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Alcohol use disorder (AUD) is a chronic, relapsing disorder that represents a substantial
societal burden at a global scale. In the US alone, AUD is associated with societal and financial
costs exceeding $249 billion per year. While many use alcohol for its reported anxiolytic and
gregarious properties, consuming alcohol directly activates the hypothalamic stress axis. Persons
with AUD, that are consistently exposed to this stressful stimulus, are known to have alterations
in the acute response to alcohol. Little is known about how chronic ethanol exposure alters the

plastic and metaplastic responses of stress, per se.

Relapse remains a main barrier in the pharmaceutical treatment of AUDs. While there are
some medications currently available for AUD, none explicitly target the hypothalamic-pituitary-
adrenal (HPA) axis. Further, sex is an essential variable to consider when pharmacologically
targeting the HPA axis, as both acute and developmental effects of gonadal hormones can
influence neuronal signaling in various brain regions. In Chapter 1, | investigate the effect of
chronic intermittent vapor exposure to progressively increasing doses of ethanol (CIE) followed
by protracted withdrawal on the physiological response to norepinephrine (NE; 10uM). | also
investigate the mechanistic contributions of specific a adrenergic receptors (AR; alAR & 0a2AR)

on the CIE-induced neurophysiological effects.



The paraventricular nucleus of the hypothalamus initiates a robust glutamate signal to start
the overcome tonic GABAergic inhibition and adaptively coordinate stress-associated behaviors.
We have previously shown that this metaplastic feature is disrupted in gavage models of CIE due
to altered function of N-methyl D-aspartate receptor. In Chapter 2, | demonstrate that the CIEvapor
model produces a similar impairment in hypothalamic metaplasticity. | also demonstrate how this
effect is impacted by blockade of al AR (with prazosin; 10uM).

Astrocytes and neurons undergo a complex interplay in response to changes in the chemical
gradient of various neurotransmitters. Both neurons and astrocytes have distinct responses during
acute alcohol intoxication and protracted withdrawal. In Chapter 3, I investigate differences in how
astrocytes and/or neurons may impact the noradrenergic activation and subsequent glucocorticoid

receptor mediated inhibition of the HPA axis.

The tripartite synapse is very likely involved in the regulation of stimulation-induced
plasticity due to the critical role astrocytes play in glutamate shuttling, neurotransmitter release
and regulation of synaptic activity. Despite this, we have not found studies evaluating the
contribution of astrocytes to the metaplastic short-term glutamatergic potentiation onto CRF
neurons following high-frequency stimulation. In Chapter 4, | investigate cell-specific differences
to spontaneous Ca?* events and event kinetics following CIEyapor.

Various preclinical models of AUD can reliably induce anxiety-like behavior. However,
AUD models fail to have full penetrance of ethanol (EtOH) preference and escalation of
consumption behaviors. There are also noted genetic differences that contribute to EtOH
preference. In Chapter 5, | investigate differences to stress-associated and consummatory alcohol
behaviors following CIEvapor treatment. | also investigate the convergence and divergence of
stress-related and consummatory behaviors with neurophysiological features of ex vivo Ca?*

signals
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INTRODUCTION

Alcohol use disorder (AUD) is a chronic relapsing disorder that imposes a societal burden
on a global scale *. As of 2010, it cost the American taxpayer an estimated 249 billion dollars per
year. In addition to the third leading cause of preventable morbidity and mortality 2, alcohol use
also causes an undue amount of harm to those around afflicted by AUD 2. While some drugs are
approved for the treatment of AUD, there remain significant gaps. For example, no drugs available
for the treatment of alcohol use disorder explicitly target stress neurocircuitry # . This is especially
important when considering that relapse, while hard to define °, remains persistently high in
patients with are high (~20-30% &)

AUD is characterized a loss of intake control, a preoccupation of/craving consuming
alcohol, and a negative emotional state ®°. Chronic, intermittent phases of alcohol intoxication and
withdrawal creates a state of dependence in both animal models and humans. The allostatic load,
or the altered set-point of mood below the origin *° has been thought to play an essential role in
the development of many of the characteristic behavioral impairments due to chronic intermittent
ethanol (CIE) exposure'*. However, the neural mechanisms underlying allostasis at a fundamental

level remain incompletely understood.
The Paraventricular nucleus of the hypothalamus: An integrative stress nucleus

Corticotrophin-releasing factor-containing cells as effectors of the hypothalamic-pituitary-

adrenal axis

The hypothalamic-pituitary-adrenal (HPA) axis is a neuroendocrine system responsible for
coordinating a plethora of physiological responses to stressful stimuli*2. Within the paraventricular
nucleus of the hypothalamus (PVN), corticotropin releasing factor (CRF) cells integrate upstream
brain signals and neurotransmitter cues to tightly coordinate this response adaptively 3. After
sufficient activation, release of CRF from these cells causes the HPA axis cascade negatively feeds

back through action of glucocorticoids within the PVN 4

Under normal physiological conditions, the PVN is constrained by strong GABAergic
inhibition 1°. However, PVN PNCs have a unique form of metaplasticity that is believed to

facilitate the rapid, appropriate response to incoming threats. In animals exposed to various
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stressors (ranging from restraint to social isolation to social transfer -8, CRF PNCs show a short
burst of potentiation at glutamate synapses following afferent stimulation 1’ which enables a short
window to overcome tonic GABAergic restraint 1°. This short-term plasticity has been shown to
be related to the choice between flight and freezing in rodents °, and is disrupted in models of CIE
exposure L. If this response is indeed coupled to adaptive responding to stress, probing the
molecular mechanisms that gives rise to this phenomenon can be particularly helpful for

developing new treatments for stress-associated relapse in AUD.

Oxytocin and Arginine Vasopressin as modulators of adrenal sensitivity and stress-associated

behaviors

The PVN also contains other magnocellular neuroendocrine neuron (MNCs), such as those
that release oxytocin (OT) and/or vasopressin (AVP) 2922 that, aside from their stand-alone
physiological functions, play critical support roles to modulate HPA axis output by CRF PNCs.
AVP acts on the pituitary synergistically with CRF to facilitate adrenocorticotrophic hormone
(ACTH) release through V1bR 222, while OT acts conversely to dampen ACTH release 2. AVP
can suppress postsynaptic AMPAR function through Vasopressin 1a receptor (V1aR) 2%%2 and
mediates sex-dependent social transmission of STP onto PNCs through a complex mechanism
involving neuro-glial crosstalk and V1aR °. Within the PVN, OT release causes rapid production
of endocannabinoids from PVN MNCs to dampen presynaptic glutamate release onto both MNCs
20 and PNCs 2. Collectively, AVP and OT have multi-faceted interaction with ethanol 2628 and
stress 16232938 and targeting these neurohormone signaling pathways has yielded some promising
preclinical 349, yet mixed clinical results “1*. Due to their clear ability to augment stress-related
changes to CRF PNC signaling, it is important to mind potential changes to these neurohormones

when evaluating the neuroplastic changes of CRF neurons within the PVN.
PVN astrocytes help mediate metaplastic shifts in neurotransmission during physiological stress

Astrocytes are a sub-type of glia *® with diverse physiological roles #. Astrocytes are that
are essential for glutamate/glutamine shuttling 8 and cholesterol synthesis ® which can modulate
the synaptic activity of neighboring cells. Astrocytes also function as an essential component of
the tripartite synapse, buffering the synapse of various ions and neurotransmitters to regulate the

activity of the pre and postsynaptic neurons #%°, One novel hypothesized role of astrocytes is their
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ability to serve as neural “circuit capacitors”, by which they can transform and sustain temporally
dispersed signals for a short period. Astrocytes can also protect injured neurons from further

oxidative damage by transfer of healthy mitochondria °2.
Regulation of PVN CRF PNCs from afferent projections

As HPA axis effector neurons 122, many neural circuits directly or indirectly influence the
activation of PVN CRF PNCs (reviewed in'3) The PVN receives GABAergic, glutamatergic,
and monoaminergic synapses from the bed nucleus of the stria terminalis %3, central and basolateral
amygdala >**°, parabrachial nucleus °¢, nucleus tractus solitarus "8 and various hypothalamic
nuclei *°*1, Under normal conditions, PVN PNCs are constrained by tonic GABAergic inhibition
62-65 that is only able to be overcome following short bursts of amplified glutamate release % or
noradrenergic activation 8”. Thus, these cells have the critical responsibility of broadly altering the
host’s physiological balance in response to many channels of temporally and spatially dispersed

analog (from concentration gradient changes in ions and hormones) signals.
Efferent projections of PVN CRF PNCS

For an extended period, CRF PNCs were studied primarily for their role in regulating HPA
axis activity. However, recent data show that CRF PNCs are involved in encoding important
behaviors, such as grooming !, environmental exploration 8, wakefulness °, and positive and
negative environmental valence °. These cells can also influence behaviors controlled by the
lateral hypothalamus (LH) by forming efferent synapses onto orexin neurons 172 that are
important for orchestrating arousal  and reward seeking . CRF PNCs also coordinate stress
responses with physiological modulation of the sympathetic nervous system and baroreflex
through communication with CRF1R-expressing PVN pre-autonomic neurons and by relaying

information to other brain regions, like the ventrolateral medulla and nucleus tractus solitarus "™
77

Chronic intermittent ethanol (CIE) vapor exposure
Inbred rodent models of HPA axis sensitivity and responses to ethanol

Use of murine models for the scientific investigation of human pathophysiology stem from

the ease and cost of breeding, genetic similarity to humans, and short life-span "8, This has led to
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a rapid expansion of genetic tools catered to mouse models, such as inbred strains and genetic
knockouts. Inbred models have been useful to examine the specific genetic mechanisms of
physiology and pathophysiology, due to their ability to reduce genetic variability as a source of
statistical noise "®. They are also more genetically and phenotypically stable than outbred strains
with respect to time "8, Previously, researchers relied heavily on forward genetic approaches "in
inbred strains specifically developed for their sensitivity to stressors 882 (j.e., Lewis and Fisher),
withdrawal severity 8, or EtOH preference (i.e., Sardinian Preferring) 8. More recently, panels of
>100 inbred strains have been utilized in the Hybrid Mouse Diversity Panel to make powerful
forward genetics approaches to identify biochemical targets of important pathologies such as

obesity, diabetes, and atherosclerosis .

Appropriate preclinical models of behavioral pathologies should have face validity,
theoretical rationale, and predictive validity . This can be particularly troublesome when
attempting to model psychiatric pathologies preclinically, as researchers are often tasked to
anthropomorphize instinctual behaviors in rodents without cross-conference &’. For example, the
elevated plus maze has been used extensively to measure anxiety-like behavior &, but can also be
impacted by the visual acuity of the strain of rodent at hand 8%, Additionally, some inbred strains
can show increased intraindividual variability in phenotypes as varied from immunogenic response
to vaccines ® to ultrasonic vocalization %X, Of behaviors particularly relevant to the study of AUD,
inbred strains have shown limited phenotypic variability in terms of physiological HPA axis
activation and EtOH preference/consumption, when compared with outbred strains °2. The Long-
Evans outbred strain of rat (generated with a Wistar female and wild male Grey Rat) retains many
similar behaviors to wild rats %, resulting in wide adoption by the behavioral neuroscience research
community. Importantly, Long-Evans rats have a more sensitive HPA axis response to passively
and actively stressful assays than albino outbred Sprague-Dawley rats, potentially due to increased
amygdalar and PVN CRF expression &. Together, these data suggest strain should be carefully

considered when investigating the biochemical intersection of EtOH and HPA axis activity.
The CIEyapor model

Rats are a valuable preclinical model for both the assessment of physiological
consequences of CIE and pharmaceutical interventions to remedy AUD-associated pathologies.

They have a more nuanced behavioral profile than mice, which enables the use of a wide array of
4



behavioral assays that can be subsequently linked to biochemical and/or physiological
mechanisms. Further, they show some important characteristics that are more human-like than
mice. For example, rat metabolism is approximately 5x slower *, allowing them to reach
intoxicating blood ethanol concentrations (BECs) without the confounding use of pyrazole using
traditional models %. As predators, rats have a more human-like behavioral profile when weighing
threatening and predatory stimuli %. Therefore, studying the more sophisticated neural circuitry
regulating HPA axis activation to appropriately coordinate fight, flight, or freeze behaviors in rats
may be more translationally relevant than mice. However, Sprague-Dawley strains do not readily
escalate intake or increase EtOH preference above 50% in intermittent access models *7, without
the confounding application of weaning from sucrose or other palatable liquid %. Alternative
methods that readily reach intoxicating BECs, such as liquid ethanol diet and gavage, have the
unwanted side effect of causing aversion to ethanol (our unpublished observations).

The ClEvapor model represents an improvement to all the methods described above for its
translational utility. CIE administration through gradually increasing intermittent doses of EtOH
through passive vapor consumption allows the rats to reach intoxicating BECs in a less aversive
and etiologically relevant manner. CIE causes a host of changes to neuronal physiology through
direct action of ethanol, and indirect action of its metabolites %12, Following CIEyapor €Xposure
and protracted withdrawal, rats demonstrated the emergence, dynamic remission, and resurgence
of anxiety-like behaviors during acute (~8 hours), early protracted withdrawal (2 weeks), and late
protracted withdrawal (6-12 weeks) in male CIEyapor rats, respectively 1%, Additionally, CIE rats
will readily self-administer EtOH in greater quantities than air exposed controls %4, Interestingly,
despite the uniform display of anxiety behaviors, only some rat strains escalate intermittent access
two bottle choice ethanol consumption following CIEvapoer 1%°. Further, CIEyapor males have key
alterations to self-grooming behavior 1!, which we hypothesize to be a behavioral biomarker of an

inability to adequately cope with stressors.

As stress-related relapse to alcohol consumption is a major hurdle for the ongoing treatment
of AUD, we specifically chose an extended period of protracted withdrawal in these studies to

separate the persistent HPA axis neuroadaptations of CIE %197 from acute withdrawal effects.

Physiological changes of neurons in response to CIE



Ethanol can induce a plethora of changes to neuronal physiology and function. Despite its
low potency (efficacious only at mM in-vivo concentrations), EtOH can directly modulate neuronal
activity through its ability to act as a positive allosteric modulator at GABAA receptors, allowing
more Cl ions to flow across their concentration gradient per ligand-receptor interaction. EtOH also
acts as an NMDAR antagonist, preventing the depolarization-dependent flow of Ca?* into the post-
synaptic cell. Both pharmacological effects are inhibitory, resulting in the loss of motor

coordination and respiratory function at high doses.

Persistent effects from upregulation of neuronal proteins have also been noted. Indeed, CIE
has been shown to dysregulate GABAergic %1% glutamatergic 1% OTergic!!!, cholinergic!!?,
noradrenergic %113 and dopaminergic 141® synapses throughout the brain. Some of these
findings have been reflected in post-mortem human brain in individuals afflicted with AUD, such
as an upregulation of al AR % CRF1R, or glutamate receptor NMDA type 1 17 These are some
of the many instances that serve to exemplify the broad neurological consequences of repeated

consumption of intoxicating quantities of EtOH %3,
Physiological response of astrocytes to CIE

Chronic alcohol exposure induces robust gliosis throughout the brain8, but particularly in
the cortex and hypothalamus *°, causing lasting changes to the electrophysical properties of
tripartite synaptic function. Astrocytes have shown important roles modulating anxiety and the
acute sedative and intoxicating properties of EtOH in-vivo 120121 Astrocytes serve cooperative
action at post-synaptic neurons expressing al AR and GluN2B 122123 during normal physiological
states. Both proteins display increased function following CIE exposure %3 raising questions to

how these signals may affect tripartite synaptic communication at large.
Impact of sex as a biological variable

Biological sex greatly influences the response of neurons to ethanol through both direct
and indirect effects of gonadal hormones 32124129 as well as potentially through genetic effects
130 While males are historically more likely to develop AUD, this gap has progressively shrunk
131 This may be attributable in part to a large increase in hazardous drinking during adolescence!®2

which synergizes with a hastened, risk-oriented path to facilitate the formation of compulsive drug



seeking in females 313 Females are also more likely to drink in response to stress or to alleviate

a negative emotional state .

Other physiological mechanisms are also at play. Female noradrenergic neurons within the
locus coeruleus are more sensitive to CRF-induced firing increases **¢ and females are more
sensitive to alcohol reinstatement following a2AR antagonism ¥’. Female astrocytes have a
selective upregulation of astrocytic glutamate transporters EAAT1. On the other hand, males may
be particularly vulnerable to CIE-induced effects in limbic regions, including alterations in
endocannabinoid ** and k-opioid signaling ¥ in the basolateral amygdala, and inhibitory current
kinetics in the central amygdala **°. Further, only male Long Evans rats escalate two-bottle choice
intake following CIE %, Together, these data suggest subtle sex differences in the various
mechanisms contributing to altered neuronal physiology and behavioral states following CIE

treatment.
Negative affect-driven behavioral states in AUD

The drug addiction cycle model put forth by Koob and colleagues is composed of three
independent stages: binge/intoxication, withdrawal/negative affect, and
preoccupation/anticipation 141142 Patients with AUD frequently report anxiety and a negative
emotional state as potent triggers of craving and relapse 143, While initial studies focused primarily
on how the extended amygdala contributes to negative affect during protracted
withdrawal/abstinence (reviewed #?), it is becoming increasingly clear that many brain regions
influence various stages of addiction. PVN PNCs encode positive and negative valence to
environmental stimuli ’°. Therefore, understanding how CIE alters PVN PNC synaptic excitability

may help those with AUD successfully maintain abstinence.
Dissertation objectives

In Chapter 1, I investigate whether male and female hypothalamic CRF neurons show
altered responses to NE following exposure to ClEvapor and protracted withdrawal. | also
assess the receptor specificity of NE-mediated effects on CRF neurons. | hypothesize that
females will be relatively protected from CIE-induced changes to NE-mediated plasticity.



