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Abstract
This thesis examines the effects of chronic noise stress on neocortical and hippocampal-
amygdala networks and their behavioural correlates. Psychological symptoms of stress,
including anxiety and depression, are thought to be caused by alterations in functional
connectivity within the brain. A functional pathway has been established between the
basolateral amygdala, which mediates emotional responses to stressors, the ventral
hippocampus which provides context to emotional memories and experiences, and medial
prefrontal cortex, which alters attention and perception of stressors. This network is
adaptive in the presence of an acute stressor, allowing an organism to optimally prepare
and deal with the source of stress, but may become dysfunctional when exposed to
chronic stress. The hypotheses that chronic noise stress correlates to neocortical
hyperconnectivity and decreased synchrony between the amygdala and hippocampus,
correlates to altered behaviour, and correlates to altered brain morphology were tested in

head-fixed mice using optical imaging and behavioural recordings.
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1. Introduction
Chronic environmental noise exposure is a pervasive and growing threat to public health.
Unwanted sound is linked to cardiovascular disease, diabetes, increased blood pressure,
stress, nausea, exhaustion, attentional deficits, and mood disorders (Stallen 1999, Goines
and Hagler 2007, Naqvi, Haider et al. 2012). Psychological symptoms of stress, including
anxiety, depression, and post-traumatic stress disorder (PTSD) are thought to be caused
by alterations in functional connectivity within the brain (Kaiser, Andrews-Hanna et al.
2015, Takagi, Sakai et al. 2018). More than one million healthy life years are lost per year
to traffic noise stress in European-A member states, an exemplar population (Grandjean,
Azzinnari et al. 2016), so understanding the impact of noise stress on the brain is
important to improve quality of life and reduce medical costs. Identifying the neural
system-level coordinates of chronic stress is critical for understanding the implications of
noise stress and promoting public health (Basner, Brink et al. 2015, Godoy, Rossignoli et

al. 2018).

1.1. Stress

The term stress was first coined in a biologically relevant manner by Hans Selye when
describing the nonspecific effects of physically or psychologically demanding stimuli on
the nervous system (Selye 1950). He argued that these noxious stimuli have common
effects on the nervous system, eliciting a hormonal stress response that occurs in three
stages: (1) the alarm stage, which characterizes the acute fight-or-flight effect, (2) the
resistance stage, in which the body attempts to adapt to the noxious stimulus and return to

homeostasis, and (3) the exhaustion stage, when the organism has depleted the biological



resources necessary to maintain the stress response. This General Adaptation Syndrome
(GAS) is beneficial in addressing acute stressors by enhancing the organism’s
performance and resilience in the short-term, while allowing it time to return to its pre-
stress homeostasis when the noxious stimulus subsides. However, the GAS may be
maladaptive in the cases of chronic stress, where organisms experience prolonged

exposure to the biochemical mediators of the stress response.

One mediator of the stress response is the sympathetic adreno-medullar (SAM) system,
which prepares an organism for the fight-or-flight reaction to a stressor in the alarm stage
of the GAS. Beginning with the perception of a stressor, the amygdala communicates
with the hypothalamus to transmit signals through nerve pathways in the spinal cord to
reach target postsynaptic neurons in sympathetic nerve bundles. These nerve bundles then
release the neurotransmitter acetylcholine into synapses formed with adrenal medulla,
signalling the production and release of epinephrine and norepinephrine into systemic
circulation. These amine hormones act on adrenergic receptors, which prepare the body

for a physical response to a stressor.

A concurrent but slower acting mediator of the hormonal stress response is the
hypothalamic-pituitary-adrenal (HPA) axis (Figure 1). When the brain perceives stress,
the paraventricular nucleus of the hypothalamus (PVN) releases corticotropin-releasing
hormone (CRH) and arginine vasopressin (AVP) into the hypophysial portal blood to
signal the anterior pituitary to release adrenocorticotropic hormone (ACTH). ACTH
travels through the bloodstream to the adrenal cortex, signaling glucocorticoid hormone
release. The main glucocorticoid stress hormone released by the adrenal glands is cortisol

