude of delta power during the pre-stimulation phase were

categorized as State 1, between 1 and -1 SD as State 2, and below -1 SD as State 3

within each animal (Figure 4.3b and Figure S17). Among these three states, pupil size

was biggest under State 1 (µ = 86.27, S.E. = 2.75), medium under State 2 (µ = 61.99,

S.E. = 1.35), and smallest under State 3 (µ = 41.51, S.E. = 2.70) (Figure 4.3c). In fact,

an analysis of one-way analysis of variance (ANOVA) illustrated that pupil sizes under

the three states were significantly different (p < 0.001, F (2, 1772) = 67.33). In addition,

the means of pupil size between State 1 and 2 or 3 (p < 0.001) exhibited significant

differences as well as between State 2 and 3 (p < 0.001) upon the Tukey’s HSD test

(Post-hoc comparisons). The analysis of pupil size is consistent with previous reports

describing that pupil size appears smaller under a low arousal state but bigger under a

high arousal state [9, 195].

Among these three different states, the exponential decrement of LFP delta power

at the LH and ACC emerged more notably in State 2 in comparison with State 1 and
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Figure 4.2 a) Mean pupil diameter upon optogenetics with different stimulation frequen-
cies (4 s, blue:1Hz, orange:3Hz, yellow:5Hz, purple:10Hz, green:20Hz). The
standard error of mean is indicated by shaded regions. b) Bar plots of maxi-
mum pupil diameters comparing between pre- (8 s) and post- (8 s) stimulation
periods (355 trials on each stimulation frequency, 5 animals). The standard
error of mean is illustrated by error bars. c) Exponential fit of maximum
pupil diameters from post-stimulation period (355 trials on each stimulation
frequency, 5 animals). The standard error of mean is illustrated by error
bars. (the caption continues to the next page)
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Figure 4.2 d) Mean LFP delta power from the ACC upon optogenetics with different
stimulation frequencies (4 s, blue: 1Hz, orange: 3Hz, yellow: 5Hz, purple:
10Hz, green: 20Hz). The standard error of mean is indicated by shaded
regions. e) Bar plots of LFP delta power changes from the ACC comparing
between pre- (8 s) and post- (8 s) stimulation periods (355 trials on each
stimulation frequency, 2 s average for 1Hz, 8 s average for 3Hz, 7 s average
for 5Hz, 8 s average for 10Hz, 8 s average for 20Hz). The standard error
of mean is illustrated by error bars. f) Exponential fit of mean LFP delta
power at ACC from post-stimulation period (355 trials on each stimulation
frequency, 5 animals). The standard error of mean is illustrated by error bars.
Note: *** p < 0.001, ** p < 0.01, * p < 0.05, ns: not significant.

3 (Figure 4.3d, Figure S19, and Table S7). When fitting the data into linear regression,

the adjusted R2 appeared with lower values in comparison with the exponential fit

during the early post-stimulation time (Figure S20 and Table S8), demonstrating that

exponential model fits better for State 2 during the early phase. In consistence with

the adjusted R2 analysis, Akaike information criterion from linear fitting diminished

as the time proceeded from an early to late phase of post-stimulation, demonstrating

that a linear model fits better in the late post-stimulation phase compared to the early

phase (Figure S21 and Table S8). On the other hand, the adjusted R2 of linear fitting

under State 1 and 3 appeared with larger values in comparisonl with the exponential

fit during the post-stimulation time(Figure S20 and Table S8), demonstrating that the

linear model fits better than the exponential function during the post-stimulation time

for State 1 and 3. These analyses demonstrated that differences in the initial brain state

(prior to optogenetic stimulation) affected the exponential feature of LFP delta power

reduction.

The exponential hallmark for an increment of maximum pupil size by optogenetics,

however, emerged comparably across the three states (Figure 4.3e, f and Figure S22).