In Chapter 2, I investigate how stress-dependent, high-frequency stimulation (HFS)-
induced short-term potentiation (STP) of glutamate synapses is affected by CIEvapor. | also
investigate the role of a1AR in the formation of this plasticity. | hypothesize that CIEvapor cells
will show similar dysfunction in STP formation following stress. | also anticipate antagonism of

al AR with prazosin will restore this loss of STP formation in CIE male rats.

In Chapter 3, I investigate the cell-type specific (neuronal v. astrocytic) differences in
calcium signals following acute exposure to a pharmacological stressor. | predict there will be
cell-specific differences to both astrocytes and neurons in CIE rats that are related to functional

differences in noradrenergic receptor activity.

In Chapter 4, | investigate the cell-type specific differences in frequency of
suprathreshold events and event Kkinetics following high-frequency field stimulation during
different phases of the pharmacological stress protocol. | hypothesize stimulation-induced
differences to astrocytic Ca?* spike kinetics underlies CIE-induced deficits to stress-dependent

glutamatergic metaplasticity.

In Chapter 5, | investigate the behavioral consequences of CIE vapor exposure in
outbred Long-Evans male rats, and the relationship between behaviors and physiological
Ca?* responses to a pharmacological stress. | hypothesize that behavioral deficits in CIE rats are
correlated to signaling changes in astrocytes in response to pharmacological stress, implicating
neuroendocrine regulation of PVN neuro-glial communication in maladaptive CIE-associated
behaviors.



CHAPTER 1

Sex-specific impairment in multiple mechanisms of noradrenergic action following chronic

intermittent ethanol exposure



Abstract

Males and females have differences in both the regulation of noradrenergic receptors and intrinsic
excitability of noradrenergic neurons. The noradrenergic system is an essential component of
initiating the activity of the hypothalamic-pituitary-adrenal (HPA) axis to coordinate an adaptive
physiological response to stressful stimuli. Here we demonstrate how norepinephrine (NE) acts on
noradrenergic receptors (alAR, 02AR) to cause an excitatory, inward current and inhibitory
reduction in glutamate transmission, respectively onto the principal neurons governing HPA axis
activation. Both effects are influenced in a sex-dependent manner, with females being relatively
resilient. Additionally, CIE cells were hypersensitive to a2 AR antagonism. Together, this provides
insight towards the mechanisms by which NE can influence HPA axis activity in both males and

females.
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Introduction

Alcohol use disorder (AUD) is characterized by a loss of intake control, negative emotional
state, and inability to cope with acute stressors 4. While AUD is more likely to afflict males
historically, this gap has rapidly diminished in recent years *3'. Norepinephrine (NE) is an essential
neurotransmitter for gating the initiation of the neuroendocrine hypothalamic-pituitary-adrenal
(HPA) axis response to stress 8. However, the mechanisms by which NE acts on corticotropin-
releasing factor (CRF) containing neurons in the hypothalamus to gate activation of the HPA axis
response to stress, and the influence of both sex as a biological variable and chronic intermittent

exposure to ethanol (CIE) physiologically are all underexplored.

The HPA axis acts to broadly influence host physiology and behavior in response to an
acute stimulus in an evolutionarily favorable manner. For example, in response to a predator-
related cue, such as scent or a looming shadow, animals must choose between three main options
(i.e. freeze, fight, or flight). The hosts physiology must also be shifted towards a state of increasing
oxidizable fuel availability 1*>14¢ if the choice of flight is to be made. Awareness must also be
heightened to be able to choose an opportune time to resume movement. These broad responses
are carried out by acute increases in the neuroendocrine factors released by the HPA axis, such as
CRF, adrenocorticotropic hormone, and glucocorticoids (CORT) *2. However, this response needs
to be tightly regulated due to the metabolic and other costs of maintaining a hypervigilant state
10.145 Some of these mechanisms include regulation of CRF cells through excitatory and inhibitory
neurotransmitters, such as glutamate and y-aminobutyric acid (GABA), respectively 3. There are
also abundant NE afferents from the nucleus tractus solitarus that impinge directly onto CRF cells
%8 that can trigger CRF release 4. Additionally, these hypothalamic CRF neurons can positively
and negatively encode valence of surroundings, due to their ability to detect and respond to
aversion '°. Thus, synaptic flexibility of these neurons is vastly complex and of critical importance

to the health and wellness of the host.

NE exerts its effects through 5 main adrenergic receptor subtypes (al, a2, and B1-3;
reviewed in *8). al adrenergic receptor (a1AR) is an excitatory Gq-coupled G-protein coupled
receptor (GPCR) in that is present on CRF neurons and causes an increase in firing 12314, g2 AR
is a Gi GPCR that is present primarily presynaptically to negatively regulate the activity of this
arousal circuit following stimulation **°. Despite hyperactivity in noradrenergic signaling during

11



alcohol withdrawal **!, pharmaceutical interventions targeting this system have been neglected
until recently 412, Thus, we aim to uncover the mechanistic consequences of CIE on NE action at

hypothalamic CRF cells to help address this important therapeutic gap.

Sex is a critical factor in the synaptic flexibility of CRF neurons. Gonadal hormone,
estradiol (E2), can influence the incorporation of al adrenergic receptor (a1 AR) in hypothalamic
neurons 1°3, thus limiting the sensitivity to NE throughout the estrous cycle. Female noradrenergic
neurons within the locus coeruleus are more sensitive to CRF-induced firing increases ** and
females are more sensitive to alcohol reinstatement following a2AR antagonism . On the other
hand, males may be particularly vulnerable to CIE-induced effects in limbic regions, including
alterations in endocannabinoid ¥ and x-opioid signaling ¥ in the basolateral amygdala, and
inhibitory current Kinetics in the central amygdala '“°. Together, this suggests subtle potential sex
differences in the effects of NE exerts onto CRF neurons, especially following treatment of CIE.

Others have demonstrated the emergence, dynamic remission, and resurgence of anxiety-
like behaviors during acute (~8 hours), early protracted withdrawal (2 weeks), and late protracted
withdrawal (6-12 weeks) in male CIEvapor rats, respectively 1. We specifically chose an extended
period of protracted withdrawal to separate the persistent HPA axis neuroadaptations *°"'%*from
acute withdrawal effects 1*° seen previously. Therefore, |1 have used a model of CIE through
intermittent vapor access followed by protracted withdrawal in male and female rats to assess the
persistent HPA neuroadaptations of CRF neurons to NE and the mechanisms that contribute to this

potential disturbance through pharmacological antagonism at a1 AR and 02AR.
Materials and Methods
Animals

All experiments were performed in accordance with the guidance of the National Institutes
of Health on animal care and use and the University of California, Los Angeles Animal Research
Committee. Male or female Sprague Dawley rats (weighing 200-225 g or 150-185 g, respectively)
were pair-housed under 12-hr 6AM/6PM light/dark cycle with ad libitum access to food, water

and environmental enrichment.
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Ethanol (Decon Laboratories, King of Prussia, PA) was administered via custom-built
vapor chambers (La Jolla Alcohol Research, Inc.) for 12 hour on/off cycles (on at 10PM), referred
to as chronic intermittent ethanol (CIE) as previously described 1. Animals in their home cages
passively consumed ethanol in gradually increasing doses throughout the 40-day experiment
(Suppl. Fig. 1). Body weight was measured weekly to monitor potential adverse effects of ethanol
exposure. Tail vein blood (30-50 ul) was collected into heparinized tubes (Microvette CB300,
Starstedt, Germany) immediately following 12-hr vapor exposure during the last experimental
week. Blood samples were centrifuged at 2,000 g for 10 min at room temperature and the EtOH
content of each sample measured in duplicate along with EtOH standards using the alcohol oxidase
reaction procedure (GM7 Micro-Stat, Analox, Huntington Beach, CA). A cutoff of >150 mg/dl of
ethanol in plasma was used to confirm that an intoxicating level of ethanol was reached in each rat
1% Animals were subsequently withdrawn for a period of 30-108 days to evaluate the post-acute
effects of CIE exposure on PNCs, which was employed to disentangle the persistent adaptations
to the HPA axis seen previously 437 from the effects of acute withdrawal. Room air-exposed,
weight- and age-matched rats were used as controls. In some experiments, rats were confined in a
Plexiglas restrainer (Braintree Scientific, Braintree, MA) for 30 min immediately prior to

euthanasia.
Electrophysiology

The investigators performing the recordings were blind to the treatment (CIE or Air) that
the rats received. CIE- and Air-exposed rats were randomly counterbalanced throughout data
acquisition. Following 30-108 days of protracted withdrawal, CIE-exposed rats and their air-
exposed controls were deeply anesthetized with isoflurane (Patterson Veterinary, MA, USA),
decapitated and brain submerged in ice cold bubbling artificial cerebrospinal fluid (ACSF)
containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH2POa, 2 CaClz, 2 MgCl,, 26 NaHCOs, 10
glucose, saturated with 95% O, and 5% CO». Coronal brain slices (400 uM) were obtained
(VT1200s, Leica, Buffalo Grove, IL) and sections containing the paraventricular nucleus of the
hypothalamus (PVN) microdissected and stored in a separate incubation chamber for >1 hr prior
to recordings.

Whole-cell patch clamp recordings were obtained from putative parvocellular
neuroendocrine cells (PNCs) within the medial aspect of the PVN as defined by their distinct
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electrophysiological characteristics = during perfusion with ACSF at 34 + 0.5 °C. Borosilicate
glass pipettes (TW150F-3, WPI, FL, USA) were pulled (Brown-Flemming P-87, Sutter
Instruments, Novato CA) with 4-8 MQ resistance tips when filled with an internal solution
containing (in mM): 130 K-gluconate, 5 NaCl, 1.1 EGTA, 2 MgATP, 0.2 NaGTP, and 10 HEPES,
pH adjusted to 7.3 with KOH. Action potential (AP) voltage threshold was measured at the
beginning of the sharp rise of the depolarization phase in the first AP elicited by a depolarizing
current pulse. Input-output curve was obtained by calculating the number of APs eliciting in
response to depolarizing current steps (10-pA increments).

Excitatory postsynaptic currents (EPSCs) were evoked with a concentric bipolar
stimulating electrode (MCE-100, Rhodes Medical Instruments, CA, USA) placed within the
periventricular aspect of the PVN =, Stimulus was adjusted to elicit a sustained amplitude reaching
~1/2 maximal response for the first current. Paired-pulse ratio (PPR) was obtained by applying a
pair of equipotent stimuli at an interval of 25 ms and a rate of 0.2 Hz, as described previously =.
High frequency stimulation (HFS) of afferents at 100 Hz for 1 s, repeated four times with a 5 s
interval » was performed following washout of all drugs. Access resistance was continuously
monitored, and recording were accepted for analysis if changed were <30%. AMPAR-mediated
EPSCs were isolated during continuous application of picrotoxin (50 uM; HelloBio, Princeton,
NJ, HB0506) and holding the postsynaptic cell at -60 mV.

Electrophysiological signals acquired with the aid of pCLAMP10 Clampex software
(Molecular Devices, San Jose, CA) were amplified using the Multiclamp 700B amplifier
(Molecular Devices), low-pass filtered at 1kHz and digitized at 10kHz with the Digidata 1440A
(Molecular Devices). Data were analyzed using Clampfit software (Molecular Devices).
Amplitude of evoked EPSCs (eEPSCs), holding current, and PPR was normalized to the beginning
of baseline recordings following stabilization. Effects of drugs on eEPSCs, holding current, and

PPR were evaluated for the last five minutes of 8-minute steady-state drug applications.

Drugs

Noradrenaline bitartrate was dissolved in distilled water at a stock concentration of 100
mM and diluted in ACSF to 10 uM. Prazosin hydrochloride (Cayman Chemical, Ann Arbor, M
#15023) was dissolved in pure dimethyl sulfoxide at a 10 mM stock concentration and diluted to

a final volume of 10 uM in ACSF. Atipamezole hydrochloride (Cayman Chemical, #9001181)
14



was dissolved in distilled water at a stock concentration of 50 mM, sonicated for 2 minutes, and
diluted to a final concentration of 10 uM in ACSF. Recordings were performed in the continuous

presence of picrotoxin (50 uM). All solutions equilibrated at 34 £ 0.5 °C prior to slice application.

Statistical analyses

Data are expressed as mean = SEM. In all figures, n represents the number of cells for each
group. Comparisons of basal membrane properties were done using two-way ANOVA with
Tukey’s post-hoc comparison. Interactions between variables (sex, CIE, effect of drug with respect
to time) were performed using 3-way ANOVA. Post-hoc comparisons were made with Dunnett’s
multiple comparison test to compare the change of a single parameter from the last minute of
baseline to the last minute of drug exposure. Comparison of short-term potentiation was made with
pair-wise t-test of an average of one minute of eEPSCs immediately prior to, and immediately after
high-frequency stimulation. All statistical analyses were performed using Prism 9 software
(GraphPad). Alpha cutoff of 0.05 was used.

Results
CIE alters the excitability of hypothalamic PNCs in a sex-dependent manner

Prolonged alcohol exposure causes neuroadaptations to the HPA axis that persist following
protracted withdrawal =. We first evaluated possible sex differences in the CIE-induced alterations
of membrane properties of hypothalamic PNCs. CIE c a significant increase in the current required
to hold cells at -60 mV only in PNCs from CIE males (Fig. 1-1 A), indicative of more depolarized
resting membrane potentials in this group. We next conducted a voltage ramp test to detect
differences in holding current across various membrane potentials. PNCs from CIE males required
greater current to maintain their respective membrane potentials and there was a significant
interaction of sex x ethanol (Fig. 1-1 B).

We next investigated the voltage threshold to elicit an action potential (AP) in these cells
in response to depolarizing current pulses. We found a highly significant sex x ethanol interaction,
by which CIE males had a higher AP voltage threshold than their air controls or CIE females,
indicating greater depolarization needed to elicit an AP (Fig. 1-1 C, E). To determine the firing
rate elicited by depolarizing current injection, we injected various currents in 10 pA increments

and counted the frequency of APs elicited. We saw a significant effect of ethanol and sex on the
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frequency of elicited APs, with air exposed females consistently eliciting the most APs at a given

current injection (Fig. 1-1 D, F). CIE females were also able to elicit more APs than their CIE male

counterparts at the 80-pA current injection (Fig. 1-1 F). Together, these results demonstrate that

CIE has lasting sex-dependent effects on the membrane properties of PVN PNCs, even following

protracted withdrawal.
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Figure 1-1: Sex-dependent effects of chronic intermittent ethanol (CIE) exposure on the membrane
properties of hypothalamic parvocellular neuroendocrine cells (PNCs). A) CIE increases the holding
current needed to maintain PNCs at -60 mV in male but not female rats. B) CIE increases current
response to a voltage ramp only in CIE males. C, E) Representative traces of depolarization-induced
action potentials (APs) illustrating a higher AP threshold in CIE males vs. Air males. D, F) Representation
of depolarization-induced Aps illustrating a higher frequency of events is seen during an 80-pA current
injection in air females vs. Air males. E) Both sex and ethanol influence AP threshold. ** p<0.01, ***
p<0.001. F) Both sex and ethanol exposure influence spike frequency in PNCs following increasingly
depolarizing current injections. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. @ comparison
between CIE males v. females; # comparison between Air males v. females. A, E) Two-way ANOVA. B,
F) Three-way repeated measures ANOVA.