in humans and corticosterone in rodents (CORT), which produces the prolonged



physiological stress response following the immediate fight-or-flight effects of the SAM
system. CORT is lipophilic, so it can cross the blood brain barrier to impact the brain via
glucocorticoid (GR) and mineralocorticoid receptors (MRs). GRs in the hippocampus
(HPC), amygdala, cortex, and PVN are primarily involved in stress perception and
behaviour, while MRs throughout the body regulate the physiological stress response
(McEwen 2007, Herman, McKlveen et al. 2016). This elevated CORT has a lingering
effect responsible in part for the sustained stress adaptation characteristic of the GAS
resistance stage. Following an acute stress event, CORT primarily acts on GRs to elicit
negative feedback through suppression of CRH and AVP in the PVN and ACTH in the
anterior pituitary, allowing the organism to enter the exhaustion stage of the GAS before

returning to homeostasis (Herman, McKlveen et al. 2016).
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Figure 1: The hypothalamic-pituitary-adrenal axis. Stress perception in the brain
activates the HPA-axis, which mediates the body’s sustained hormonal stress response.
The hypothalamus secretes CRH and AVP, which signal the anterior pituitary to release
ACTH. ACTH acts on receptors in the adrenal cortex, which releases CORT to elicit the
physiological stress response and provide negative feedback to the brain. This figure was
created using images from Servier Medical Art Commons.



The adaptative processes of the SAM system and HPA-axis to maintain homeostasis are
referred to as allostasis, while the physiological and neurological effects of a stressor are
referred to as its allostatic load (McEwen 2007). A chronic allostatic load can overload
the HPA-axis with excess CORT, and over time result in a loss of GRs, thus damaging
regulatory feedback and baseline functioning of the HPA-axis. This damage is
characteristic of an allostatic overload, a condition that has been shown to result in mood
disorders that correlate to alterations in the structure and connectivity of the cortex and
limbic system (Young 2004, Patel, Kas et al. 2019). Resilience to allostatic load is
dependent on factors including the duration and severity of a stressor and an individual’s
genetics, early life experience, environmental conditions, sex, and age (Herman,

McKlveen et al. 2016).

1.1.1. Noise as a stressor
Although any stimulus perceived as stressful will activate nonspecific stress systems,
individual stressors also create effects specific to the insult. These specific effects are
directly produced by the noxious stimulus, for example cochlear damage and a loss of
hearing caused by exposure to loud noise. Ultimately, the brain’s response to any stressor
is a result of both its specific and nonspecific effects. Although physical and
psychological stressors have common nonspecific effects on the nervous and endocrine
systems, it has been shown that different stressors may have unique correlates of neural
activity (Godoy, Rossignoli et al. 2018, Patel, Kas et al. 2019). Psychological stressors,
which elicit the stress response without the threat of physical harm, tend to take longer to
produce an identifiable stress response but also tend to have a more severe short- and

long-term consequences in the brain (Lamb 1979, Li, Qin et al. 2019). Psychological
5



stressors are commonly used in models of anxiety and depression to test pharmaceutical
treatments in rodents independent of the potential confounds of physical stressors (Nollet,

Le Guisquet et al. 2013, Antoniuk, Bijata et al. 2019).

One evolutionary purpose for hearing is that it developed as a means of perceiving and
responding to potential threats to survival, therefore the auditory system is adapted to
processing unpredictable noise as stressful (Westman and Walters 1981). Noise, an
auditory stimulus that overloads the brain’s processing abilities, at a high enough level to
elicit the nonspecific stress response while not high enough to cause hearing damage is an
established paradigm for studying psychological stress (Dong, Zhou et al. 2016, Jafari,

Kolb et al. 2017, Munzel, Daiber et al. 2017, Jafari, Kolb et al. 2018).