This feature comprised of pupil dilation period (an early stage of post-stimulation phase)

since the growth rate of exponential fit (λ in Equation 4.5) in pupil size (5 s mean) re-

duced in the late phase of post-stimulation time (Figure S23 and Table S10). In fact,

the adjusted R2 for 5s-averaged pupil size in linear regression appeared with lower values
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in comparison with the exponential fit during the early post-stimulation time (Figure

S23 and Table S11). Akaike information criterion from linear fitting also diminished as

the time proceeded from an early to late stage of post-stimulation, demonstrating that

a linear model fits better in the late post-stimulation phase compared to the early phase

(Table S11). These outcomes illustrate that brain state differences prior to LH stimula-

tion influence the exponential decrement of LFP delta power but leave the exponential

increment of pupil size unaffected.
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Figure 4.3 Evaluating the influence of underlying brain states on exponential increase
of pupil size and decrease of LFP delta power upon optogenetics at the LH.
a) The maximum pupil diameters across recording trials after optogenetics
of the LH with different stimulation frequencies (light blue: 1Hz, orange:
3Hz, yellow: 5Hz, purple: 10Hz, green: 20Hz, n=355 for each stimulation
frequency). b) Delta power averaged over 5 s of pre-stimulation phase in one
representative rat (350 trials). Trials below 0.5 SD are defined as State 1
(green), between 0.5 and -0.5 SD as State 2 (blue), and above 0.5 SD as State
3 (red). (the caption continues to the next page)
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Figure 4.3 c) Mean pupil diameter during 5 s of the pre-stimulation phase (State 1: 547
trials, State 2: 657 trials, State 3: 571 trials). The standard error of mean
is illustrated by error bars. d) Exponential fit of mean LFP delta power
at ACC from post-stimulation period under the three different underlying
brain states from all five animals. The number of trials is described in Table
S12. e) Exponential fit of maximum pupil diameters from post-stimulation
period under the three different underlying brain states in all five animals.
The number of trials is described in Table S12. f) Removal of baseline pupil
diameter from Figure 4.3e. Note: *** p < 0.001, ** p < 0.01, * p < 0.05.
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4.4 Discussion

This Chapter IV provided evidence that activation of the LH by optogenetics caused

an increment in pupil size and decrement in ACC LFP delta power simultaneously in

anesthetized animals. The degree of these changes appeared exponentially larger as

stimulation frequencies increased, demonstrating that the LH-mediated modulation of

pupil size and ACC signals are activation frequency-dependent. Moreover, the exponen-

tial feature for the decrement of ACC delta power was observed upon a medium stage

of arousal under anesthesia. On the other hand, the exponential hallmark of maximum

pupil size always appeared in all conditions of brain arousal states. These observations

indicate that pupil size regulation through the LH is independent of the underlying brain

state, but modulation of the ACC signals depends on the underlying brain state.

Subcortical and brainstem regions, including the LH and LC, play an important role

in tuning brain states through various neuromodulators such as orexin and noradrenergic

cells [26, 157, 193]. Brain states transit from one to another spontaneously during

anesthesia, sleep, or wakefulness, and these different states are commonly monitored and

distinguished by concurrent physiological measurements such as fMRI, electrophysiology,

and pupillometry (e.g., observation of slow wave electrophysiological signals and smaller

pupil size simultaneously during a low arousal state) [5, 9, 10, 20, 196]. Thus, both

pupil size and brain states are often mediated through the same regulatory pathway.

For example, activation of LC neurons leads to concurrent changes of brain states and

pupil size [61, 62]. Nevertheless, correlations between pupil size and neuronal activity

in the LC vary across different temporal scales probably due to the impact of brain

state differences [46, 47]. These indications imply that other brain regions such as the

hypothalamus may contribute to mediating pupil size and brain states [63].

Pupil-regulating circuits (e.g., the LC) receive inputs from other brain state-mediating

regions such as the LH [13, 83]. The LH regulates brain states through various neuronal

populations (e.g., orexin and VGAT neurons) [26, 64, 157]. In spite of the fact that

direct activation of arousal-mediating neurons in LH by optogenetics alters brain states

[15, 74, 82, 197], the influence of LH activation on pupil size modulation is concealed.
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In our study, activation of the LH neurons by optogenetics induced both pupil dilation

and modulated LFP signal at the ACC (Figure 4.1b, c, 4.2a, d). The ACC is involved

in brain state and pupil size regulations through interactions with neuronal projections

from LC [90, 93, 198]. In addition, default mode network analysis shows that activity

of the ACC varies under different brain arousal states [24]. Interestingly, the ACC also

receives anatomical inputs from the LH [84]. Thus, activation of LH neurons indicates

a potential to modulate both pupil size and ACC activity.