NE-induced inward current and suppression of eEPSC are both sex- and CIE-dependent

Noradrenergic signaling is a known regulator of the hypothalamic stress response s,
Therefore, we evaluated the effects of bath application of NE (10 uM) on the excitability of PNCs.
NE produced two distinct effects in recorded PNCs: a depolarizing, inward current (excitatory)
and a decreased amplitude of eEPSCs (inhibitory). There was a significant interaction of sex x CIE
x time for both effects. NE elicited an inward current in Air males and CIE females, but not in CIE
males or Air females (Fig. 1-2 A, B). The amplitude of eEPSCs was consistently reduced following
NE application in all groups when compared to baseline, except in Air females (Fig. 1-2 D, E).
Interestingly, the NE-induced decreases in eEPSC amplitude were without a concomitant increase
in the PPR (Fig. 1-2 F, G), suggesting a more complex mechanism than sole effects on presynaptic
neurotransmitter release probability. These data suggest a dual role for NE where the excitatory
effect of inward current is somewhat counterbalanced by suppression of postsynaptic
glutamatergic currents. More so, these responses can be altered by CIE exposure in a sex-
dependent manner.
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Figure 1-2: Norepinephrine (NE) elicits a dual effect on holding current and evoked excitatory
postsynaptic currents in parvocellular neuroendocrine cells (PNCs). A, B) NE (10uM) application
causes a depolarizing increase in holding current. C) Representative glutamatergic excitatory
postsynaptic currents (eEPSCs) before and during application of NE (10uM). D, E) NE (10uM)
suppresses glutamatergic eEPSCs in a sex and ethanol-dependent manner. F, G) No change in paired-
pulse ratio following NE application. A, D, F) Three-way repeated measures ANOVA. B, E, G) Two-
way ANOVA; * p<0.05, ** p<0.01, *** p<0.001.
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Figure 1-3: Norepinephrine (NE)-induced inward current and facilitation of excitatory evoked
postsynaptic currents (eEPSCs) are mediated by al-adrenergic receptor (a1AR). A, B) Application of
a1AR antagonist prazosin (10uM) prevents increases in holding current during concomitant NE
(10uM) application. C) Time course showing a time x sex x ethanol interaction of prazosin and NE on
eEPSC amplitude. C, D) Prazosin alone suppresses glutamatergic eEPSCs only in Air males, which is
significantly different from Air females. E) Representative traces of glutamatergic eEPSCs in Air males
and females before and during prazosin + NE application. F) Prazosin has no effect on NE’s ability to
suppress eEPSC amplitude. G) Time course showing a significant effect of sex on paired-pulse ratio
following prazosin and NE application. H) There was a trend towards an increase in paired-pulse
ratio following prazosin and NE application only in Air-exposed males. # p <0.10, * p<0.05, ** p<0.01,
*** p<0.001, **** p <0.0001. A, C, G) Three-way repeated measures ANOVA. B, D, F, H) Two-way
ANOVA.
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NE-induced inward current and facilitation of eEPSCs is mediated by alAR
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In the central nervous system, alAR is a postsynaptic, Gq-coupled G-protein coupled
receptor (GPCR) that causes depolarization through release of intracellular calcium stores 42,
Therefore, we evaluated the effects of bath applied selective alAR antagonist prazosin (PRAZ;
10uM), and the effects of NE in the presence of PRAZ on hypothalamic PNCs. The ability of NE
to increase holding current was lost during concomitant PRAZ application (Fig. 1-3 A, B). There
was a trend towards an increase in holding current only in PNCs from CIE females during
concomitant NE and PRAZ (Fig. 1-3 B). Additionally, there was a significant interaction of sex x
CIE x time on eEPSCs (Fig. 1-3 C). Only Air males showed a suppression of eEPSCs with
application of PRAZ alone and this was significantly different than Air females (Fig. 1-3 D). This
suggests that activation of olAR by endogenous NE contributes to basal glutamatergic
transmission in males but not females. Concomitant application of NE with PRAZ shows a
significant sex x CIE x time interaction and shows a suppression of eEPSCs in air males and both
CIE males and females (Fig. 1-3 C, E, F). This change in eEPSCs was associated with a relative
sex-dependent effect on paired-pulse ratio (Fig. 1-3 G, H). However, no significant differences in
paired-pulse ratio compared to baseline were observed (Fig. 1-3 H). Taken together, our data

suggests that postsynaptic alARs on PNCs contribute to both depolarizing, inward current and
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Figure 1-4: Norepinephrine acts through a2-adrenergic receptors to suppress evoked glutamatergic
excitatory postsynaptic currents. A, B) a2-Adrenergic receptor antagonist, atipamezole (10uM) causes a
significant increase to holding current in an ethanol and sex-dependent manner. C, D) Atipamezole alone
does not affect glutamatergic evoked excitatory postsynaptic currents (eEPSCs), but blocks the ability of
NE to suppress eEPSCs. There was also a significant effect of ethanol on the magnitude of eEPSCs, with
ethanol groups being significantly larger. E, F) No effect of atipamezole was observed on paired-pulse ratio.
* p<0.05. A, C, E) Three-way repeated measures ANOVA. B, D, F) Two-way ANOVA.

increasing eEPSCs in PNCs of male rats. Moreover, this ability of a1lARs to increase eEPSCs is

selectively lost following CIE exposure.

NE-induced suppression of eEPSCs is mediated by a2AR
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02AR is a predominantly presynaptic, Gi-coupled GPCR that acts to inhibit
neurotransmitter release through inhibition of adenylate cyclase 1“8, As such, application of a2AR
antagonists can increase synaptic release of NE 1. Bath application of the selective a2AR
antagonist, atipamezole (ATIP; 10uM) caused a sex x ethanol interaction on holding current,
where there was a trend towards an increase in holding current only in CIE female cells (Fig. 1-4
A, B). Interestingly, ATIP showed an effect of ethanol exposure on eEPSC amplitude (Fig. 1-4 C).
Concomitant application of NE with ATIP completely prevented the ability of NE to suppress
eEPSCs (Fig. 1-4 C, D). No effect of ATIP was observed on PPR (Fig. 1-4 E, F). Altogether, these
data suggest that a2AR plays a key role in the regulating PNC synaptic transmission in response
to NE.

Discussion

Adaptations within central catecholaminergic circuits have been implicated for a host of
substance use disorders 1. Here we describe the adaptations in NE effects on the excitability and
plasticity of glutamatergic synaptic transmission in hypothalamic PNCs induced by CIE exposure
and protracted withdrawal, a validated model of alcohol dependence. CRF-releasing PNCs within
the PVN are critical to the stress-induced HPA axis activation. NE, a key neurotransmitter for
arousal, depolarizes PNCs through activation of alAR and suppresses AMPAR-mediated
glutamatergic neurotransmission through activation of a2AR. Both effects are influenced by sex
and CIE exposure. NE also primes glutamatergic synapses in naive males to unmask HFS-induced
STP. CIE exposure dysregulates this plasticity, while blockade of a1AR restores it, highlighting

the importance of targeting the NE system for the treatment of stress-induced relapse in AUD “.

Ethanol imposes a broad range of effects on neuronal physiology, both directly and through
the action of metabolites %2, We demonstrated an increased holding current needed to stabilize
cells at -60 mV selectively in CIE males. We also observed a relative decrease in the intrinsic
excitability and evoked spike firing rate in CIE males. Taken together, this points to a persistent,
sex-dependent neuroadaptation by CIE that may alter adaptive coordination of the neuroendocrine
response to stress. While our previous research showed a lowered action potential threshold in CIE
males *, this is likely due to differences in the mode of alcohol administration (vapor v. oral

gavage). Indeed, oral gavage with an intoxicating bolus of ethanol is aversive, while CIE vapor
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exposure increases responding for ethanol rewards %. Previous evidence supports that decreases
in the excitability of PVN PNCs encode differences in the valence of consummatory rewards 163,
Thus, continued research with ClEvapor models should facilitate more translationally applicable
insight when investigating the physiological mechanisms by which CIE disrupts stressor

resiliency.

NE is a critical component of the initiation of the HPA axis response to stress %4, NE-
evoked inward currents in PNCs are excitatory and lead to increased neuronal firing. PRAZ was
effective at preventing increases in the holding current following NE application. No group
differences were observed in response to PRAZ + NE on holding current. This confirms that the

NE-evoked excitatory inward current in P\VVN PNCs is mediated through postsynaptic alAR.

NE can also affect excitatory glutamatergic signaling onto PNCs through two mechanisms.
First, a1AR activation causes astrocytic ATP release to amplify presynaptic glutamate release *=.
Interestingly, we only observed this effect of alAR in air males, where PRAZ alone was sufficient
to reduce eEPSC amplitudes. This sex difference is no longer present following CIE, suggesting
that CIE inhibits the ability of NE to amplify presynaptic glutamate release through alAR
selectively in males. Gonadal hormones are known to influence the incorporation of alAR &,
which may contribute to the sex differences in air-exposed controls. Second, presynaptic and
astrocytic ¢ a2AR can also be activated to suppress glutamate release. We show that NE-induced
decreases in postsynaptic eEPSC amplitude can be eliminated in the presence of a2AR antagonism
with ATIP. CIE altered ATIP’s effect on eEPSCs, leading to increased amplitude of eEPSCs. This
suggests that CIE may alter the activity or incorporation of a2AR as a potential opponent process.
These opposing effects of a1l AR and a2AR activation on glutamate release may be responsible for

the lack of significant differences in paired-pulse ratio of eEPSCs in the presence of NE.

Our findings of sex differences in CIE effects on PNCs agree with previously identified
sex differences in ClEvapor €Xposure, such as females being relatively resilient to higher blood
ethanol concentrations (BECs) *7, which may be due to accelerated clearance kinetics 8. The fact
that female PNCs maintained synaptic flexibility despite consistently higher BECs (due to lower
body weights; Suppl. Fig 1.) is consistent with previous data showing that female rats following

ClEvapor appear resistant to both CIE-induced changes to biochemical physiology 3% and
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behavioral escalation of voluntary intake 1%. Certain sex differences, such as prevention of ethanol-
induced changes in endocannabinoid signaling appear to be mediated through ovarian hormones
18 which may have contributed to the variability in female data displayed in Figure 1-2 &
Supplemental Figure 2. Our study therefore expands on the reservoir of emerging data by
uncovering some of the divergent mechanisms which may contribute to persistence of AUD in

males and females.

The persistence of sex-specific alterations on NE-induced current following CIE is notable.
As noted, we specifically chose an extended period of protracted withdrawal to separate the
persistent HPA axis neuroadaptations from acute withdrawal effects. Supplemental Fig. 2 shows
that the effects of NE-induced current persist up to 108 days following last ethanol exposure, which
is the lifespan-adjusted equivalent of ~10.3 human years *°. Thus, medical interventions
ameliorating these effects of CIE may be able to specifically impact quality-adjusted life years in

a clinical setting.

We have shown here how NE acts on isolated glutamate currents onto and depolarizes
hypothalamic CRF neurons. However, our study is limited in that we only recorded from putative
CRF neurons based on their response to a hyperpolarizing current pulse **8, Future studies should
examine other cellular populations of the PVN in response to NE, such as oxytocin and arginine-
vasopressin-expressing magnocellular neuroendocrine cells, pre-autonomic neurons, and
astrocytes, are modulated following CIE treatment. While we believe that estrous cycle influenced
the variability in the sensitivity of female neurons to action at al AR, we were unable to evaluate
estrous stage from vaginal smears collected in this experiment. Experiments rigorously testing this
hypothesis may be more useful in models of ovariectomized rats with or without E> replacement
to eliminate the confounding step of interpreting vaginal smears and unhelpful data on 1/4 estrous
days collected. Further, future studies should determine whether sex differences in sensitivity at

aARs following CIE can augment responding for ethanol rewards in operant assays.

In summary, it was previously known that signaling flexibility in PVN PNCs is essential
for the encoding of aversive and rewarding valence to incoming stimuli °. We show here that CIE
imposes sex-specific limitations on multiple ways (a1 AR-mediated excitation, a2 AR-mediated
suppression of glutamatergic eEPSCs) by which NE acts to dynamize or constrain the synaptic

flexibility in PNCs. This may provide mechanistic support to previous findings that female CIE
24



105

rats fail to escalate drinking following two-bottle choice **°. We hope these studies can enable the

future development of novel therapeutics targeting noradrenergic dysfunction following CIE.
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Supplementary Figure 2
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CHAPTER 2

Chronic intermittent ethanol exposure imposes dysfunction in hypothalamic metaplasticity

in male rats
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Abstract

Stressful stimuli require rapid, precise, and dramatic behavioral responses to maximize
host survival odds. Selection options include freezing, darting, or increasing aggression and
fighting. This behavioral response to stress has been increasingly linked to HFS-STP within the
PVN. We have shown that this metaplasticity is disrupted in male CIE rats, but potential sex
differences have yet to be rigorously evaluated. Here, we describe how this stress and stimulation-
dependent plasticity is affected in male and female rats and the influence of CIE exposure followed
by protracted withdrawal. Stress neurotransmitter NE was sufficient to unmask STP in male, but
not female stress-naive rats, independent of previous CIE treatment. Further, pretreatment with
alAR antagonist PRAZ unmasked STP in CIE male and female rats, while blocking STP
formation in Air males. In stressed CIE males, NE was insufficient to unmask STP, while
pretreatment with prazosin restored STP. Collectively, this demonstrates that metaplastic

dysfunction in hypothalamic synapses following CIE is sex- and alar activity dependent.
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Introduction

Envision yourself as a rat. In a summer field approaching dusk, looking to scrounge some
seed and grain to feed yourself and rest before having to nurse your young for the rest of the night.
You see some discarded wheat in a field only a few meters out! However, after getting half-way

out, you notice an ominous, dark shadow.

Suddenly, your lax and chipper attitude turns dire. What will you do? Dart towards the
wheat and hope to hide in it? Freeze and hope whatever is casting that shadow misses your line of

sight? Perhaps get on your hind legs and stick out your teeth and claws menacingly?

The sudden and drastic behavioral and physiological responses to an imminent threat are
vastly complex and intimately involve action from various components of the hypothalamic-
pituitary-adrenal (HPA) axis. PNCs exhibit a unique stress- and CRF receptor 1 (CRF1R)-
dependent short-term glutamatergic plasticity (STP) following high-frequency afferent stimulation
17 CRF1R activation suppresses postsynaptic N-methyl D-aspartate receptors (NMDARS) to
prevent the release of a retrograde messenger to consequently gate STP formation 7. Freezing in
response to a threatening stimulus is related to STP formation in PVN PNCs *°, which highlights

the importance of this glutamatergic plasticity in coordinating adaptive behavior.

Acute exposure to intoxicating concentrations of EtOH is sufficient to activate the PVN
CRF neurons 26170171 As such, CIE exposure puts sufficient strain to limit the plasticity of PNCs
through binge intoxication and withdrawal cycles 144172174 \We have previously demonstrated the
disruption of PVN CRF neuron STP following an oral gavage model of CIE in male rats through
an upregulation in function of GIuN2B NMDAR subunits which can bypass CRF1R-dependent
suppression . We believe this is one of the mechanisms by which CIE alters the synaptic
flexibility of hypothalamic neurons, rendering the host incapable of appropriately being able to

cope with exposure to repetitive stress.

Norepinephrine (NE) is a monoamine neurotransmitter involved in behavioral arousal
following exposure to a stressor %4175, While application of NE has been shown to trigger CRF
release in some in vitro models *#’, the ability of NE to gate hypothalamic metaplasticity has not

been evaluated rigorously. Hyperactivity of noradrenergic signaling is aa hallmark of alcohol
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withdrawal. Evaluation of novel applications for well-known noradrenergic drugs could address a

critical therapeutic gap .

We used a ClEvapor model of exposure followed by protracted withdrawal to investigate
potential sex differences in metaplastic STP formation through direct application of NE. We also
evaluated if we could restore the loss of stress induced STP in male CIE rats through
pharmacological blockade of al ARs. Electrophysiological recordings from PNCs were obtained
during following application of NE and selective o AR antagonists to study pharmacologically
isolated a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated

synaptic currents before and after applying HFS.
Materials and Methods
Animals

All experiments were performed in accordance with the guidance of the National Institutes
of Health on animal care and use and the University of California, Los Angeles Institutional
Animal Care and Use Committee. Male or female Sprague Dawley rats (weighing 200-225 g or
150-185 g, respectively) were pair-housed under 12-hr 6AM/6PM light/dark cycle with ad libitum

access to food, water and environmental enrichment.

Ethanol (Decon Laboratories, King of Prussia, PA) was administered via custom-built
vapor chambers (La Jolla Alcohol Research, Inc.) for 12 hour on/off cycles (on at 10PM), referred
to as chronic intermittent ethanol (CIE) as previously described %4, Animals in their home cages
passively consumed ethanol in gradually increasing doses throughout the 40-day experiment
(Suppl. Fig. 1). Body weight was measured weekly to monitor potential adverse effects of ethanol
exposure. Tail vein blood (30-50 ul) was collected into heparinized tubes (Microvette CB300,
Starstedt, Germany) immediately following 12-hr vapor exposure during the last experimental
week. Blood samples were centrifuged at 2,000 g for 10 min at room temperature and the EtOH
content of each sample measured in duplicate along with EtOH standards using the alcohol oxidase
reaction procedure (GM7 Micro-Stat, Analox, Huntington Beach, CA). A cutoff of >150 mg/dl of
ethanol in plasma was used to confirm that an intoxicating level of ethanol was reached in each rat
16 Animals were subsequently withdrawn for a period of 30-108 days to evaluate the post-acute

effects of CIE exposure on PNCs, which was employed to disentangle the persistent adaptations
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to the HPA axis seen previously 7 from the effects of acute withdrawal. Room air-exposed,
weight- and age-matched rats were used as controls. In some experiments, rats were confined in a
Plexiglas restrainer (Braintree Scientific, Braintree, MA) for 30 min immediately prior to

euthanasia.
Electrophysiology

The investigators performing the recordings were blind to the treatment (CIE or Air) that
the rats received. CIE- and Air-exposed rats were randomly counterbalanced throughout data
acquisition. Following 30-108 days of protracted withdrawal, CIE-exposed rats and their air-
exposed controls were deeply anesthetized with isoflurane (Patterson Veterinary, MA, USA),
decapitated and brain submerged in ice cold bubbling artificial cerebrospinal fluid (ACSF)
containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH2POa, 2 CaClz, 2 MgCl,, 26 NaHCOs, 10
glucose, saturated with 95% O2 and 5% COz. Coronal brain slices (400 uM) were obtained
(VT1200s, Leica, Buffalo Grove, IL) and sections containing the paraventricular nucleus of the
hypothalamus (PVN) microdissected and stored in a separate incubation chamber for >1 hr prior
to recordings.