Chronic noise stress (CNS) has been shown to trigger psychological alterations and
disorders including anger, disappointment, dissatisfaction, withdrawal, helplessness,
depression, anxiety, distraction, agitation, and exhaustion (Goines and Hagler 2007,
Seidler, Hegewald et al. 2017). The behavioural effects of CNS have been linked to
alterations in brain stress networks and hyperactivity in the central auditory pathway
(Malone, Heiser et al. 2017). The auditory system forms extensive connections
throughout the brain (Figure 2) (Jafari, Kolb et al. 2020). A direct, ascending pathway
directs auditory stimuli from mechanoreceptor cells in the ear to the auditory cortex for
conscious perception via the inferior colliculus. An additional descending pathway carries
feedback from the temporal lobe to regions mediating auditory sensation as one form of
adaptive regulation. A third, indirect pathway connects sensory input from the inner ear to
the endocrine system, autonomic nervous system, and limbic pathways mediating

physiological, emotional, and behavioral responses to auditory information. CNS may



alter neural circuits by causing reverberation of activity within these networks after

cessation of the noise stimulus (Westman and Walters 1981).

NST Insular cortex

C DMNV ) C RVLM )

Blood
pressure

Arousal \/
startle W

Figure 2. Auditory system connections to stress systems in the brain. The auditory
perceptual system (green; CN, cochlear nucleus; IC, inferior colliculus; SC, superior
colliculus) forms connections with the limbic system and stress-mediating networks
(purple) to influence arousal and startle (orange; NAc, nucleus acumbens; PPT,
pedunculopontine tegmental nucleus). These systems interact to regulate blood pressure
(blue; NST, nucleus of the solitary tract; DMNV, dorsal motor nucleus of the vagus,
RVLM, rostral ventrolateral medulla; VN, vagus nerve; SN, sympathetic nerve) via the
insular cortex and HPA-axis. Reprinted with permission from Elsevier Publishers Ltd:
Neuroscience & Biobehavioral Reviews (Jafari, Z., Kolb, B.E., Mohajerani, H., 2020),
copyright 2019.




1.1.2. Modeling stress in mice
Rodents are the most common mammals used in research, with mice widely considered
the model organism of choice for animal models of human diseases (Simmons 2008). In
addition to their short life cycle, gestation period, lifespan, high breeding efficiency and
relatively low cost of use, mice and humans share 99% of their DNA (Rosenthal and
Brown 2007). Recent advances in mouse genetic engineering have been used to generate
several hundreds of mouse models of disease (Gurumurthy and Lloyd 2019), and
transgenic mice are also used to study in vivo cortical activity with high temporal and
spatial resolution (Xie, Chan et al. 2016, Karimi Abadchi, Nazari-Ahangarkolaee et al.

2020).

In 1872, Charles Darwin observed that emotion is preserved among humans and other
mammals (Ekman 2009). This observation has been applied to create nonhuman models
of emotion and emotion disorders, which can be studied without many of the
experimental limitations of human subjects (Campos, Fogaca et al. 2013). Brain imaging
in humans shows structural and network-level changes in response to chronic stress
similar to those found in rodents, including hyperexcitability of emotion networks and
altered brain morphology (Pittenger and Duman 2008, Patel, Kas et al. 2019). When mice
are exposed to chronic physical or psychological stressors, they exhibit anxiety-like and
depressive behavioural phenotypes which are used as models of human stress-related

behavioural pathologies (Fuchs, Czeh et al. 2004, Nollet, Le Guisquet et al. 2013).



1.2. The hippocampal-cortical-amygdala network

Because chronic stress is linked to behavioural pathologies, it is important to understand
its correlated network-level alterations in the brain. When brain regions are chronically
excited for a prolonged period, as is the case during CNS, excited regions may be slow or
unable to turn off when the unwanted stimulus stops (Jacinto, Reis et al. 2013). This
hyperexcitability may be due to structural remodeling of stress networks in the brain due
to stress-induced changes in CORT levels, GRs, neurotransmitters, genetics, and

epigenetic factors (Patel, Kas et al. 2019).