Despite evidence that the LH activation causes brain state modulation, this tran-

sition can be triggered more likely when a high stimulation frequency (≥ 5Hz) is given

at the LH [15, 74, 82]. In fact, our optogenetic stimulation of the LH also modulated

LFP delta power at the ACC in trials when higher stimulation frequencies were given

(Figure 4.2d, e). The reason behind this phenomenon of frequency-dependent changes

could be due to different activation features of individual neuromodulatory populations

in the LH since different stimulation frequencies lead to releasing distinct types of neuro-

transmitters [194]. Furthermore, our result demonstrated that this frequency-dependent

modulation of ACC signal appeared as an exponential decay with the increment of stim-

ulation frequencies (Figure 4.2f). Similar to this exponential decay, pupil dilation also

showed an exponential modulation with the increment of stimulation frequencies (Fig-

ure 4.2c). Therefore, the LH regulates pupil size and ACC brain signals with similar

regulatory mechanisms.

The regulatory mechanism of brain state transitions through the LH is not only

influenced by stimulation frequencies of LH but also the underlying brain arousal state

[15]. The brain arousal state oscillates during sleep, wakefulness, or anesthesia [1, 9,

10]. Thus, the brain holds different arousal states at every moment of each trial when

optogenetic stimulation is performed. In our result, the delta power of LFP signals

(indication of different arousal levels [20, 20, 199]) at the ACC appeared with large

variations during pre-stimulation time (Figure 4.3b and Figure S17). Moreover, pupil

size appeared smaller in the trials showing high delta power (named as State 3) but

bigger in the trials showing low delta power (named as State 1) (Figure 4.3b, c). Since
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both relatively low delta power/amplitude and large pupil size indicate a higher arousal

state [195], our results demonstrated that the baseline arousal level varied across trials

in the pre-stimulation phase.

The brain state at the time of stimulation has an impact on feasibility to cause brain

state transitions upon optogenetics at the LH. For example, optogenetic stimulation of

arousal-promoting neurons in the LH induces a brain state transition to high arousal

during NREM sleep but it does not during REM sleep [15]. Furthermore, these under-

lying brain state differences give rise to different capability of behavioral performances

or cortical neuronal activities, which depends on the momentum state of performance

within an inverted U-shape of arousal phase [5, 9, 200, 201]. Within our spectrum of

different brain states under anesthesia (Figure 4.3b), ACC responses upon optogenetcis

at the LH also appeared differently, exhibiting the exponential feature of delta power

reduction only under an intermediate range of anesthetized brain arousal states but the

linear feature under a high or low range (Figure 4.3d). Unlike differences of different

ACC responses, the exponential hallmark for pupil dilation appeared similarly under all

three different brain states (Figure 4.3e, f). These observations suggest that LH-induced

pupil size and brain state modulations can be driven by distinct regulatory pathways.

Overall, this Chapter IV demonstrated unique regulatory features of pupil size and

brain states through LH activation. Pupil dilation and ACC LFP delta power reduction,

induced by LH stimulation, showed a greater degree of modulations exponentially with

the increase of stimulation frequencies. Furthermore, these exponential hallmarks were

observed under an intermediate brain arousal state of anesthesia for modulation of ACC

signals but under all for pupil dilation. The work here may add information on revealing

unexplained variations of correlations between neuronal activities of the pupil-regulatory

circuit and pupil dynamics.
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5 Summary

This dissertation described three strategies aimed to better comprehend brain state

and pupil size regulations through multi-modal experimental design. In Chapter II, a

novel approach to track brain states was demonstrated by establishing a multi-modal

setup for simultaneous fMRI, Ca2+ signal, and pupil size recordings. The investigation

showed a unique functional network, involving pupil and arousal regulations from corre-

lations among fMRI signal, 2-3Hz Ca2+ power at the ACC, and pupil size changes. The

whole brain network especially highlighted the strong correlation in the noradrenergic

A5 region, which varied depending on brain states.