Whole-cell patch clamp recordings were obtained from putative parvocellular
neuroendocrine cells (PNCs) within the medial aspect of the PVN as defined by their distinct
electrophysiological characteristics = during perfusion with ACSF at 34 + 0.5 °C. Borosilicate
glass pipettes (TW150F-3, WPI, FL, USA) were pulled (Brown-Flemming P-87, Sutter
Instruments, Novato CA) with 4-8 MQ resistance tips when filled with an internal solution
containing (in mM): 130 K-gluconate, 5 NaCl, 1.1 EGTA, 2 MgATP, 0.2 NaGTP, and 10 HEPES,
pH adjusted to 7.3 with KOH. Action potential (AP) voltage threshold was measured at the
beginning of the sharp rise of the depolarization phase in the first AP elicited by a depolarizing
current pulse. Input-output curve was obtained by calculating the number of APs eliciting in
response to depolarizing current steps (10-pA increments).

Excitatory postsynaptic currents (EPSCs) were evoked with a concentric bipolar
stimulating electrode (MCE-100, Rhodes Medical Instruments, CA, USA) placed within the
periventricular aspect of the PVN =. Stimulus was adjusted to elicit a sustained amplitude reaching
~1/2 maximal response for the first current. Paired-pulse ratio (PPR) was obtained by applying a
pair of equipotent stimuli at an interval of 25 ms and a rate of 0.2 Hz, as described previously =.
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High frequency stimulation (HFS) of afferents at 100 Hz for 1 s, repeated four times with a5 s
interval = was performed following washout of all drugs. Access resistance was continuously
monitored, and recording were accepted for analysis if changed were <30%. AMPAR-mediated
EPSCs were isolated during continuous application of picrotoxin (50 uM; HelloBio, Princeton,
NJ, HB0506) and holding the postsynaptic cell at -60 mV.

Electrophysiological signals acquired with the aid of pCLAMP10 Clampex software
(Molecular Devices, San Jose, CA) were amplified using the Multiclamp 700B amplifier
(Molecular Devices), low-pass filtered at 1kHz and digitized at 10kHz with the Digidata 1440A
(Molecular Devices). Data were analyzed using Clampfit software (Molecular Devices).
Amplitude of evoked EPSCs (eEPSCs), holding current, and PPR was normalized to the beginning
of baseline recordings following stabilization. Effects of drugs on eEPSCs, holding current, and
PPR were evaluated for the last five minutes of 8-minute steady-state drug applications. The
magnitude of short-term potentiation (STP) was calculated as the average amplitude of 12 eEPSCs
immediately following HFS and was expressed as a % of baseline.

Drugs

Noradrenaline bitartrate was dissolved in distilled water at a stock concentration of 100
mM and diluted in ACSF to 10 uM. Prazosin hydrochloride (Cayman Chemical, Ann Arbor, M
#15023) was dissolved in pure dimethyl sulfoxide at a 10 mM stock concentration and diluted to
a final volume of 10 uM in ACSF. Atipamezole hydrochloride (Cayman Chemical, #9001181)
was dissolved in distilled water at a stock concentration of 50 mM, sonicated for 2 minutes, and
diluted to a final concentration of 10 uM in ACSF. Recordings were performed in the continuous

presence of picrotoxin (50 uM). All solutions equilibrated at 34 £ 0.5 °C prior to slice application.

Statistical analyses

Data are expressed as mean = SEM. In all figures, n represents the number of cells for each
group. Comparisons of basal membrane properties were done using two-way ANOVA with
Tukey’s post-hoc comparison. Interactions between variables (sex, CIE, effect of drug with respect
to time) were performed using 3-way ANOVA. Post-hoc comparisons were made with Dunnett’s
multiple comparison test to compare the change of a single parameter from the last minute of
baseline to the last minute of drug exposure. Comparison of short-term potentiation was made with

pair-wise t-test of an average of one minute of eEPSCs immediately prior to, and immediately after

33



high-frequency stimulation. All statistical analyses were performed using Prism 9 software
(GraphPad). Alpha cutoff of 0.05 was used.

Results

alAR activation facilitates short-term synaptic plasticity in Air male, but not Air female
PNCs

Previous studies have demonstrated the ability of PVN PNCs to undergo short-term
potentiation (STP) of glutamatergic inputs through a corticotropin releasing-factor (CRF) receptor
1 (CRF1R)-dependent mechanism ¥’. Since NE contributes to initiating the HPA axis cascade 12164,
we sought to determine whether bath application of NE can unmask STP in PNCs. We found that
NE application unmasked HFS-induced STP in PNCs from stress-naive males, but not females,

regardless of CIE treatment (Fig. 2-1 A, B, E).
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Figure 2-1: The ability for norepinephrine (NE) to gate short-term plasticity is sex-dependent. A, B)
Representative glutamatergic evoked excitatory postsynaptic currents (eEPSCs) before and after high-
frequency stimulation (HFS, black arrow). C, D) Representative eEPSCs in response to HFS after NE
(10uM) and prazosin (10uM) application. E) Males, regardless of chronic intermittent ethanol (CIE)
exposure show STP, while STP is blocked in females. F) Prazosin blocks NE’s ability to unmask STP in
air exposed males, while facilitating the formation in chronic intermittent ethanol-exposed (CIE)
females. * p<0.05, *** p<0.001, # p<0.05 (comparison from pre-to post-HFS), ## p<0.01. E, F) Two-
way ANOVA.
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Interestingly, application of NE + PRAZ blocked STP formation in stress-naive Air males,
but had no effect on NE-induced STP in stress-naive CIE males (Fig. 2-1 C, D, F), suggesting an
alteration in the mechanism of STP induction following CIE exposure. Importantly, NE + PRAZ
facilitated unmasking of STP induction in stress-naive CIE females (Fig. 2-1 F). These data
suggest that CIE induced neuroadaptive changes lead to alterations in the mechanisms mediating
NE-induced STP in males and females. Altogether, these findings illustrate the sex-dependent

mechanisms that gate STP induction in stress-naive air and CIE rats.

(A) (C)
Stressed CIE Male after NE (10uM)
Pre Past

uﬁ ! O Male O Female
200- ol
o A
150 -
tm pA %

0 ms
100- & Pl |5

(B)
Stressed CIE Male after Prazosin [ 10uM)
+ NE (10w
Pre I Post

A

eEPSC Amplitude
(% of pre-HFS)

NE (10pM) NE (10uM)

+
40 pA Prazosin (10pM)
40 ms

Figure 2-2: Prazosin restores the ability to form stress-dependent STP lost following ethanol exposure
in a sex-dependent manner. A) Representative evoked excitatory postsynaptic currents (eEPSCs) in
stressed CIE exposed rats showing no change in STP following high-frequency stimulation (HFS; black
arrow). B) Representative eEPSCs showing STP following HFS after application of NE (10uM) + prazosin
(10uM). C) Regardless of sex, CIE animals are unable to undergo STP following 30-min restraint stress
and NE (10uM) application. Stressed CIE males, but not females can undergo STP after concomitant
prazosin (10uM) and NE (10uM) application. ** p<0.01 relative to pre-HFS. C) Two-way ANOVA.
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PRAZ restores CIE-induced loss of stress-induced metaplasticity only in males

Our previous reports showed a disrupted STP induction in stressed CIE males . Since we
noted that NE can unmask STP in stress-naive CIE males, we sought to examine the effect of NE
following an acute exposure to a 30-minute restraint in CIE animals. Consistent with our previous
reports, application of NE was not able to unmask STP in stressed CIE rats (Fig. 2-2 A, C).
However, application of NE + PRAZ restored STP in stressed CIE males (Fig. 2-2 B, C). Stress-
induced metaplasticity was not observed in the female groups (Fig. 6C). These data suggest that

olAR blockade allows for NE-induced STP in CIE males, likely via other adrenergic receptors
19,176

STP is a critical mechanism that enables PVN PNCs to maintain signaling flexibility in response
to real or perceived threats through amplified glutamatergic signaling *’. This physiological response has
been subsequently related to behavioral outcomes *°. Sex differences in stress-induced STP within PNCs
have been demonstrated previously, where only socially-exposed females show a vasopressin 1a receptor-
dependent blockade of STP formation 6. This is consistent with the lack of STP in our socially exposed
(pair-housed) females, independent of ethanol treatment. We note that non-stressed CIEyapor males also
show STP in the absence of exogenous drug application (Suppl. Fig. 2). Further, PRAZ application only
prevented NE-induced STP formation in air-exposed, non-stressed males, suggesting that the STP seen in
non-stressed CIEvapor males may not be due to action at a1AR. This is contrasted by the finding that PRAZ
+ NE unmasked STP formation in non-stressed CIE females, suggesting that the vasopressin 1a receptor-

mediated blockade of NE-induced STP in CIE females may be dependent on a1AR activation.

Given NE’s ability to directly facilitate CRF release **, we investigated whether bath
application of NE was sufficient to unmask (stress or CRF1R-activation-dependent)-STP
formation in male and female stress-naive rats. Interestingly, CIE males show normally stress-
dependent STP in stress-naive subjects in the absence of any exogenous drug application. We
found also male, but not female rats, independent of ethanol treatment, showed NE-induced STP
formation. This was simultaneously blocked in Air males and facilitated in CIE females following
pretreatment with PRAZ. Together, we take this data to demonstrate the STP seen in non-stressed
ClEvapor males may not be due to action at a1lAR. This is contrasted by the finding that PRAZ +

NE unmasked STP formation in non-stressed CIE females, suggesting that the vasopressin 1a
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receptor-mediated blockade of NE-induced STP in CIE females may be dependent on alAR

activation.

We previously reported a loss of stress-induced STP following CIEss . When we
evaluated the effect of NE on HFS-induced STP in restraint-stressed rats exposed to CIEvapor We
found that NE was insufficient to unmask stress-induced STP. We next tested whether selective
olAR antagonism can augment HFS-induced STP. To our surprise, PRAZ + NE selectively
restored stress-induced STP formation in CIE males. This is consistent with a previous study
showing that PRAZ reduces stress-induced anxiety in alcohol-preferring male rats during acute
withdrawal 17’. Thus, while the mechanisms by which CIEog and CIEvapor impair STP remain
incompletely understood, there is convergence in this loss of function in stress-induced
metaplasticity. We believe this neurophysiological phenomenon to be a conserved mechanism
underlying stress-induced relapse to ethanol consumption and thus may be impactful
translationally. This insight may inform future clinical evaluations of PRAZ, as while the drug
showed limited efficacy in a randomized, double-blinded study for AUD, there was improved
efficacy in those with higher drinks per week 178, It remains to be seen whether the effect size seen

could be improved by the selective inclusion of men.

Our findings of sex differences in CIE effects on PNCs agree with previously identified
sex differences in ClEvapor €Xposure, such as females being relatively resilient to higher blood
ethanol concentrations (BECs) %7, which may be due to accelerated clearance kinetics %8, The fact
that female PNCs maintained synaptic flexibility despite consistently higher BECs (due to lower
body weights; Suppl. Fig 1.) is consistent with previous data showing that female rats following
CIEvapor appear resistant to both CIE-induced changes to biochemical physiology %140 and
behavioral escalation of voluntary intake 1%. Certain sex differences, such as prevention of
ethanol-induced changes in endocannabinoid signaling appear to be mediated through ovarian
hormones %, which may have contributed to the variability in female data displayed in Figure 2
& Supplemental Figure 3. Our study therefore expands on the reservoir of emerging data by
uncovering some of the divergent mechanisms which may contribute to persistence of AUD in

males and females.
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The persistence of sex-specific alterations in NE-induced current and stress-induced STP
formation imposed by CIE is notable. Others have demonstrated the emergence, dynamic
remission, and resurgence of anxiety-like behaviors during acute (~8 hours), early protracted
withdrawal (2 weeks), and late protracted withdrawal (6-12 weeks) in male ClEvapor rats,
respectively 1%, We specifically chose an extended period of protracted withdrawal to separate the
persistent HPA axis neuroadaptations from acute withdrawal effects. Supplemental Fig. 3 shows
that both the effects PRAZ-mediated restoration of stress-induced STP persist up to 108 days
following last ethanol exposure, which is the lifespan-adjusted equivalent of ~10.3 human years
189 Thus, medical interventions ameliorating these effects of CIE may be able to specifically

impact quality-adjusted life years in a clinical setting.

Our data on the sex differences in STP formation suggests a role for BARs in the loss of
stress induced STP in CIE. For example, BAR-mediated activation of downstream effectors (i.e.
protein kinase A) can be inhibited by tonic activation of downstream olAR signaling pathways
(such as protein kinase C) 1"°. Additionally, mediators of intracellular biochemical events known
to impair STP formation (such as activity of protein phosphatase 2A (PP2A) ) negatively regulate
the sensitivity of BARs 8. As incorporation of BARs are influenced by estrogens 8, this may
explain why alAR-antagonism is only sufficient to facilitate this AR signal to gate STP in
stressed CIE males. Interestingly, the cellular integrated stress response 182 can be negatively
modulated by PP2A 8 and activated by BARs 4. As activators of the integrated stress response
can restore metaplastic signaling deficits required for memory formation imposed by acute ethanol
exposure in the hippocampus 8, our data suggest an unexpected convergence of NE signaling and
integrated stress response pathways that may contribute to CIE-induced changes in hypothalamic
synaptic plasticity.

In summary, it was previously known that signaling flexibility in PVN PNCs is essential
for the encoding of aversive and rewarding valence to incoming stimuli °. We show here that CIE
imposes sex-specific limitations on multiple ways (a1 AR-mediated excitation, a2 AR-mediated
suppression of glutamatergic eEPSCs, and STP formation) by which NE acts to dynamize the
synaptic flexibility in PNCs. Thus, CIE leads to a reciprocal narrowing ' of the available
physiological and behavioral profile to make animals particularly prone to respond with negative
reinforcement behaviors, such as stress-induced ethanol seeking *¥”. While STP formation has
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been related to the choice between freezing and flight °, it has yet to be determined how STP
formation relates to drinking behavior in preclinical models of AUD. We suspect that STP is
related to the ability of animals to cope and act favorably when encountering relapse-inducing
stressors, but this should be validated in an operant assay (such as touch screen). Despite these
limitations, investigations into the mechanisms underlying this metaplastic stress signaling in cells
that regulate HPA axis activation should prove to be an impactful avenue of research for the future

clinical treatment of AUD.
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Supplementary Figure 1
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Supplemental Figure 1: A) Representative trace showing excitatory postsynaptic currents
(eEPSCs) in non-stressed CIE male rats undergo short-term potentiation (STP) following high-
frequency stimulation (HFS, black arrow). B) Non-stressed CIE males show STP following HFS
in the absence of exogenous drug application. * p<0.05, Student’s t-test.
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Supplementary Figure 2
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Supplemental Figure 2: Sex-specific alterations to
hypothalamic  plasticity persist throughout
protracted withdrawal. Fold change response to
high-frequency stimulation (HFS)-induced short-
term potentiation (STP) has no significant linear
correlation to number of days post-CIE exposure in
either sex.

CHAPTER 3
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CIE imposes cell-specific differences in Ca?* signaling frequency during exposure to a

pharmacological stressor
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Abstract

Ethanol acutely activates the HPA axis despite its widely reported anxiolytic properties. Astrocytes
have emerged as important cellular components for mediation of neuronal signal transduction,
ethanol metabolism, and response to metabolic stressors. Astrocytes and neurons within the PVN
respond cooperatively to neuroendocrine cues, such as rapid increases in extracellular [NE], to
gate activation of the HPA axis. Subsequently, HPA axis activity causes release of CORT by the
adrenals acts on hypothalamic GRs to suppress excitatory neurotransmission through negative
feedback. Neuronal signaling in the hypothalamus is altered following CIEvapor €Xposure and
protracted withdrawal, but the underlying mechanisms remain enigmatic. We therefore employed
a model of CIEyapor €xposure to perform Ca?" imaging in ex-vivo slices of PVN in response to
pharmacological application of NE and GR agonist, DEX, with or without selective glutamate or
NE receptor antagonists. By exploiting cell-specific differences to K* buffering capacity, we were
able to putatively differentiate between neuronal and astrocytic cell populations. Both neurons and
astrocytes of CIE rats show less synaptic flexibility in response to a pharmacological stress. This
effect was reversed by application of a1 AR antagonist, Praz, and partially reversed by application
of GIuN2B-specific N-methyl D-aspartate receptor (NMDAR) antagonist, Ro 25-6981. Our results
suggest tripartite synaptic dysfunction underlies previously identified deficits in PVN
neurotransmission following CIE. This also shows promising preclinical validation for one

mechanism by which Praz may restore synaptic PVN function following CIE.
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Introduction

Alcohol misuse is a persistent global health concern which is associated with societal and
financial costs exceeding $249 billion per year 18818 Attempts to pharmacologically treat AUD
are hindered by both reluctances to seek treatment 1% and interindividual differences in the
underlying mechanisms 1’819 Establishment of behavioral biomarkers as predictors of
pharmacological efficacy can help clinicians understand the underlying mechanisms that

contribute to variance in drug treatments and provide improved personalized treatment plans %,

The HPA axis is a coordinated neuroendocrine system that allows the host to adaptively
respond to threatening stimuli 2. This axis is initiated through the activation of PNCs containing
CRF within the PVN by glutamatergic and noradrenergic inputs. Ultimately, HPA axis activation
results in the release of CORT that negatively regulates the activity of these CRF cells *2.
Additionally, CRF cells must coordinate upstream afferent signals from the locus coeruleus,
amygdala, and other regions of the hypothalamus *3. Thus, PVN CRF cells must integrate upstream
and downstream signals to positively and negatively gate their activity to allow the host to
adaptively respond to stress '°. Relapse rates in those with AUD are high (~20-30% ®7) and are
greatly influenced by stress 8°. Despite this knowledge, no currently approved medications for

AUD explicitly target the HPA axis 4 or noradrenergic circuitry.