Alterations in connectivity between cortical regions have been documented in chronically
stressed individuals (Hultman, Ulrich et al. 2018), and a functional pathway between the
ventral hippocampus (VHPC), medial prefrontal cortex (mPFC), and basolateral amygdala
(BLA) has been shown to mediate stress perception and response in humans and rodents
(Orem, Wheelock et al. 2019, Diaz and Lin 2020). The intersection of these two findings
lies in a network between the vHPC, BLA, and the entire neocortex: the hippocampal-
cortical-amygdala (HCA) network (Stein, Wiedholz et al. 2007, Supcun, Ghadiri et al.
2012). Electrophysiological recordings within regions of the HCA network suggest that
temporal synchrony is mediated by theta (4-12Hz), slow gamma (40-70Hz), and fast
gamma (70-120Hz) oscillations within local field potential (LFP) recordings (Buzsaki
2002), which measure the net subthreshold activity within some radius of a recording
electrode. Structural remodeling and alterations in excitability and synchrony between
HCA regions may underlie stress-induced behavioral and cognitive alterations (McEwen

2006, Boyle 2013, Sharp 2017).



1.2.1. The ventral hippocampus
The hippocampal formation was divided into three fields, CA1, CA2, and CA3 (Figure 3)
by Lorente de N6 which have been shown to have distinct intrinsic and extrinsic
connectivity for different functions in memory and emotion (Witter 2012). The vHPC
CAL1 pyramidal neurons provide the main excitatory output to the mPFC, have indirect
inhibitory projections to the hypothalamus, and form bidirectional connections with the
BLA (Godoy, Rossignoli et al. 2018). The vHPC forms these connections with the BLA
and neocortex to mediate stress memory, perception, and response by contributing
contextual information about a stressor to a functional circuit between the neocortex and
BLA (Godsil, Kiss et al. 2013). The vHPC also provides inhibitory control over the HPA-
axis via indirect connections to the hypothalamus, providing evidence for its role in
mediating the chronic and acute stress response (Herman, Tasker et al. 2002, Pittenger

and Duman 2008).

10



Figure 3: The mouse hippocampus. The mouse hippocampus is conventionally divided
into three functionally distinct cell layers with differences in intrinsic and extrinsic
connectivity. Each cell layer is further subdivided into dorsal (d), intermediate (i), and
ventral (v) subregions with unique functional roles. Ventral CA1 (vCALl) forms
connections between the cortex and BLA to mediate adaptations to chronic and acute
stress.

Hippocampal local field potential (LFP) recording exhibits patterns of theta activity and
sharp-wave ripples (SWRs). Theta activity is essential for learning and memory by
temporally organizing intrinsic and extrinsic neural connections and modulating synaptic
weights for neural plasticity (Buzsaki 2002, Montgomery, Betancur et al. 2009), and theta
oscillations originating in the hippocampus have been shown to mediate the precise
timing of neural activity required for fast-acting long-term potentiation (Clouter, Shapiro
et al. 2017). Behavioural correlates of hippocampal theta activity have been established,

and disrupted theta rhythms have been shown to correlate to behavioural deficits (Winson

11



and Abzug 1978, Soltani Zangbar, Ghadiri et al. 2020). Theta activity in the vHPC has a
high cohererence with activity in the BLA and mPFC in control subjects, but is

susceptible to a loss of synchrony when exposed to stressors (Yang and Wang 2017).

SWRs are synchronous hippocampal spiking motifs occurring at 30-200 events/min and
are triggered in CA1 by excitatory output from CA3 (Buzsaki 2015, Jiang, Liu et al.
2018). SWRs typically occur during sleep and quiet wakefulness and may affect
endocrine stress responses via connections to the hypothalamus (Buzsaki 2015). Selective
disruption of SWRs has been shown to impair memory consolidation and recall important

for behavioural functioning (Joo and Frank 2018).

The HPC was also one of the first brain regions to be recognized as a target for
glucocorticoids, which have been shown to affect hippocampal morphology (McEwen
2007). Stress-induced hippocampal atrophy is also an established marker in anxiety and
depressive phenotypes following chronic stress exposure (Jafari, Kolb et al. 2018,

Belleau, Treadway et al. 2019).

1.2.2. The neocortex

The neocortex comprises the most recent evolutionary addition to the mammalian brain.
The cortex is a six-layer structure forming the outermost dorsal surface of the brain
(Figure 4), and is essential for higher-order functions including cognition, sensory

processing, and planning and execution of motor movements (Jawabri and Sharma 2020).