To further explore brain state-dependent coupling features between pupil size and

whole brain fMRI signals, the study in Chapter III investigated the interactions of pupil

size with LH and ACC activities since the LH shows evidence of neuronal projections to

pupil- and brain state- regulatory circuits such as the ACC. Using multi-modal datasets

from pupillometry, fMRI, electrophysiology, and fiber photometry Ca2+ recordings, we

first identified that correlations of pupil dynamics with LFP and Ca2+ signal in the ACC

or whole-brain fMRI signals depended on LH activity. Two groups of trials that showed

positive or negative correlations of the LH activity with pupil dynamics presented clear

differentiation for LH-ACC coupling features such as phase-locking and phase-amplitude

coupling and also for the correlations among pupil size, 1-4Hz Ca2+ power at the ACC,

and whole-brain fMRI. The results of both electrophsiological and fMRI measurements

converged to characterize distinct brain states based on pupil size and LH activity.

To investigate the contribution of LH on unique interactions between pupil size

and ACC/LH activity for distinguishing different brain states, the study in Chapter
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IV evaluated brain state and pupil size modulations by direct stimulation of the LH.

Optogenetic stimulation of the LH led to pupil dilation and ACC LFP delta power

reduction, showing clear evidence that the LH directly modulates pupil size and ACC

activity. Furthermore, pupil size increased and ACC delta power decreased exponentially

as a function of an increase in optogenetic stimulation frequencies between 1 and 20Hz.

This exponential attribute of ACC delta power reduction became visible only under

an intermediate arousal range of anesthetized brain states at the time of stimulation.

However, the exponential increase of pupil size was not influenced by differences in the

underlying brain states. These outcomes suggest that LH-induced brain state and pupil

size modulations are differently mediated.

Although this dissertation presented cross-scale investigations of different brain

states, all findings in the evaluations here were studied under anesthesia. This might

restrict the interpretation of natural brain states without anesthesia. Thus, further in-

vestigation should be performed in future research to obtain comparable results in awake

animals and to validate these brain state differences without using anesthesia. Over-

all, exploration of brain state evaluation in this dissertation may help to disclose the

diversity of brain state-dependent correlations between pupil size and neuronal activity

of arousal- and pupil- mediating brain regions. This claim can be of interest to future

research evaluating the nature of brain state dynamics.
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9 Supplementary figures

Figure S1 Correlations between pupil size and each LFP power band fluctuations at
the ACC (bottom figure) and LH (top figure) in one representative animal.
The positive correlation is depicted by green markers, no correlation by gray
markers, and negative correlation by red markers. The blue dashed lines
depict the thresholds of positive (correlation coefficents = 0.046) and negative
(correlation coefficents = -0.046) correlations. (Adapted from Takahashi et
al., 2021)[175].
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9 Supplementary figures

Figure S2 Distribution (pink curve) of correlations between pupil size and delta power
at the LH across all trials (pink curve, 89 trials from 9 animals) and null
distribution of correlations between randomized time course of pupil size and
delta power with 10,000 permutations (green curve) to determine the thresh-
olds of positive, no, and negative correlations between LFP delta power and
pupil size fluctuations. 95% confidence intervals of the null distribution for
correlation coefficients were -0.046 and 0.046 (blue dashed lines). (Adapted
from Takahashi et al., 2021)[175].
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Figure S3 Power spectrum and cross frequency analyses between 1 and 30Hz. The distri-
bution of LFP power between 1 and 30Hz from the ACC(left) and LH(right)
are shown. The orange lines indicate trials when LH delta power and pupil size
showed negative correlations (LFP-Group 1). The blue lines indicate trials
when LH delta power and pupil size showed positive correlations (LFP-Group
2). The standard error of mean is indicated by shaded regions. (Adapted
from Takahashi et al., 2021)[175].