CIE exposure in rodents imposes behavioral changes which include loss of control over
EtOH intake, anxiety-like behavior, and disruption of stress-coping behaviors %1%, Increased
stress-induced grooming, which helps calm an animal after exposure to a stressor, is also lost
following CIE . However, even gold-standard preclinical models of AUD (such as CIE vapor
exposure followed by protracted withdrawal) often result in a heterogeneity of drinking preference
within each experimental group. While exciting discoveries have started to uncover the neuronal
underpinnings that contribute to compulsive alcohol escalation leading to AUD %2, little is known
about the broad consequences contributing to cellular dysfunction within the PVN following
protracted withdrawal. This may have important implications for treating AUDs, as PRAZ was

found to be most efficacious in those with higher numbers of heavy drinking days .

CREF cells within the PVN are essential for both the conduct of the HPA axis and the gating
of complex behaviors in response to environmental cues. For example, optogenetic inhibition of

these cells results in increased rearing (an exploratory behavior) and decreased grooming (a stress-
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coping behavior) €, Astrocytes have critical roles in potassium buffering %% regulating synaptic
strength 122, glutamate/glutamine shuttling %8, amongst others “¢, that can dramatically influence the
excitability of pre-and postsynaptic neurons. As such, the cooperative function between astrocytes,
presynaptic axon terminal, and postsynaptic soma, termed the “tripartite synapse, ” function in
response to action by the other to coordinate and spatially amplify signals. Norepinephrine release
in response to stressful stimuli gates a complex ATP-dependent neuronal-astrocytic crosstalk
within the PVN to rapidly amplify glutamate transmission 12 specifically in males, which may be
disrupted by CIE °. However, the mechanisms by which astrocytic-neuronal crosstalk is impaired

from CIE are currently not well understood.

Ca?" imaging as a technique has gained significant traction over the past decade due to its
ability to obtain large, rich data sets on many cell types with minimally disruptive techniques %1%,
due to Ca?* flux’s relation to intracellular second messenger signaling pathways and action
potentials **71%, There has been a recent shift to the collection of Ca?* imaging in the form of two-
photon recordings using chronically implanted mini-scopes to visualize neuronal or astrocytic Ca*
events in vivo due to the rapid expansion and facilitation of relevant resources *°. However,
obtaining reliable recordings of this nature is typically limited to dorsal areas of the brain. Further,
ex-vivo, single photon Ca?* imaging can be obtained in high fidelity 2%, with the added advantage
of being able to rapidly apply various electrical stimulation and pharmacological manipulations in
a tightly controlled setting. Thus, we performed ex-vivo, single photon Ca?* imaging in PVN slices
subjected to a pharmacological stress protocol. Utilizing this strategy, we were able to determine
unique CIE-induced alterations in astrocytic and neuronal Ca?* spike kinetics in response to a
pharmacological stress. We also used selective antagonists of alAR, 0a2AR, and Glun2B-
containing NMDAR, to determine the CIE-induced alterations and HFS-sensitivity of frequency
of Ca?* event, proportion of excited cells, and Ca?* spike kinetics in PVN slices from air and CIE
rats. Finally, we determined the similarities in differences between the relations of measured Ca?*

signaling profiles with behaviors associated with AUD.
Materials and Methods

Animals
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All experiments were performed in accordance with the guidance of the National Institutes
of Health on animal care and use and the University of California, Los Angeles Animal Research
Committee. Male Long-Evans rats (weighing 200-225 g) were pair-housed under 12-hr 6AM/6PM
light/dark cycle with ad libitum access to food, water and environmental enrichment.

EtOH (Decon Laboratories, King of Prussia, PA) was administered via custom-built vapor
chambers (La Jolla Alcohol Research, Inc.) for 12 hour on/off cycles (on at 10PM), referred to as
CIE, as previously described ' . Animals in their home cages passively consumed EtOH in
gradually increasing doses throughout the 40-day experiment. Body weight was measured weekly
to monitor potential adverse effects of EtOH exposure. Tail vein blood (30-50 ul) was collected
into heparinized tubes (Microvette CB300, Starstedt, Germany) immediately following 12-hr
vapor exposure during the last experimental week. Blood samples were centrifuged at 2,000 g for
10 min at room temperature and the EtOH content of each sample measured in duplicate along
with EtOH standards using the alcohol oxidase reaction procedure (GM7 Micro-Stat, Analox,
Huntington Beach, CA). A cutoff of >150 mg/dl of EtOH in plasma was used to confirm that an
intoxicating level of EtOH was reached in each rat 1*®, Animals were subsequently withdrawn for
a period of 30 days prior to behavioral assessment, which was employed to disentangle the
persistent adaptations to the HPA axis seen previously 417, from the effects of acute withdrawal.

Room air-exposed, weight- and age-matched rats were used as controls.
Ca?* imaging

CIE-exposed rats and their air-exposed controls were deeply anesthetized with isoflurane
(Patterson Veterinary, MA, USA), decapitated and brain submerged in ice cold bubbling slicing
artificial cerebrospinal fluid (ACSF) containing (in mM): 62 NaCl, 3.5 KCI, 1.25 NaH2PO4, 62
choline chloride, 0.5 CaCl,, 3.5 MgCl,, 26 NaHCO3, 5 N-acetyl L-cysteine, and 5 glucose, pH
adjusted to 7.3 with KOH. Acutely microdissected PVN slices (300 uM thick) were obtained
(VT1200s, Leica, Buffalo Grove, IL) and transferred to room temperature normal ACSF
containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH;PO4, 2 CaCl,, 2 MgCl,, 26 NaHCOs3, 10
glucose, pH adjusted to 7.3 with KOH, and allowed equilibrate for >1 hr prior to experimentation.
Slices were then incubated in a 5-mL chamber containing ACSF with cell-permeable Ca?*-
indicating dye, Calbryte 520AM (AAT Biosciences), DMSO (0.3% w/v) and pluronic acid (0.02%
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wi/v) for 45-60 min and allowed to wash in another normal ACSF solution for >5 min prior to
imaging. Calbryte 520AM is an esterified dye that, following cleavage after passive transport into
the cytosol, exhibits greatly enhanced cellular retention without the need for additional

pharmaceutical intervention 21,

Imaging was performed on a Scientifica SliceScope, with imaging components built on an
Olympus BX51 upright fluorescence microscope equipped with an SCMOS camera (Hamamatsu
Orca Flash 4.0v3). Anatomical regions in brain sections for Ca?* imaging were first identified by
brightfield imaging with 780nm LED (Scientifica) illumination. Ca?* imaging was performed
using a 40x, 0.80NA water immersion objective (Olympus), continuous 470nm LED illumination
(ThorLabs), and a filter cube suitable for Calbryte 520AM imaging: Excitation: Brightline 466/40,
Dichroic: Semrock FF495-Di03, Emission: Brightline 525/50. Images were acquired continually

with 20ms exposure time.

Electric field stimulation was applied at 110 mV (twin pulse every 5s). At the end of each
experiment, slices were washed with high [K*] ACSF, (containing in mM: 86 NaCl. 55.4 KCI, 1
MgClz, 0.33 NaH2POg, 10 D-Glucose, 10 HEPES, 2 CaCly) to putatively discriminate between
neuronal and astrocytic cell populations 2°2. Temperature of ACSF during the recorded sessions
was held at 28° C to minimize bubble formation.

Drugs

Norepinephrine bitartrate (Tocris Biosciences, Minneapolis, MN, #5169) was dissolved in
distilled water at a stock concentration of 100 mM and diluted in ACSF to 10 uM. Selective alAR
antagonist, Praz (Cayman Chemical, Ann Arbor, MI #15023) was dissolved in DMSO ata 10 mM
stock concentration and diluted to a final volume of 10 uM in ACSF. Selective alAR antagonist
Atipamezole hydrochloride (Atip; Cayman Chemical, #9001181) was dissolved in distilled water
at a stock concentration of 50 mM, sonicated for 2 minutes, and diluted to a final concentration of
10 uM in ACSF. Selective GIuN2b antagonist, Ro 25-6981 (Ro; Hellobio, Ann Arbor, M1 #15023)
was sonicated and dissolved in DMSO at a 5 mM stock concentration and diluted to a final volume
of 5 uM in ACSF. Glucocorticoid receptor (GR) agonist, dexamethasone (DEX) was dissolved in
DMSO at a 5 mM stock concentration and diluted to a final volume of 5 uM in ACSF. Recordings
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were performed in the continuous presence of picrotoxin (50 uM). All solutions equilibrated at 28

+ 0.5 °C prior to slice application.

To mimic a pharmacologically mediated stress response, multiple PVN slices from the
same animal were washed with normal ACSF for 3 minutes, then NE, with or without selective
antagonists (Praz, Atip, Ro) for a period of 8 minutes prior to imaging. Subsequently, slices were
washed with DEX for 8 minutes. Finally, slices were washed with high [K*] ACSF, (containing in
mM: 86 NaCl. 55.4 KCI, 1 MgCl,, 0.33 NaH2PO4,10 D-Glucose, 10 HEPES, 2 CaCl,)to
putatively discriminate between neuronal and astrocytic cell populations 292,

Data Extraction

Blinded scorers semi-manually curated regions of interest (ROIs) using Python-based
Suite2P software 2%, ROI fluorescence was subtracted from the annual surround fluorescence,
low-pass filtered, and transformed to dF/F as previously described 2°°, where Fo is calculated with
a boxcar filter with a 200-frame lookback window. dF/FO values were clipped between 0 and 9000
to eliminate negative changes. Area under the curve and event frequency of each cell was
calculated for each drug treatment. A threshold of 0.15 dF/F was used to determine significant
events, which is lower than the dF/F of a single ex-vivo action potential, but significantly above

signal to noise in our recorded traces 2%,
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Data Analysis
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Figure 3-1: Schematic representation of ex-vivo pharmacological stress protocol. A Paxinos atlas
diagram, showing PVN (yellow), along with 4x (brightfield) and 40x (GFP) screen captures of a
representative micro-dissected PVN slice. B In response to stressful stimuli, NE and subsequently,
CORT concentrations rise in a serial manner to regular PVN CRF neurons. Following our
pharmacological stress protocol, we applied 52mM KCI to putatively discriminate between astrocytic
and neuronal populations. C Schematic representation of positive and negative modulation of HPA
axis through NE and CORT. D Graphical summary depicting our pharmacological manipulations to
investigate tripartite synaptic communication.

All data are expressed as mean + SEM. For basal event frequency data, student’s t-test was
used to evaluate differences between CIE and Air groups. GraphPad Prism 9 and Python Jupyter

notebook was used for all data analyses. Alpha cutoff of 0.05 was used.
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Results

Pharmacological stress protocol to assess the cellular mechanisms underlying CIE-induced

HPA axis dysfunction in astrocytes and neurons

To evaluate how NE and CORT can affect the frequency and kinetics of Ca®* signals in
neuronal and astrocytic populations, we obtained ex-vivo micro-dissected PVN slices (300uM) in
carbogenated, ice-cold ACSF containing N-acetyl cysteine to preserve astrocyte function. Using
this technique, we were able to obtain 6-8 PVN hemispheres to be incubated in unidirectionally,
cell permeable Ca?* indicator, Calbryte 520AM (Fig 3-1A). We then exposed each slice to a
different iteration of pharmacological stress to evaluate interindividual differences in physiological
Ca?" handling. Finally, we briefly applied 52mM KCI ACSF to exploit physiological differences
in K* buffering capacity between astrocytes and neurons, as previously described (Fig. 3-1 b) 22,

NE and CORT are essential for the positive and negative gating of HPA axis activation, respectively.
Here we show a simplified schematic displaying the action of NE and CORT to gate the output of
this axis positively and negatively by the PVN (Fig. 3-1 c). A simplified diagram displaying the
known biochemical mechanisms underlying tripartite glutamate signaling in the PVN during
various phases of HPA activation (Fig. 3-1 d) is also provided to justify our pharmacological

interventions.

CIE exposure alters the basal Ca?* signaling and sensitivity to a1AR ligands in PVN neurons
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%k %k %k %k .
40+ - 30— dysfunction in CIE neurons and
9 30 m astrocytes. Lower Ca’* events
= S 20- . . in A neurons and B astrocytes
& 20 @ : of CIE rats. * p<0.05, ****
4 i p<0.0001.
104 10
=== oL
Air CIE Air CIE

50



a Air < e, w CE 8
NE -
DEX o HE g 14 NE =
NE g _— — NE [1DphTy Z 0 kil
RS m—
4 e . 4 — NE [0uhTs + Praz (10uM} £
wl o £ [ —1 " ME (10uM] + Atip (1040) 5 o6y R e
- %— h — ME [10ukT) g pad T ERE L % —— NE[I0uM)+ Ra (10uM) %w o -
—  ME {10pM) + Praz (10pM) w24 £ hi
E 2 — NE {10pht) + Atip {100 £ S o
= NE (10M) + Ro (10pM; H = ol
@ — now. i, i e e inh.
e tiraction
Z o a |:;| L besly 2 iRal ta hsh)
o 100 200 300 200
Time (s}
b 4. - d fd [N S S O S Y —oaert h
e e TS i e — - saee T
) g, N . e gt
2 * ¥ g2 | s u -3 =4 2
g2 fiiLy 3 ee Sz *, Ty - E
] 3 2 . . 2
“ Iy T e w - H
! oz ! Euo.
2 [0 2
Base NE DEX Baze ME DEX Has: EX Base NE DEX b - il Baze HE DEX Base NE DEX Base NE [DEX Base NE DEX
A0 UM} {5y (WuM}{SuMl Iqu]{SpM] (iﬂrM:lSpM) t;;ﬁt:'::n {1DuMp{5pM) (1DIpMj(§uﬂl] (ORI {5M) [GpM) (SLMp
Fraz Alip Ro (5M) Praz * r
(10t 10U © o s Atip Ro [5pM}

(1oumy

=
Q

Astracytes (Ralativa ratio)

Astrocytes (Relatlve ratlel

o
Cirsctlon
|Rel ta bl

Astrocytes

o 100 D0 300

Astrocytas (Ralatla ratla) o
p o o -

Basa NE DEX BsseNE DEX Base NE pex BaeeNE  DEX . nn Base NE DEX Hace NE DEX Base NE  DEX Base NE DEX
(10pm) (B} (0peasuM  (1DA (sphy  (TOHMGSRM) Diraetion {10uM] {SuM} [ [ y oo Diraction
+ + ' {Rel 1o bel} = + + iRal ta hsl)
praz Atip Ra Praz Al Ro {5pM)
110um} (100N} {SuMl} (10pM) 4

(10uM)

Figure 3-3: CIE exposure alters the basal Ca®* signaling and sensitivity to alAR ligands in PVN neurons
and astrocytes to alter tripartite communication. A Representative traces of Air neurons during a
pharmacological stress. B NE reduces the frequency of neuronal Ca?* events. Neurons are largely
inhibited in response to C NE and D DEX. E Representative traces of CIE neurons during a
pharmacological stress. F NE is only able to reduce Ca? event frequency in CIE neurons during Praz co-
application. CIE neurons are largely neutralized in response to G NE, while being inhibited by H DEX. |
Representative traces Air astrocytes during a pharmacological stress B Air astrocytes reduction in Ca?*
event frequency is GIuN2b-dependent. Air astrocytes are largely inhibited in response to K NE and L
DEX. M Representative traces of CIE neurons during a pharmacological stress. N Loss of CIE astrocyte
responsivity to NE is a1AR-dependent. CIE astrocytes are largely inhibited in response to O NE and P
DEX. Line and bar graphs represent mean +/- SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

CIE exposure alters the basal Ca?* signaling and sensitivity to al AR ligands in PVN neurons

AUD is characterized by inability to cope with relapse-inducing stressors. Previously we
have shown using electrophysiological methods, that CIE alters the basal excitability and
responsivity to NE in PNCs within the PVN 1%, Thus, we sought to use single-photon Ca?* imaging
in ex-vivo PVN slices to visualize the basal excitability of neurons and their responsivity to NE

application with and without co-application of selective aAR antagonists. CIE significantly
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decreased the frequency of suprathreshold Ca?* events during the baseline phase (Fig. 3-2 a). In
Air neurons, NE consistently reduced the event frequency, independent of which drug NE was co-
applied with (Fig. 3-3 a, b, c). Additionally, Air neurons showed a further decrease following
treatment with the glucocorticoid receptor agonist, dexamethasone (DEX; 5um) in all groups (Fig.
3-3 a, b, d) except those co-treated with Praz (Fig. 3-3 b). By contrast, CIE neurons failed to
decrease their suprathreshold events in the presence of NE (Fig. 3-3 e, f, g) in all groups except in
those co-treated with Praz (Fig. 3-3 f). DEX was able to reduce event frequency relative to NE
treatment in all groups (Fig. 3-3 e, f, h) except following atipamezole (Atip; 10um) co-treatment
(Fig. 3-3 ). Together, these data suggest a selective dysfunction in a1AR signaling in CIE male

neurons during protracted withdrawal.
CIE exposure alters astrocytic Ca?* signaling in response to NE

Astrocytes have complex roles in influencing neuronal signaling in a plethora of ways °.
Astrocytes are also known to influence both neuronal PVN signaling 2 and acute 1°212! and post-
acute 2% effects of EtOH exposure. However, the contribution of astrocytes to CIE-induced

alterations in neuronal signaling in response to NE 1% are not well-defined.