12



’ " Py \ \
: "»:‘?“(II_;‘:\ ‘\ )
o ¥ ’\l\ ' ‘o
i ¢ ‘ g/
‘W
- .
. »
.V
\“‘ 4
. 3
,‘ 3

Figure 4: the mouse neocortex. Cresyl violet-stained section showing six distinct cell
layers in the mouse neocortex.

The mPFC’s role in stress adaptation has been studied in a functional network including
the vHPC and BLA. The mPFC forms reciprocal connections within this network for top-
down regulation of stressful stimulus perception and emotional behaviour, and it also
influences the HPA-axis via indirect connections to the hypothalamus (Godoy, Rossignoli
et al. 2018). Functional magnetic resonance imaging in humans has established the mPFC
as a focal point for processing emotional stimuli (Riga, Matos et al. 2014), and stress-
induced atrophy and dysregulation of its circuitry precipitates psychological conditions
including anxiety and depression (Pittenger and Duman 2008, Patel, Kas et al. 2019, Liu,

Zhang et al. 2020).

13




Although the mPFC has been studied in the context of emotional behaviour, less is known
about the effects of stress on entire cortical networks and their correlation to lower brain
regions and behaviour. One method for studying cortical networks is imaging
spontaneous activity, which reveals a default mode network of spatial and temporal brain
activity in the absence of sensory experience and motor behaviour. Imaging in animal
models can record patterns of neural activity with a high temporal and spatial resolution
and has been used to map functional areas of the neocortex (Mohajerani, Chan et al.
2013, McGirr, LeDue et al. 2017) . Patterns of visual, auditory, and somatosensory
stimulation are present in spontaneous recordings, which may echo patterns of activation
within the vHPC and mPFC (Mohajerani, Chan et al. 2013). Alterations of neural motifs
in the default mode network may be related to psychiatric illness and the anxiety and

depressive behavioural symptoms of chronic stress (Menon 2011).

A key regulator of the stress response in cortical networks is glutamate (Glu), the main
excitatory neurotransmitter in the brain, and its N-methyl-D-aspartate (NMDA) and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Patel, Kas et
al. 2019). Glu works synergistically with glucocorticoids to produce adaptive behavioural
and network-level responses to acute stressors (Herman, McKlveen et al. 2016), but
chronic stress alters levels of Glu, NMDARs, and AMPARs. Widefield optical imaging
can be used to visualize changes in cortical Glu, and studies have implicated excess
neural excitation as a possible cause of stress-induced behavioural symptoms (McGirr,

LeDue et al. 2017, Dunkley, Wong et al. 2018).

14



1.2.3. The basolateral amygdala

The amygdala is an almond-shaped structure within the limbic system that is broadly
divided into three subnuclei: the basolateral nucleus, corticomedial nucleus, and central
nucleus, which receive and process emotional input (Patel, Kas et al. 2019). The
basolateral nucleus is further subdivided into the lateral, basal (BLA), and basomedial
nuclei (Figure 5), each with distinct and overlapping connectivity and behavioural
functions (Yang and Wang 2017). Ablation and stimulation experiments demonstrate that
these nuclei have distinct influences in behaviour (Kaada 1972), and that the BLA is
particularly important for processing psychological stressors, consolidating stressful
memories, and eliciting emotional and motivational responses to stressful stimuli
(McDonald 1998, Godoy, Rossignoli et al. 2018). Studies have implicated the BLA as
crucial to the development of chronic stress-related behavioural pathologies including

anxiety and depression (Patel, Kas et al. 2019).

15



Figure 5: The mouse amygdala. The amygdala is broadly divided into the central
nucleus (CeA, orange), the corticomedial nucleus (CMN, purple), and the basolateral
nucleus including the lateral amygdala (LA, red), basal nucleus (BLA, green), and
basomedial nucleus (BMN, blue).