113



9 Supplementary figures

Figure S4 Coherence of electrophysiology signals in the frequency range of 1 and 30Hz
between the ACC and LH for LFP-Group 1 (orange) and 2 (blue). The stan-
dard error of mean is indicated by shaded regions. (Adapted from Takahashi
et al., 2021)[175].
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Figure S5 MI between phase angles of delta band and amplitudes of theta, alpha, beta,
low gamma, and high gamma bands from LH in LFP-Group 1 (orange) and
2 (blue). The standard deviation is illustrated by error bars. Note: ***
p < 0.001, ** p < 0.01, * p < 0.05.

115



9 Supplementary figures

Figure S6 Distribution of correlations between pupil size and Ca2+ 1-4Hz power at the
ACC across all trials (pink curve, 61 trials from 9 animals) and null distribu-
tion (green curve) of correlations between randomized time course of pupil size
and Ca2+ 1-4Hz power at the ACC with 10,000 permutations (green curve)
to determine the thresholds of positive, no, and negative correlations between
ACC Ca2+ 1-4Hz power and pupil size fluctuations. 95% confidence intervals
of the null distribution for correlation coefficients were -0.064 and 0.064 (blue
dashed lines). (Adapted from Takahashi et al., 2021)[175].
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Figure S7 A t-value correlation map between fMRI voxels and Ca2+ 1-4Hz power at
the ACC from all trials (n = 61). On the overlaid correlation map, only the
t-values above 2.25 and below -2.25 are displayed to demonstrate positive and
negative correlations (Adapted from Takahashi et al., 2021)[175].
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Figure S8 A t-value correlation map between fMRI voxels and Ca2+ 1-4Hz power at the
ACC from the trials when Ca2+ 1-4Hz power fluctuation was positively or not
correlated with pupil size (31%, n = 19). On the overlaid correlation map,
only the t-values above 2.25 and below -2.25 are displayed to demonstrate
positive and negative correlations (Adapted from Takahashi et al., 2021)[175].
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Figure S9 A t-value correlation map between fMRI voxels and pupil size from all trials
(n = 61). On the overlaid correlation map, only the t-values above 2.54 and
below -2.54 are displayed to demonstrate positive and negative correlations
(Adapted from Takahashi et al., 2021)[175].
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Figure S10 Distribution of correlations between pupil size and LH fMRI signal across
all trials (pink curve, 61 trials from 9 animals) and null distribution (green
curve) of correlations between randomized time course of pupil size and LH
fMRI signal with 10,000 permutations (green curve) to determine the thresh-
olds of positive, no, and negative correlations between LH fMRI signal and
pupil size fluctuations. 95% confidence intervals of the null distribution for
t-values of correlation were -1.96 and 1.96 (blue dashed lines). (Adapted
from Takahashi et al., 2021)[175].
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Figure S11 MR images to confirm the position of electrodes at the LH(right) and ACC
(left) in a representative animal.
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Figure S12 ChR2 expression for CaMKII+ neurons in the LH (red: mcherry, blue:
DAPI).
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Figure S13 Exponential fit of the maximum pupil diameter after every 5 s of post stim-
ulation period (355 trials on each stimulation frequency, 5 animals).
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Figure S14 Exponential fit of 5 s-averaged pupil diameter from every 5 s of post stimu-
lation period (355 trials on each stimulation frequency, 5 animals). b) The
growth rate from the exponential fit of 5 s-averaged pupil diameter during
every 5 s of post stimulation period.
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Figure S15 a) Mean LFP delta power from the LH upon optogenetics with different
stimulation frequencies (4 s, blue: 1Hz, orange: 3Hz, yellow: 5Hz, purple:
10Hz, green: 20Hz). The standard error of mean is indicated by shaded
regions. b) Bar plots of LFP delta power changes from the LH comparing
between pre- (8 s) and post- (8 s) stimulation periods (355 trials on each
stimulation frequency, 2 s average for 1Hz, 8 s average for 3Hz, 7 s average
for 5Hz, 8 s average for 10Hz, 8 s average for 20Hz). The standard error
of mean is illustrated by error bars. c) Exponential fit of mean LFP delta
power at LH from post stimulation period (355 trials on each stimulation
frequency, 5 animals). The standard error of mean is illustrated by error
bars. Note: *** p < 0.001, ** p < 0.01, * p < 0.05, ns: not significant.
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Figure S16 a) Exponential fit of 5 s-averaged LFP delta power at ACC from every 5 s of
post stimulation period (355 trials on each stimulation frequency, 5 animals).
b) The decay rate from the exponential fit of 5 s-averaged LFP delta power
at ACC during every 5 s of post stimulation period. c) Exponential fit of 5 s-
averaged LFP delta power at LH from every 5 s of post stimulation period
(355 trials on each stimulation frequency, 5 animals). d) The decay rate from
the exponential fit of 5 s-averaged LFP delta power at LH during every 5 s
of post stimulation period.
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Figure S17 Delta power averaged over 5 s of pre-stimulation phase from five rats (rat1:
350 trials, rat2: 200 trials, rat3: 300 trials, rat4: 300 trials, rat5: 625 trials).
Trials below 0.5 SD are defined as State 1 (green), between 0.5 and -0.5 SD
as State 2 (blue), and above 0.5 SD as State 3 (red).
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Figure S18 Bar plots for distribution of 5 s-averaged LFP delta power at ACC across all
trials in one animal (left figure, blue) and null distribution of bootstrapped
data with 10,000 randomization (right figure, orange) to separate trails into
State 1, 2, and 3 (See Method 4.2.5).
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Figure S19 Exponential fit of mean LFP delta power at ACC from post stimulation
period under the three different underlying brain states (Green: State 1,
Blue: State 2, Red: State 3) from all five animals.
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Figure S20 Exponential fit of 5 s-averaged LFP delta power at ACC (Upper figures) and
LH (lower figures) from every 5 s of post stimulation period under the three
different underlying brain states (Green: State 1, Blue: State 2, Red: State
3).