Under basal conditions, CIE astrocytes showed decreased Ca®* events (Fig. 3-2 b).
Following NE-treatment, Air astrocytes showed a consistent decrease in signaling frequency
during NE application (Fig. 3-3 i, j, k), except those co-treated with Ro (Fig. 2j). DEX showed a
trend towards a further reduction in signaling frequency in the same astrocytes (Fig. 2i, j, |) but
this was not statistically different than NE treatment. On the other hand, astrocytes from CIE-
treated rats only showed a decrease in events following NE + Praz (Fig 3-3 m, n, 0). DEX also
only decreased event frequency in NE and NE + Praz treated cells (Fig. 3-3 m, n, p). Atip and Ro
failed to alter frequency of astrocytes in CIE-treated rats (Fig. 3-3 m-p).

Aiir astrocytes were more inhibited than neutral during NE application with concomitant
treatment of Atip and Ro (Fig. 3-3 k). Air astrocytes treated with NE + Ro also showed a greater
proportion that were excited by NE + Ro treatment, compared to neutral (Fig. 3-3 k). DEX showed
an ability to shift the bulk of astrocytes towards a decrease in event frequency, regardless of
pretreatment (Fig. 3-3 ). DEX was ineffective at increasing the proportion of inhibited astrocytes

without any pretreatment in CIE-treated slices (Fig. 3-3 n, p). Interestingly, pretreatment with Atip,

52



Praz, or Ro facilitated a DEX-mediated increase in the proportion of inhibited astrocytes (Fig. 3-3
p). This data informs our understanding of the mechanisms by which NE can modulate the
frequency of Ca?" events in astrocytes that may underlie altered stress-related behaviors seen in
CIE.
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Figure 3-4: PVN astrocyte Ca* kinetics are robustly influenced by stimulation and neuroendocrine
stress signaling in CIE rats. A CIE astrocytes have significantly elevated peaks and anti-peaks under
basal conditions. B aARs influence the peak and anti-peak of Ca?* events in Air astrocytes. C Kinetics
of CIE astrocytes are normalized by a1AR blockade. D,E GR activation augments the anti-peak in an
EtOH and drug-dependent manner. A-E Mean +/- SEM. * p <0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.

Discussion

NE and glucocorticoids are essential for the positive and negative regulation of the PVN
CRF neuron activity, respectively 2°%2%7_ Visualization of dynamic regulation of [Ca?*] can be an
appropriate proxy for monitoring neuronal and astrocytic activity and intracellular second
messenger cascades 19208209 Here we show that CIE limits Ca?* signaling in hypothalamic
neurons in response to NE. This supports previous findings that the ability of NE to suppress
glutamatergic transmission is lost in CIE males '°. We also show that Praz blockade of alAR
normalizes neuronal Ca?* responses to NE. This further supports our previous finding that Praz
normalizes noradrenergic hyperactivity due to increased al AR function in PVN CRF neurons of
CIE males 0. By contrast, the synthetic GR agonist, DEX, was able to lower events from baseline
in all groups except CIE males pretreated with Atip, suggesting that GR remains functional in CIE
males. This also suggests that Atip and DEX reduce the frequency of Ca?* events through

redundant mechanisms to suppress presynaptic glutamatergic transmission.
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Previous studies have detailed that NE causes complex neuronal-astrocytic crosstalk to
alter glutamatergic signaling in mouse PVN CRF neurons 123, Astrocytes orchestrate critical roles
in the acute effects of EtOH intoxication %2, escalation of EtOH consumption 2%, and the post-
acute effects of EtOH exposure, through astrocyte remodeling 21°. However, it is not known how
CIE influences this neuronal-astrocytic crosstalk in the PVN, or how this may underlie the changes
we saw to neuronal signaling in response to pharmacological stress. Interestingly, like neurons,
astrocytes from Air rats largely showed decreased Ca?* event frequency in the presence of NE. The
lone exception to this was in the co-presence of GIuUN2B antagonist, Ro. Previous studies showed
that secreted factors from astrocytes can amplify the synaptic activity of GIuN2B-subunit
containing NMDA receptors 22, Our data that selective blockade of GIUN2B eliminates the NE-
mediated reduction in astrocytic Ca?* event frequency, suggesting that tonic neuronal GIuUN2B
signaling is required to suppress astrocytic Ca®* event frequency in response to neuroendocrine
stress signals. This mechanism by which NE acts to suppress astrocytic Ca®* signals may be
upstream of GluN2B signaling, as astrocytes typically don’t express this NMDAR subunit 211212,
Like CIE neurons, only CIE astrocytes co-treated with Praz were able to decrease their event
frequency in response to NE. Together, our data suggest that CIE causes a shift in reactivity of

both neurons and astrocytes in response to excitatory and inhibitory neuroendocrine signals.

There are important limitations of our study that should be noted. First, while visualizing
Ca?* signaling can be a suitable assay for assessing changes to synaptic activity 1%, it can also be
directly affected by many other intracellular signaling cascades %, such as on-demand synthesis
of endocannabinoids 2%, Future studies could simultaneously record local field potentials to help
differentiate between action potential-dependent and independent Ca2* signals 22 in both neurons
and astrocytes. Other incremental features could be added to the described methods, such as
addition of two-photon microscopy systems, especially those that can automatedly survey multiple
depths of an ex-vivo slice 2°°. Another limitation of the described study is that we gathered very
little information regarding how cell-specific genotypes may differentially respond to
pharmacological stressors in different groups. However, future studies could couple this technique

with subsequent histological processes like CLARITY 2 to gain a richer biochemical dataset.

In conclusion, we demonstrate the tripartite cooperation involved in the regulation of HPA
axis function by neuroendocrine factors, such as NE and CORT. Increased function of neuronal
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alAR and GluN2B-containing NMDARs following CIE likely contribute to this dysfunction,
since their pharmacological antagonism ameliorated action of NE to reduce neuronal and
astrocytic Ca?* events. Furthering knowledge of the mechanisms by CIE can alter hypothalamic
tripartite synapses may be an important step in developing novel pharmaceuticals that are able to

mitigate stress-induced relapse in those afflicted with AUD.
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CHAPTER 4

Chronic intermittent ethanol exposure disrupts the tripartite cooperative gating of
metaplastic glutamate signaling by neuroendocrine stress cues
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Abstract

Hypothalamic plasticity is an essential component of coordinating appropriate behavioral
responses to stressful stimuli. CIE impairs the plasticity of PVN PNCs, which we believe
mechanistically underlies the high relapse rates seen clinically in AUD patients. While CIE-
induced dysfunction of al AR activity has been implicated in this altered plasticity, mechanisms
underlying CIE-induced changes the unmasking of this plasticity in response to afferent
stimulation are poorly understood. Astrocytes and neurons cooperate for a vast number of
physiological processes. Here, we used ex-vivo Ca?* imaging in PVN slices exposed to a
pharmacological stress protocol (NE 10uM followed by 5uM DEX) and evaluated the effects of
HFS on Ca?" event frequency and Ca?" spike kinetics. We show here that HFS-STP involves
cooperative function between astrocytes and neurons. Following antagonism of either al
adrenergic receptor or GIUN2B subunit of N-Methyl D-aspartate receptor, CIE astrocytes showed
a complete loss of afterhyperpolarization current, suggesting neuronal signaling through these
receptors augments the astrocytic response to afferent stimulation. This data may provide a
groundwork for future pharmacotherapies for alcohol use disorder involving tripartite synaptic

dysfunction in CIE.
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Introduction

The cooperative function between astrocytes, presynaptic axon terminal, and postsynaptic
soma, termed the “tripartite synapse”, has garnered significant attention in the biomedical
community over the past 30 years. All three parts of the synapse function in response to action by
the other to coordinate and spatially amplify signals 4612 | Astrocytes recycle neurotransmitters to
allow for re-release by presynaptic terminals and buffer ionic concentrations of the synapse.
Astrocytes can release various paracrine agents to alter synaptic activity 1?21, However, the
mechanisms by which astrocytic-neuronal crosstalk is impaired from CIE are currently not well

understood.

CREF cells within the PVN are essential for both the function of the HPA axis and
the gating of complex behaviors in response to environmental cues. For example, optogenetic
inhibition of these cells results in increased rearing (an exploratory behavior) and decreased
grooming (a stress-coping behavior) . Additionally, high frequency stimulation-evoked short-
term glutamatergic plasticity (HFS-STP) within the PVN 17 has been shown to correlate with an
animal’s freezing response to a threatening stimulus '°. We have previously demonstrated that
CIE-induced loss of stress-induced HFS-STP within the PVN was due to increased N-methyl D-
aspartate receptor (NMDA) subunit 2B (GIuN2B) function and decreased CRF receptor 1 function
11 We have also shown that CIE-induced loss of stress-induced STP could be recovered by
application of Praz in PNC recordings from male, but not female rats *°. Thus, furthering the
understanding of the complex cellular mechanisms of PVVN PNCs has potential to positively impact
development of future pharmacotherapies for those afflicted with AUD.

STP is believed to be the neurophysiological mechanism that ensures a fitted “fight, flight,
or freeze” response to a real or perceived threat. Previous studies have documented a stress-
dependent plasticity in PVN CRF neurons, whereby stimulation of afferents with 100Hz produces
a short-term burst of glutamatergic signaling *’, which has been shown to be related to escape
mechanisms in response to a looming shadow in-vivo °. This metaplastic response in glutamate
signaling is known to be disrupted following models of CIE exposure 1 However, it remains
unclear how unmasking this metaplastic response affects acute Ca?* signals in neurons and

astrocytes. On one hand, it has been shown that postsynaptic Ca?* chelation through BAPTA
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unmasked HFS-induced STP in PNCs 7. Seemingly paradoxically, both local glutamatergic

signaling, and action potentials increase intracellular [Ca?*] of the postsynaptic cell 2%,
Materials and Methods
Animals

All experiments were performed in accordance with the guidance of the National Institutes
of Health on animal care and use and the University of California, Los Angeles Animal Research
Committee. Male Long-Evans rats (weighing 200-225 g) were pair-housed under 12-hr 6AM/6PM
light/dark cycle with ad libitum access to food, water and environmental enrichment.

EtOH (Decon Laboratories, King of Prussia, PA) was administered via custom-built vapor
chambers (La Jolla Alcohol Research, Inc.) for 12 hour on/off cycles (on at 10PM), referred to as
CIE, as previously described '° . Animals in their home cages passively consumed EtOH in
gradually increasing doses throughout the 40-day experiment. Body weight was measured weekly
to monitor potential adverse effects of EtOH exposure. Tail vein blood (30-50 ul) was collected
into heparinized tubes (Microvette CB300, Starstedt, Germany) immediately following 12-hr
vapor exposure during the last experimental week. Blood samples were centrifuged at 2,000 g for
10 min at room temperature and the EtOH content of each sample measured in duplicate along
with EtOH standards using the alcohol oxidase reaction procedure (GM7 Micro-Stat, Analox,
Huntington Beach, CA). A cutoff of >150 mg/dl of EtOH in plasma was used to confirm that an
intoxicating level of EtOH was reached in each rat 1*®. Animals were subsequently withdrawn for
a period of 30 days prior to behavioral assessment, which was employed to disentangle the
persistent adaptations to the HPA axis seen previously 47, from the effects of acute withdrawal.

Room air-exposed, weight- and age-matched rats were used as controls.
Ca?* imaging

CIE-exposed rats and their air-exposed controls were deeply anesthetized with isoflurane
(Patterson Veterinary, MA, USA), decapitated and brain submerged in ice cold bubbling slicing
artificial cerebrospinal fluid (ACSF) containing (in mM): 62 NaCl, 3.5 KCI, 1.25 NaH2PO4, 62
choline chloride, 0.5 CaCl,, 3.5 MgCl,, 26 NaHCO3, 5 N-acetyl L-cysteine, and 5 glucose, pH
adjusted to 7.3 with KOH. Acutely microdissected PVN slices (300 uM thick) were obtained
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(VT1200s, Leica, Buffalo Grove, IL) and transferred to room temperature normal ACSF
containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH2POa, 2 CaClz, 2 MgCl,, 26 NaHCOs, 10
glucose, pH adjusted to 7.3 with KOH, and allowed equilibrate for >1 hr prior to experimentation.
Slices were then incubated in a 5-mL chamber containing ACSF with cell-permeable Ca?*-
indicating dye, Calbryte 520AM (AAT Biosciences), DMSO (0.3% w/v) and pluronic acid (0.02%
wi/v) for 45-60 min and allowed to wash in another normal ACSF solution for >5 min prior to
imaging. Calbryte 520AM is an esterified dye that, following cleavage after passive transport into
the cytosol, exhibits greatly enhanced cellular retention without the need for additional

pharmaceutical intervention 2%,

Imaging was performed on a Scientifica SliceScope, with imaging components built on an
Olympus BX51 upright fluorescence microscope equipped with an sSCMOS camera (Hamamatsu
Orca Flash 4.0v3). Anatomical regions in brain sections for Ca®* imaging were first identified by
brightfield imaging with 780nm LED (Scientifica) illumination. Ca?* imaging was performed
using a 40x, 0.80NA water immersion objective (Olympus), continuous 470nm LED illumination
(ThorLabs), and a filter cube suitable for Calbryte 520AM imaging: Excitation: Brightline 466/40,
Dichroic: Semrock FF495-Di03, Emission: Brightline 525/50. Images were acquired continually

with 20ms exposure time.

Electric field stimulation was applied at 110 mV (twin pulse every 5s). HFS was applied
(100 Hz for 1 s, repeated four times with a 5 s interval) as previously described, except with field
stimulation as opposed to a bipolar concentric stimulating electrode '°. At the end of each
experiment, slices were washed with high [K*] ACSF, (containing in mM: 86 NaCl. 55.4 KCl, 1
MgClz, 0.33 NaH2POg4, 10 D-Glucose, 10 HEPES, 2 CaCly) to putatively discriminate between
neuronal and astrocytic cell populations %2, Temperature of ACSF during the recorded sessions

was held at 28° C to minimize bubble formation.

Drugs

Norepinephrine bitartrate (Tocris Biosciences, Minneapolis, MN, #5169) was dissolved in
distilled water at a stock concentration of 100 mM and diluted in ACSF to 10 uM. Selective alAR
antagonist, Praz (Cayman Chemical, Ann Arbor, MI #15023) was dissolved in DMSO ata 10 mM
stock concentration and diluted to a final volume of 10 uM in ACSF. Selective a1AR antagonist

Atipamezole hydrochloride (Atip; Cayman Chemical, #9001181) was dissolved in distilled water
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at a stock concentration of 50 mM, sonicated for 2 minutes, and diluted to a final concentration of
10 uM in ACSF. Selective GIuN2b antagonist, Ro 25-6981 (Ro; Hellobio, Ann Arbor, M1 #15023)
was sonicated and dissolved in DMSO at a 5 mM stock concentration and diluted to a final volume
of 5 uM in ACSF. Glucocorticoid receptor (GR) agonist, dexamethasone (DEX) was dissolved in
DMSO at a 5 mM stock concentration and diluted to a final volume of 5 uM in ACSF. Recordings
were performed in the continuous presence of picrotoxin (50 uM). All solutions equilibrated at 28

+ 0.5 °C prior to slice application.

To mimic a pharmacologically mediated stress response, multiple PVN slices from the
same animal were washed with normal ACSF for 3 minutes, then NE, with or without selective
antagonists (Praz, Atip, Ro) for a period of 8 minutes prior to imaging. Slices were then washed
with normal ACSF again for 3 minutes prior to HFS of four trains at 100Hz every 5 seconds to
unmask STP of specific glutamatergic synapses onto PNCs. Subsequently, slices were washed
with DEX for 8 minutes and then washed with normal ACSF for 3 minutes to perform another
round of HFS. Finally, slices were washed with high [K*] ACSF, (containing in mM: 86 NaCl.
55.4 KCI, 1 MgCl,, 0.33 NaH2PO4, 10 D-Glucose, 10 HEPES, 2 CaCly) to putatively discriminate

between neuronal and astrocytic cell populations 2%2,
Data Extraction

Blinded scorers semi-manually curated regions of interest (ROIs) using Python-based
Suite2P software 2%, ROI fluorescence was subtracted from the annual surround fluorescence,
low-pass filtered, and transformed to dF/F as previously described 2°°, where Fo is calculated with
a boxcar filter with a 200-frame lookback window. dF/FO values were clipped between 0 and 9000
to eliminate negative changes. Area under the curve and event frequency of each cell was
calculated for each drug treatment. A threshold of 0.15 dF/F was used to determine significant
events, which is lower than the dF/F of a single ex-vivo action potential, but significantly above

signal to noise in our recorded traces 2%4.
Data Analysis

All data are expressed as mean = SEM. For behavioral and basal event frequency data,
student’s t-test was used to evaluate differences between CIE and Air groups. Correlation was

determined between behavioral variables using Pearson’s correlation test. Correlation of
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behavioral variables with Ca?* imaging parameters was evaluated using Spearman’s correlation
test. GraphPad Prism 9 and Python Jupyter notebook was used for all data analyses. Alpha cutoff

of 0.05 was used.