16



The BLA consists of 80-90% excitatory projection neurons and 10-20% inhibitory
interneurons (Liu, Zhang et al. 2020). Its connections to the vHPC and mPFC contribute
excitatory and inhibitory input, and excitatory projections from the BLA to the
hypothalamus increase HPA-axis activity (Boyle 2013, Jacinto, Reis et al. 2013). BLA
LFP signatures include theta oscillations, which are synchronous with theta activity in the
VHPC and mPFC of healthy subjects, and slow and fast gamma oscillations, whose power
and synchrony may correlate to fear behaviour in response to stressors (Stujenske, Likhtik

et al. 2014).

Histological studies of stress-induced amygdala volumetric changes provide inconsistent
results. Some chronic stress experiments report hypertrophy within the amygdala
(Pittenger and Duman 2008, Hoffman, Parga et al. 2015), while others show amygdala
atrophy (Hamilton, Siemer et al. 2008, Gilabert-Juan, Castillo-Gomez et al. 2011, Jafari,
Kolb et al. 2018). Electrophysiological recordings in chronically stressed rodents,
however, tend to show consistent hyperactivity of the BLA in the presence of chronic

stressors (Rosenkranz, Venheim et al. 2010, Zhang, Ge et al. 2018).

1.3. Theory

Brain structures forming functional connections with the auditory system mediate
adaptations to chronic noise exposure. The ventral hippocampus, basolateral amygdala,
and neocortex form functional networks to mediate the perception of stressful stimuli.
This network is adaptive in the presence of an acute stressor, allowing an organism to
optimally prepare and deal with the source of stress, but may become dysfunctional when

exposed to chronic stress.
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1.4 Rationale

Chronic noise exposure has been shown to act as a stressor and create an allostatic load
corresponding to behavioural pathologies (Westman and Walters 1981, Jafari, Kolb et al.
2018). If the vHPC, neocortex, and BLA mediate these changes, then widefield optical
imaging, local field potential recordings, and behavioural observation could be used to
identify the neural and behavioural correlates of these changes in response to chronic

stress.

1.5. Hypotheses

Hypothesis 1. Chronic noise stress will correlate to neocortical hyperconnectivity and
decreased synchrony between BLA and vHPC theta activity. Prolonged

psychological stress and accompanying blood cortisol elevation may be related to
excitatory changes in the hippocampal-neocortical-amygdala network (McEwen

2017). This possibility will be quantified by recording electrical and chemical signals in

structures of the HCA-network.

Hypothesis 11. Chronic noise stress will correlate to altered behaviour. This possibility
will be tested using concurrent recordings of pupil activity during head-fixed recordings
of brain activity.

Hypothesis I11. Chronic noise stress will correlate to altered brain morphology including
shrunk hippocampal, cortical, and whole brain volume and amygdala hypertrophy. A
decrease in hippocampal volume and cell density has been shown to accompany chronic
stress and anxiety-like behaviours (Jafari, Kolb et al. 2018), and chronic stress has been

shown to alter activity and morphology of brain regions involved in the mediation of
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emotional reactions to auditory stimuli (Haines, Stansfeld et al. 2001, Alimohammadi,
Ahmadi Kanrash et al. 2018). Changes will be quantified by using histological methods to

analyze changes in brain morphology.
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2. Chronic noise stress experiment
2.1. Introduction to experiment
In order to identify the hippocampal-cortical-amygdala network correlates of chronic
stress, widefield glutamate imaging of the neocortex was used with simultaneous LFP
recordings in the BLA and vHPC. Each recording was divided into two segments: the
first measured spontaneous brain activity, and the second recorded activity during noise
exposure. Pupil fluctuations were also filmed during recordings to analyze the
behavioural correlates of chronic stress and brain network activity. This recording
paradigm was used to compare baseline brain activity with activity following a chronic
noise intervention. The brain was then mapped using sensory evoked stimuli to identify
the cortical regions to be used for correlational analysis. Finally, histological measures
were used to determine stress-related morphological alterations in the hippocampus,

neocortex, and amygdala (Figure 6).