130



Figure S21 Akaike Information criterion (AIC) calculated from linear regression for ACC
delta power in every 5 s of post stimulation period under three different
underlying brain states.
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Figure S22 Exponential fit of the maximum pupil diameter after every 5 s of post stimu-
lation period under the three different underlying brain states (Green: State
1, Blue: State 2, Red: State 3).
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Figure S23 Exponential fit of 5 s-averaged pupil diameter from every 5 s of post stimu-
lation period under the three different underlying brain states (Green: State
1, Blue: State 2, Red: State 3). Note: the number of trials are described in
Table S12.
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Table S1 Calculated numbers of standard deviation and means for PLV from LFP-Group
1 and 2.
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Table S2 Calculated numbers of standard deviation and means for MI at the ACC from
LFP-Group 1 and 2.
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Table S3 Calculated numbers of standard deviation and means for MI at the LH from
LFP-Group 1 and 2.
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Table S4 Adjusted R2 (linear regression and exponential function) and Akaike informa-
tion criterion from calculation of model fitting in the changes of 5 s-averaged
pupil diameters.
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Table S5 Adjusted R2 (linear regression and exponential function) and Akaike informa-
tion criterion from calculation of model fitting in the changes of 5 s-averaged
LFP delta power at ACC.
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Table S6 Adjusted R2 (linear regression and exponential function) and Akaike informa-
tion criterion from calculation of model fitting in the changes of 5 s-averaged
LFP delta power at LH.
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Table S7 Calculated numbers from the exponential function (See Equation 4.5) in the
reduction of LH and ACC delta power under State 1, 2, and 3.
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Table S8 Adjusted R2 (linear regression and exponential function) and Akaike informa-
tion criterion from calculation of model fitting in the changes of 5 s-averaged
LFP delta power at ACC under State 1, 2, and 3.
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Table S9 Calculated numbers from the exponential function (See Equation 4.5) in an
increment of the maximum pupil size under State 1, 2, and 3.
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Table S10 The values of exponential growth (λ) from model fitting (See Equation 4.5)
on 5 s-averaged pupil size every 5 s of the post-stimulation phase under State
1, 2, and 3.
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Table S11 Adjusted R2 (linear regression and exponential function) and Akaike informa-
tion criterion from calculation of model fitting in the changes of 5 s-averaged
pupil size every 5 s of the post-stimulation phase under State 1, 2, and 3.
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Table S12 The number of trials tested for 1Hz, 3Hz, 5Hz, 10Hz, and 20Hz of stimula-
tion frequencies under State 1, 2, and 3.
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