Results

Figure 4-1: PVN astrocyte Ca?' kinetics are robustly influenced by stimulation and neuroendocrine
stress signaling in CIE rats. A CIE astrocytes have significantly elevated peaks and anti-peaks under
basal conditions. B aARs influence the peak and anti-peak of Ca?* events in Air astrocytes. C Kinetics
of CIE astrocytes are normalized by al1AR blockade. D,E CIE unmasks a greatly increased peak and anti-
peak following alAR and GIuN2B blockade. F,G GR activation augments the anti-peak in an EtOH and
drug-dependent manner. H,l GR activation blocks HFS-induced peak and anti-peak increases in CIE
astrocytes. J Imbalance of PKC/PKA activity in CIE rats leads to altered astrocytic Ca®* signaling. A-J
Mean +/- SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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HFS-induced changes to Ca?* signaling in PVN neurons are influenced by both ¢ AR and CIE

Previous studies have documented a stress-dependent plasticity in PVN CRF neurons,
whereby stimulation of afferents with 100Hz produces a short-term burst of glutamatergic

signaling ', which has been shown to be related to escape mechanisms in response to a looming
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shadow in-vivo *°. This metaplastic response in glutamate signaling is known to be disrupted
following models of CIE exposure %' However, it remains unclear how unmasking this
metaplastic response affects acute Ca2* signals in neurons and astrocytes. On one hand, it has been
shown that postsynaptic Ca?* chelation through BAPTA unmasked HFS-induced STP in PNCs 7.
Seemingly paradoxically, both local glutamatergic signaling, and action potentials increase
intracellular [Ca?*] of the postsynaptic cell 2%, Thus, we sought to determine how HFS alters Ca?*
dynamics in neurons of Air and CIE rats. Following HFS#1 (HFS applied 3 minutes after last NE
application), all neurons showed reduced event frequencies compared to baseline (Fig. 4-1 a-h).
However, following HFS#2 (HFS applied 3 minutes after last DEX application), neurons in Air-
treated groups showed a general decrease in event frequency compared to baseline (Fig. 4-1 a, b,
d), except in PRAZ-treated cells that showed a significant increase from HFS#1 (Fig. 3b). In
neurons of CIE-treated animals, event frequency was consistently further decreased in all groups
during HFS#2 (Fig. 4-1 e, f, h), except Atip-treated cells (Fig. 4-1 f) which showed an increase
compared to HFS#1.

CIE alters HFS-induced changes to Ca®* signaling in astrocytic populations

HFS-induced changes to hypothalamic CRF neurons have been well-documented 31766,
The effects of this stimulation-induced plasticity are not well understood, and no studies have
reported a role of astrocytes in this phenomenon. This is despite the clear role astrocytes play in
glutamate recycling “8. We therefore sought to investigate how HFS can impact the frequency of
Ca?" events in astrocytes within the PVN. Astrocytes from Air rats decreased their events from
basal levels during HFS#1 in all groups (Fig. 4-1 i, j, k). Events were also reduced during HFS#2
from baseline levels in all Air groups (Fig. 4-1 i, j, |) except just NE treated cells (Fig. 4-1 j).
Astrocytes from CIE-treated rats only showed a decrease in frequency in those pretreated with
PRAZ or Ro (Fig. 4-1 m, n, 0). Astrocytes treated with NE or NE + Atip showed no change in
frequency during HFS#1 (Fig. 4-1 m, n). All groups of CIE astrocytes (Fig. 4-1 m, n, p) showed a

reduction from basal events during HFS#2, except following Atip pre-treatment (Fig. 4-1 n).
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CIE causes astrocyte-specific shifts in Ca?*-spike kinetics in response to HFS

Air

A, . Drug Figure 4-2: PVN astrocyte Ca*
g Time (ms) kinetics are robustly
9o n influenced by stimulation and
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We next sought to determine if the kinetics of individual Ca?* spikes were altered by either
CIE, drug application, or HFS in neurons and astrocytes. We found that while the kinetics of
neuronal Ca?* spikes were relatively stable during all phases of the pharmacological stress protocol
(Suppl. Fig. 4-1), astrocytes showed considerable treatment specific changes in Ca?*-spike
kinetics. HFS#1 had a very small effect on Air astrocytes post NE treatment (Fig 4-2 a). HFS#1
elicited unique and robust effects in the Ca?* kinetics of CIE astrocytes (Fig. 4-2 b). Following
washout of DEX and application of HFS#2, the anti-peak was eliminated in all groups except those
cells previously treated with just NE (Fig. 4-2 ¢). There were subtle differences in the kinetics of
astrocytic Ca®* spikes from CIE rats following washout of Atip or Ro (Fig. 4-2 d). Collectively,
these data suggest that increased function of al AR and/or GluN2B following CIE may lead to a
shift in the balance between protein kinase A and protein kinase C activation.

Discussion

Due to alcohol’s ability to activate the HPA axis, CIE exposure results in dysregulation of
the synaptic inputs that gate HPA axis responsivity. Afferents onto PVN CRF cells have a unique
ability to rapidly facilitate local glutamate transmission (i.e., HFS-STP) in response to an imminent
threat that helps to coordinate an adaptive behavioral response °. As this physiological feature is
typically measured through whole-cell patch clamp recording 141766110 it js not yet determined

how unmasking of this metaplastic response affects neuronal Ca?* signaling. In all groups, HFS
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following NE caused a decrease in neuronal Ca?* event frequency. However, HFS following
washout of DEX (HFS#2) caused a selective increase in the Ca®* event frequency of Air neurons
previously treated with Praz and CIE neurons previously treated with Atip. While it was previously
known that NE and CRF contribute to metaplasticity formation within the PVN, our data suggest

that GR function may interact with a AR function to gate STP formation.

The role of astrocytes in HFS-STP is completely unknown, despite the known crosstalk
between neuronal and astrocytic populations and the critical role astrocytes play in glutamate
shuttling “6. We show here how HFS-evoked bursts of synaptic glutamatergic signals may
influence astrocytic Ca?* dynamics. All groups of astrocytes showed reduced events during
HFS#1, except CIE astrocytes co-treated with Atip. Washout of DEX caused all groups except Air
NE astrocytes to decrease their Ca?* event frequency from baseline. Collectively, these data
demonstrate that high-frequency stimulation modulates Ca?* signaling in both neurons and
astrocytes within the PVN. Further studies may assess the specific mechanisms by which astrocytic

Ca?* flux can influence neuronal signaling.

In multiple animal models, astrocytes have greater amplitude Ca?* spike events than
neurons 209215 We replicate this here, giving us increased confidence in the ability to distinguish
between astrocytic and neuronal Ca?* signals. EtOH exposure can trigger glutamate release,
reactive oxygen species formation 216, amplify glucocorticoid induced Ca?* accumulation 2 and
induce gliosis in astrocytes of various brain regions, including the hypothalamus 8. CIE caused a
greatly amplified astrocytic basal Ca?* peak. Previous reports showing that EtOH does not affect
[Ca?*]i 2%° suggests that this is due to amplified Ca?* release/influx, rather than through altered
[Ca?*]i 2. There was also a greatly amplified anti-peak, which we took to indicate a refractory
period between spikes. The Ca?* spike kinetics of neurons were not particularly altered by drug
treatments, stimulation, or CIE (Fig 4-2 a). However, astrocytes exhibited robust treatment-
specific alterations to kinetics following HFS stimulation. Specifically, following treatment with
NE and Praz or Ro, there was a complete reversal of the anti-peak of CIE astrocytes. This was
temporary, as it was restored following DEX treatment. It is possible that the reversal in astrocytic
Ca?* spike kinetics may be due to the amplified glutamate release necessary for postsynaptic STP

formation 17209,
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These mechanistic differences to astrocytic Ca?* spike kinetics reflect known biochemical
consequences of CIE exposure in the hypothalamus. We have previously shown that there is a
selective increase in al AR function following CIE and protracted withdrawal 1°, We and others
have also shown that CIE causes a selective increase in the GIuN2B subunit of NMDARs
(reviewed in ?%%), which can alter the formation of HFS-induced STP !. Both GluN2B and a1 AR
cause activation of protein kinase C (PKC) pathways 22?1, |eading to increased autophagy 2?2 and
shut down of translation through the integrated stress response 22, Thus, chronic activation of PKC
from these pathways may need to be inhibited (through Praz or Ro) to restore normal synaptic
coupling between PNCs and astrocytes . Future studies may examine the necessity/sufficiency of
PKA/PKC activity on the regulation of proteins necessary for modulating synaptic plasticity in

hypothalamic PNCs 1’ and other CNS synapses 22,

In conclusion, we provide evidence supporting the disruption of cooperative function
between astrocytes and neurons following CIE vapor exposure and protracted withdrawal within
the PVN. This may result in inappropriate stress-associated behaviors and an inability to cope
with relapse-inducing stressors. alAR and GIluN2B antagonism was sufficient to reduce
stimulation-induced changes to CIE astrocytic Ca* events following NE application. Thus, CIE-
induced impairment of neuronal-astrocytic crosstalk likely involves co-dependent and/or
redundant mechanisms involving hyperactivity of al AR and GIluN2B. Together, this provides key
mechanistic insight towards pharmacotherapies that may ameliorate stress-associated behavioral
maladaptations in those afflicted with AUD.
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CHAPTER 5

Protracted withdrawal from chronic intermittent ethanol exposure causes distinct
behavioral changes to stress-associated, anxiety-like, and consummatory behaviors in male

Long-Evans rats
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Abstract

Chronic exposure to ethanol induces broad neurophysiological effects that can result in long-lasting changes
to behavior. As a complex disorder, interindividual differences in genetics, gene regulation, and
environment may result in varied pharmaceutical efficacy for the treatment of AUD. To better understand
how interindividual differences in behavior may reflect specific changes to the function of the hypothalamic
tripartite synapse in response to stress, we conducted a behavioral battery of various behaviors shown to be
pertinent to rodent models of AUD (such as grooming, rearing, open-field exploration, shock reactivity,
and stress-enhanced fear learning to a normally innocuous stressor). We then related the features of Ca?
signals in neurons and astrocytes to their recorded behaviors to evaluate how interindividual differences
relate to pharmaceutical manipulation of neurophysiology. We identified marked differences in stress-
associated, anxiety-like and exploratory behaviors between Air and CIE rats. We also identified both
convergent and divergent relationships between physiological features and behaviors in CIE rats. For
example, the grooming:rearing ratio showed a significant negative correlation to the fraction of excited
astrocytes during HFS, suggesting that tripartite signaling dysfunction may underlie CIE-induced changes
to the regulation of stress-coping and exploratory behaviors.
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Introduction

AUD is a chronic relapsing disorder that has detrimental effects on those afflicted and
loved ones. Attempts to pharmacologically treat AUD may be hindered by interindividual
differences in the underlying cellular mechanisms underlying AUD 178191  Establishment of
behavioral biomarkers as predictors of pharmacological efficacy can help clinicians understand
the underlying mechanisms that contribute to variance in drug treatments and provide improved

personalized treatment plans %,

CIE exposure is a commonly employed preclinical model of AUD. Rodents subjected to
CIE undergo behavioral changes which include loss of control over ethanol (EtOH) intake,
anxiety-like behavior, and disruption of stress-coping behaviors 1%41% Increased stress-induced
grooming, which helps calm an animal after exposure to a stressor, is also lost following CIE 1.
However, even gold-standard preclinical models of AUD (such as CIE vapor exposure followed
by protracted withdrawal) often result in a heterogeneity of drinking preference within each
experimental group 19522522 \While exciting discoveries have started to uncover the neuronal
underpinnings that contribute to compulsive escalation of alcohol intake leading to AUD %2 little
is known about the broad consequences contributing to cellular dysfunction within the PVN

following protracted withdrawal.

Appropriate preclinical models of behavioral pathologies should have face validity,
theoretical rationale, and predictive validity . This can be particularly troublesome when
attempting to model psychiatric pathologies preclinically, as researchers are often tasked
anthropomorphize instinctual behaviors in rodents without cross-conference &. For example, the
elevated plus maze has been used extensively to measure anxiety-like behavior &, but can also be
impacted by the visual acuity of the strain of rodent at hand 8. Humans with AUD and
preclinical models of AUD both display increased anxiety-like behaviors 103:138.155156.227-230
However, it is not known how well anxiety-like behaviors can predict consummatory behavior,
such as EtOH intake or preference, and whether they are symmetric in both species. The Long-
Evans outbred strain of rat (generated with a Wistar female and wild male Grey Rat) retains many

similar behaviors to wild rats %3, resulting in wide adoption by the behavioral neuroscience research
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community. Importantly, Long-Evans rats have a more sensitive HPA axis response to passively
and actively stressful assays than albino outbred Sprague-Dawley rats, potentially due to increased
amygdalar and PVN CRF expression . This suggests that this strain may be most appropriate
when trying to understand behavioral consequences of CIEvapor eXposure.

Chronic exposure of rats to EtOH intoxication/withdrawal cycles results in behavioral
changes, such as impaired flexibility, altered grooming, increased anxiety, increased EtOH
seeking/consumption 11104105231 "nterindividual differences in behavioral phenotypes may arise
as a product of interaction between environmental factors and genetic predispositions 23223, Even
“gold-standard” preclinical models of AUD, such as CIEvapor, results in considerable variability in
the sought behavioral parameters (i.e., EtOH intake, EtOH preference, etc.) within experimental
groups 195225226 |ikely reflecting phenotypes underling susceptibility to these traits 2342%°, Here,
we opted for a behavioral battery to broadly assay stress-coping, exploratory, anxiety-like,
reactivity, fear-learning and EtOH-related consummatory behaviors in adult Air and CIE-exposed

Long-Evans male rats.
2. Methods
2.1 Animals

All experiments were performed in accordance with the guidance of the National Institutes
of Health on animal care and use and the University of California, Los Angeles Animal Research
Committee. Male Long-Evans rats (weighing 200-225 g) were pair-housed under 12-hr 6AM/6PM

light/dark cycle with ad libitum access to food, water and environmental enrichment.

EtOH (Decon Laboratories, King of Prussia, PA) was administered via custom-built vapor
chambers (La Jolla Alcohol Research, Inc.) for 12 hour on/off cycles (on at 10PM), referred to as
CIE, as previously described ' . Animals in their home cages passively consumed EtOH in
gradually increasing doses throughout the 40-day experiment. Body weight was measured weekly
to monitor potential adverse effects of EtOH exposure. Tail vein blood (30-50 ul) was collected
into heparinized tubes (Microvette CB300, Starstedt, Germany) immediately following 12-hr
vapor exposure during the last experimental week. Blood samples were centrifuged at 2,000 g for
10 min at room temperature and the EtOH content of each sample measured in duplicate along

with EtOH standards using the alcohol oxidase reaction procedure (GM7 Micro-Stat, Analox,
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Huntington Beach, CA). A cutoff of >150 mg/dl of EtOH in plasma was used to confirm that an
intoxicating level of EtOH was reached in each rat **®, Animals were subsequently withdrawn for
a period of 30 days prior to behavioral assessment, which was employed to disentangle the
persistent adaptations to the HPA axis seen previously 47, from the effects of acute withdrawal.

Room air-exposed, weight- and age-matched rats were used as controls.
2.2 Behavioral Battery

Animals were given a behavioral battery to assess various stereotyped behaviors that have
been associated with other preclinical models of AUD. First, animals were videotaped in a clean,
bare Plexiglass cage for 15 minutes and behaviorally scored by a blinded recorder. Grooming,
grooming transitions, rearing, and freezing were assessed as previously described 2%¢. Animals
were allowed to acclimate to the room for 30 minutes following transfer and sessions started at
10AM. Three days later, animals were given a 10-minute open field test, digitally scored by
EthoVision (Noldus, Leesburg, VA) software. The subsequent day, animals were exposed to 1
uncued foot-shock (ImA, 1s) during an 8-minute session with 2% Simple Green as an olfactory
cue, blue polka dots as a visual cue, and metal bar flooring as a tactile cue. Animals were then
reintroduced to the same context the next day to evaluate context-dependent freezing during a 15-
minute session. Sessions were recorded using Video Freeze (Med Associates Fairfax, VT)
software. Finally, animals were given an intermittent access 2-bottle choice between potable water

and 10% w/w EtOH, as previously described 27,
2.3 Data Analysis

All data are expressed as mean + SEM. For behavioral and basal event frequency data,
student’s t-test was used to evaluate differences between CIE and Air groups. Correlation was
determined between behavioral variables using Pearson’s correlation test. Correlation of
behavioral variables with Ca** imaging parameters was evaluated using Spearman’s correlation
test. GraphPad Prism 9 and Python Jupyter notebook was used for all data analyses. Alpha cutoff

of 0.05 was used.

Results
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Figure 5-1: Timeline of experimental procedures to assess CIE-induced changes to stress-
coping, anxiety-like and consummatory behaviors.. Following 40 days of exposure to
gradually increasing doses of EtOH vapor or room-air, animals were removed from the vapor
chamber for a period of 30 days. The behavioral battery consisted of a 15 minute video recording of
grooming behavior. Three days later, animals were given an open field assay. Subsequently, animals
received 1 uncued foot shock and were reintroduced to the same context without shock treatment
to measure context-dependent freezing and startle reactivity. Finally, animals were given
intermittent access to two-bottle choice between EtOH and potable tap water. Animals were
withdrawn from EtOH exposure ~ 24 hours prior to conduction of Ca?*imaging experiments.

CIE exposure alters hallmark behavioral traits and causes divergent relations between

consummatory behaviors

Chronic exposure of rats to EtOH intoxication/withdrawal cycles results in behavioral
changes, such as impaired flexibility, altered grooming, increased anxiety, increased EtOH
seeking/consumption 11104105231 S|l it is appreciated that even “gold-standard” preclinical
models of AUD have considerable variability in the sought behavioral parameters (i.e., EtOH
intake, EtOH preference, etc.) within experimental groups 19522522 Jikely reflecting phenotypes
underling susceptibility to these traits 22423, CIE rats showed lower grooming time (Fig. 5-2a),
grooming:rearing ratio (Fig. 5-2c) and incorrect grooming transitions (Fig. 5-2d) and increased
rearing time (Fig. 5-2b) during video recording. CIE animals also displayed increased anxiety
measures through lower open field test velocity and time spent in the center (Fig. 5-2¢, f). CIE
animals displayed increased weight adjusted EtOH consumption and preference (Fig. 5-2g, h),
with considerable variability within both groups (Fig 5-2j). When evaluating associated fear
between Air and CIE groups, there was no detected statistical difference (Fig. 1j). However, if we
collapsed CIE and Air animals and re-segregate them into groups based on whether their

preference for 10% EtOH w/v was > 50% (drinker v. non-drinker), we then were able to detect a
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difference in context-day fear, where non-drinkers spent significantly more time freezing (Fig. 5-
2k).

Behavioral parameters were then mapped for correlations amongst Air and CIE rats.
Divergent patterns of behavioral traits relating to drinking behavior were uncovered. In Air
controls, reactivity to a single foot-shock was negatively correlated to cumulative EtOH
consumption across the 2-week period (Fig. 5-2 I) and average EtOH preference was positively
correlated to the latency to the center of the arena during the open field test (Fig. 5-2 m). Together,
these data suggest that CIE alters the behavioral profile of rats, which can be predictors of

consummatory EtOH behavior.

73



*E kR

*
L — - - o 20q —— — 15
a 20 b s0q —= € 209 — d : € 3 .
. = . o E
=z * = 400 £ £ s
o 150 . - a ] 1.5 g " 15 » 2 10 : ]
o N = c . S
E [] E 300+ L} 5 % g § s :
2 1004| +*, = . e 1.0 £ 107 g A
E £ 2009 <. ) g es 2 5] i
] g - 1 H 5% 5 K] "
50— - i 0.5+ -1 n =
6 . 1 % 100 . 8 E . ‘O:J
- b= o
- (0] L ()
0 0 0.0 0 0
Air (n=10) CIE (n=9) Air (n=10) CIE (n=9) Air (n=10) CIE (n=9) Air {n=10) GIE (n=9), Air (n=10) CIE (n=9)
A
f 80 * g 8- 0.8 * | 100 n.s. s Non-Drinker i Drinker
- * —_ - am '
- - & = L] [ '
o ] o | = .1 * 80+ F] * & Air | -
c EESO E%?? 6 . := § 0.6 %,SE . g E_S + ®m CIE i
i : | fEel o
237 £94] -» S 04 g |+ =F Bgt :
5 % |2 . & 58 T+ 52, -
QT — .- H
&7 201 g 2| g 027 20- = i
w . - m L] PR ] N L} H
» . T T T T T T T T T 1
0 oLl . 0.0 . 0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Air (n=10) CIE (n=9) Air (n=10) CIE (n=9) Air (n=10} CIE (n=9) Air (n=10) CIE (n=9) Avg. EtOH preference (%)}
k 100 —_ I - 0259, o Air (n=10) . m 807, o Air (n=10)
= -
80| - S 020 & CIE (n=9) . ?60_ = CIE (n=9)
NS . = 3
3 o = 015 @
%2 ‘ i s o 40-
Q= 2
T B 409 e 010 5
o= % oo 2 207
20 s : ]
0.00 T T T T T 1 0 T T T T 1
0= - 1 20 3 4 s 00 02 04 06 08 10
Drinker Non-Drinker Cumulative EtOH intake (g/kg) Avg. EtOH preference (%)

Figure 5-2: CIE exposure alters hallmark behavioral traits and causes divergent relations between
consummatory behaviors.. A CIE decreases grooming time, C grooming:rearing ratio, D Incorrect
grooming transitions, E open field velocity and G open field center duration. CIE increased C rearing,
F EtOH consumption, and G preference over potable tap water. H No difference in context-dependent
freezing between Air and CIE rats. | Average EtOH intake and preference are correlated in both Air and
CIE rats. J Rats with >50% EtOH preference show enhanced context-dependent freezing. K Shock
reactivity is negatively related to cumulative EtOH intake in Air rats. L Latency to the center of the
open field is related to average EtOH preference in Air rats. Bar graphs represent mean +/- SEM. A-H,
J Student’s t-test. I, K, L Linear regression * p <0.05, ** p<0.01, **** p<0.0001.
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Figure 5-3: Convergent and divergent Ca®* responses to stimulation. A Exploratory rearing behavior
during open field is highly correlated to degree by which neurons were inhibited following NE HFS#1.
B Relative time spent between exploratory and stress-relieving behaviors is positively correlated to
the degree by astrocytes were inhibited by NE application. C Percentage of neurons excited by
blockade of GluN2b-function is related to context-dependent freezing behavior. D Only CIE astrocyte
excitation is an indicator of relative grooming:rearing ratio. E Classical anxiety-like measures are
related to the degree of astrocyte excitation in only Air rats. F Degree of neuronal inhibition in
positively correlated to context-dependent freezing percentage. A-C All rats. D-F Subjects stratified
into treatment groups. A-F Linear regression. * p<0.05, *** p<0.001.

Behavioral traits are both convergent and divergent predictors of drug-induced changes to
neuronal activity within the PVN during a pharmacological stress

It is unknown how interindividual differences in astrocytic and neuronal signaling in
response to stress may influence the behavioral variance observed during assays. Given the varied
cell-type specific responses to various pharmacological and stimulation treatments (see Chapters
3 and 4), we performed nonparametric regressions of the individual behaviors examined during
our behavioral battery against various the physiological Ca?* imaging parameters. We identified
some physiological features that corresponded to behavior, independent of CIE/Air treatment. For
example, time spent rearing was significantly correlated to extent by which neurons were inhibited
during HFS#1 following NE treatment (Fig. 5-3a). Further, we found that the grooming:rearing

ratio was correlated to the extent to which astrocytes were inhibited during NE (Fig. 5-3Db).
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Additionally, the percent of neurons that were excited during NE + Ro was correlated to the percent

of time spent freezing in the post-shock context test (Fig. 5-3c).

Other behavioral patterns showed divergence between CIE/Air treatments. For example,
the percentage of astrocytes excited during NE HFS#1 was positively correlated to the
grooming:rearing ratio only in CIE rats (Fig. 5-3 d). Further, during Ro HFS#1, the fold change
by which astrocytes were excited was related to time spent in the center of the open field in air rats
(Fig. 5-3 e). Additionally, after HFS#2 the fold change in neuronal inhibition was correlated to the

context day percent time spent freezing in Air animals (Fig. 5-3 f).
Discussion

Alcohol has long been known as an acute activator of the HPA axis 2, whereas CIE
exposure imposes a lasting toll on the resiliency of the HPA axis 1+19"11%and induces anxiety-like
behaviors 1%, Our recent work showed that CIE exposure impairs PVN PNC’s plastic and
metaplastic glutamatergic synaptic transmission and responses to norepinephrine 1%, Consistent
with previous reports !, CIE animals exhibited decreased stress-coping behaviors, such as
decreased time spent grooming. When CIE animals did groom, they showed more stereotyped
patterning 2%, as exhibited through decreased incorrect grooming transitions. Additionally, CIE
animals increased exploratory behavior (rearing) 8, as well as increased anxiety-associated
behaviors (decreases in center duration and velocity) in the open-field assay 2%8. CIE animals also
responded to intermittent-access two-bottle choice with both higher mean consumption and
preference for EtOH 1941%5 \While CIE did not alter context fear per se, those that had higher EtOH
preference than 50% showed elevated levels of fear. The relationship of preference, anxiety and
fear learning possibly supports previous evidence of CIE-induced alterations to hippocampal-
amygdala circuitry 113232240 \which mediates these affect-related behaviors %01 Finally, the
relation of anxiety (latency to the center) and startle responses were significantly correlated to
drinking behaviors only in Air rats, suggesting that CIE causes a shift in the factors that drive

increased EtOH salience.

We evaluated potential convergence and divergence in the relationship between behavioral
traits and physiological features in Air and CIE rats First, we found a relationship between time

spent rearing and the magnitude by which neurons were inhibited in response to HFS. Further, we
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determined that the magnitude of astrocytic inhibition during NE was related to the
grooming:rearing ratio. Together, these data suggest that the shift between stress-coping and
exploratory behaviors may be a product of cooperative tripartite synaptic signaling in vivo.
Additionally, we saw a correlation between the percent of excited neurons during NE + Ro to the
magnitude of context-dependent freezing. Importantly, PVN neurons project to the central

241 and hippocampal CA2 242243and receive direct inputs from the basolateral amygdala

amygdala
% It remains an important question whether CIE-induced changes to PVN GIuN2B function may
be a mechanism by which CIE can augment amydala-hippocampal circuits that regulate context-
dependent fear. 1%Given the observed link above between freezing to context-dependent cues and
EtOH preference, our data suggests that pharmacologically reducing GIuN2B levels in the PVN

may also reduce EtOH preference in preclinical intermittent-access models.

Aside from the similarities, we also focused on identifying physiological biomarkers of
behavioral traits specifically in Air and CIE animals to uncover mechanisms that may be
manipulated by future pharmacotherapies. We determined only CIE animals showed a significant
positive correlation between the percentage of astrocytes excited by NE HFS#1 and
grooming:rearing ratio, suggesting that alterations in the behavioral choice between grooming and
rearing in CIE rats may be due to differences in astrocytic responses to high-frequency afferent
activity. Further, there was a significant co-variance in the magnitude of astrocytic excitement in
response to HFS during co-application of NE + Ro with the center duration during open field, a
hallmark indicator of anxiety-like behavior. Given the link of GIuUN2B upregulation to anxiety-
like behaviors 2*4, this supports the notion that the anxiety displayed in CIE rats may be ameliorated
by GIUN2B antagonism, through action at astrocytes 22, The specific relation of neuronal
inhibition during HFS#2 to context dependent freezing suggests that CIE-induced changes to GR
function in neurons may alter context-dependent fear. Recent reports show how CORT can
regulate the endocytosis of ol AR 2%, It is possible that upregulation of a1 AR as seen in CIE 13,
or a CIE-specific impairment of this process leads to altered neuronal excitation during HFS#2.
These correlations provide a fruitful groundwork for future mechanistic studies in preclinical
models of AUD.

There are important limitations of our study that should be noted. We report here clear
differences to behavioral changes imposed by CIEvapor and protracted withdrawal in male Long-
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Evans rats. We also identified potential behavioral biomarkers of altered hypothalamic tripartite
signaling. We focused extensively on the role of glutamate (with the constant use of GABAa
antagonist, picrotoxin) in this study to better investigate the neuroendocrine mechanisms that
regulate the dynamic, stress-associated temporal changes in glutamate signaling within the PVN.
However, GABAA plays a critical role in tonically constraining PVN PNC spiking and mediating
a shift from infrequent bursting to repetitive single spikes in-vivo %2, As CIE causes robust
changes to GABAergic plasticity 24624 future studies should examine the impact of CIE on
GABAAR signaling and how this may relate to other stress-associated behaviors. Further, we
focused primarily on comparing male Long-Evans rats, since female Long-Evans rats fail to
escalate their EtOH consumption following CIEvapor 1® and because we previously identified a
Male sex x CIE interaction on CIE-induced alterations to noradrenergic signaling °. However,
we plan to compare the behavioral and physiological consequences of CIEvapor in males and
females to identify potential sex-specific mechanisms that may affect vulnerability to CIEvapor.

In summary, we provide firm evidence that the cooperative function between astrocytes
and neurons is disrupted following CIE vapor exposure and protracted withdrawal within the PVN.
These changes result in inadequate flexibility to respond to rapid increases in synaptic NE
concentrations following exposure to a stressful stimulus, or other environmental factors that may
activate the HPA axis, such as acute EtOH consumption 28, This is likely due to increased neuronal
al AR function since this was reversed in both neurons and astrocytes during application of Praz.
Further, a1 AR and GluN2B antagonism was sufficient to reduce stimulation-induced changes to
CIE astrocytic Ca?* events following NE application. Thus, CIE-induced impairment of neuronal-
astrocytic crosstalk likely involves co-dependent and/or redundant mechanisms involving
hyperactivity of alAR and GIuN2B. Together, this provides key mechanistic insight towards
pharmacotherapies that may ameliorate augmented anxiety-like behavioral responses to stressors
in those afflicted with AUD.
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GENERAL DISCUSSION

AUD is a chronic, relapsing disorder that imposes a large societal burden. Relapse rates for
those afflicted by AUD are high, due to an inability to adequately cope with stressful stimuli.
However, the neural mechanisms that contribute to altered behavioral hallmarks of AUD (negative
emotional state, inability to cope with relapse-inducing stressors, loss of intake control) are poorly
understood. In this dissertation, | utilized a preclinical model of CIEvapor €xposure followed by
protracted withdrawal and employed whole-cell patch clamp electrophysiology and Ca®* imaging
techniques to assess the specific mechanisms by which hypothalamic neuronal and astrocytic
signaling are altered in male rats. | determined that CIE alters PVN PNC responses to NE in a sex-
dependent manner. | also determined that CIE-induced dysregulation of astrocytic-neuronal
crosstalk that may be ameliorated through selective al AR and/or GluN2B-containing NMDAR
antagonism. Finally, we determined that CIE induces persistent changes to stress-related, anxiety-
like and consummatory behaviors. There are divergences in the relation between anxiety-like and
consummatory behaviors following EtOH treatment, and divergences in the relationship between
astrocytic calcium signaling and behavior, suggesting that altered astrocytic responsivity may
underlie stress-related differences to behavior seen following CIE.

Sex as a biological factor influences the neurophysiological and behavioral responses to
stressors. Previous work has demonstrated that PVN CRF cells from females undergo changes to
intrinsic excitability throughout the estrous cycle 2*°. This may underlie sex differences seen
previously in the ability of social isolation to gate HFS-STP8, We show here that CIE impacts
the effects of NE on PNCs in a sex-dependent manner, such that female sex protects rats from the
protracted neuroplastic consequences (impaired .1 AR-mediated depolarizing, inward current and
a2AR-mediated suppression of glutamate release) of CIEyapor exposure 1%, We also demonstrate
that co-application of NE with al AR antagonist Praz, can restore CIE-induced loss of STP in
stressed male rats. Our inability to recapitulate these results in females (our unpublished
observations), suggests that known sex-differences to stress-associated GPCR internalization
136,153 may reflect differences in the pharmaceutical utility of drugs targeting noradrenergic
receptors in AUD. These findings may additionally impact the treatment of other psychiatric
diseases, as Praz is widely prescribed for PTSD despite mixed clinical efficacy 2°?!, Further,

recent evidence suggests that one mechanism that CORT may act to negatively gate further HPA
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axis activity is through GR-dependent endocytosis of al AR 24, Therefore, it is possible that sex
differences in GR-dependent endocytosis may contribute to sex and CIE-dependent differences in
alAR to effect tripartite synaptic signal transmission. This could be examined closer in future
studies using protein crosslinking 2°2 to determine membrane-bound (v. cytosolic) fractions of
alAR.

The tripartite synapse, composed of a presynaptic neuron, postsynaptic neuron and
astrocyte, act cooperatively to orchestrate complex signal transmission. This is exemplified well
by reports that al AR activation in postsynaptic PVN CRF cells gates ATP release to amplify
astrocytic dendritic release of glutamate, to provide a feed-forward mechanism by which NE can
effect change on the HPA axis as a whole 2. Here, we show that tripartite communication is
disrupted in CIE males, by which increased neuronal alAR can prevent NE-induced decrease in
Ca?" activity in both astrocytes and neurons. Antagonism of neuronal NMDAR subunit GIuN2B
can also ameliorate this NE-induced neurophysiological dysfunction, suggesting overlapping
mechanisms. Future studies may use specific genetic Ca?* indicators with non-overlapping
emissions spectra to detail real-time alterations more precisely to tripartite communication ex-vivo
or in-vivo. However, we note that this may require significant optimization as viruses can

sometimes interfere in unintended manners 2%,

After a long time in the shadow of excitable central nervous system cells, astrocytes are
beginning to be recognized for their role in pathophysiology 4647120253 Astrocytes within the PVN
are particularly important for modulating neighboring neuronal activity in a bidirectional manner
in response to metabolic stress states 2°*. This may be particularly insightful when considering that
most pharmaceutical inventions targeting hypothalamic neurons have failed in clinical trials 2425,
One particularly fruitful mechanism to consider in the future is the role of system X, which
functions as a glutamate-cysteine exchanger in inflammosomogenic cells?*® (such as astrocytes) to
synthesize antioxidant N-acetyl cysteine 72 enabling control over the mitochondrial redox state
260 However, this transport consequently results in a linear release of glutamate from astrocytic
stores 2%1, Indeed, Slc7all was identified as a epigenetic marker of alcohol consumption in those
with AUD 262, suggesting a possible mechanistic link in AUD-associated pathologies.

Understanding the mechanisms by which astrocytic remodeling from CIE exposure augments
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neuronal excitability may bring us closer to translational acute and/or prophylactic treatments for
AUD.
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