Chronic window Post-stress
surgery & implants Baseline recordings recordings
Ai85/Camk /Emx-Cre
(W=10) Histology
Recovery & 30 days chronic Evoked recordings &
habituation roise stress perfusions

Figure 6. Overview of chronic noise experiments. Ten mice were implanted with
chronic windows and electrodes, then separated evenly into stress and control groups. The
first recordings were taken after surgical recovery and habituation to head-fixation. Stress
animals were exposed to chronic stress for 30 days, then a second set of recordings were
taken in all animals. Evoked recordings were taken within one week of the second
recordings, then animals were perfused and brains were extracted for histology.
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2.2. Glutamate imaging

Widefield glutamate (Glu) imaging uses modified glutamate receptors to visualize
cortical activity and connectivity with a high temporal and spatial resolution. While
calcium imaging is widely used to map cortical neuronal activity, its temporal resolution
(seconds) can be limiting and it is largely a measure of suprathreshold activity (Tian,
Hires et al. 2009, Xie, Chan et al. 2016, Afrashteh, Inayat et al. 2020, Bermudez-
Contreras, Gomez-Palacio et al. 2020, Karimi Abadchi, Nazari-Ahangarkolaee et al.
2020). Voltage-sensitive dye (VSD) has a higher temporal resolution (~10ms rise), but
the organic dye cannot be used for chronic experiments (Devonshire 2014, Xie, Chan et
al. 2016). Glu imaging provides a solution to each of these limitations, as it can be
genetically encoded and has a ~1ms rise and ~40ms decay resolution (Marvin, Borghuis

et al. 2013).

The single-wavelength ionotropic Glu reporter (iGluSnFR) was constructed from E. Coli
gltl, a gene that encodes the periplasmic component of a glutamate transporter, and
cpGFP, a green fluorescent protein. Its high temporal and spatial resolution for chronic
imaging is achieved by its single-wavelength fluorescent property, allowing its
corresponding imaging signal to be unambiguously assigned to Glu (Marvin, Borghuis et
al. 2013). Cortical maps imaged with iGIuSnFR have also been validated as consistent
with maps determined with calcium or VSD imaging (Xie, Chan et al. 2016, McGirr,

LeDue et al. 2017).

It has been shown that Glu imaging mainly is representative of presynaptic subthreshold
activity (Marvin, Borghuis et al. 2013), making it a good candidate for correlative LFP

analysis. Glu imaging also provides a temporal resolution up to the alpha band (8-12Hz),
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making it well suited for correlation studies with LFP activity within and below this
range. Finally, because Glu is implicated in anxiety-like and depressive phenotypes,
imaging its activity in the neocortex has potential utility in understanding these chronic

stress-induced behavioural symptoms (Xie, Chan et al. 2016).

2.3. Methods

2.3.1. Animals
20 Ai85/CamK/Emx-Cre mice (10 female, 10 male) expressing the extracellular
fluorescent glutamate reporter iGIUSnFR in all six cortical layers, weighing 25-35g,
and aged 10-11 months from the Canadian Centre for Behavioural Neuroscience vivarium
were used. Ten animals did not survive surgery due to excessive ageing and were
excluded from subsequent recordings and analysis. The remaining ten animals (four
female, six male) were used for experiments. Animals were given access to food and
water ad libitum and singly housed in standard cages on a 12h:12h light/dark cycle from
7:30am to 7:30pm in a temperature-controlled room at 21°C. Animals were initially
housed in groups of 2-3 with littermates after weaning. After the first surgery they were
singly housed to minimize the risk of damage to head implants. Recordings were
taken during the light phase at the same time of day for each animal. All procedures were
approved by the University of Lethbridge Animal Care Committee in accordance with the

Canadian Council of Animal Care guidelines.

2.3.2. Chronic noise stress group
Animals assigned to the stress group (N = 5; 3 male, 2 female) were transferred in their
home cages to a separate testing room and exposed to an 8hr recording (8:00am —

4:00pm) of broadband traffic noise daily for 30 days. The CNS recording was emitted
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from a speaker which maintained a 75dB SPL in the home cages (min = 70.8 dB;
max =79.1 dB; peak = 81.3 dB; frequency spectrum = 65-9200 Hz), which has been
shown to elicit a chronic stress response in mice without causing hearing damage (Jafari,
Kolb et al. 2018). The SPL was monitored daily inside an empty home cage (Tektronix
RM3000, Digital Phosphor Oscilloscope). Animals were returned to main housing at 4:00
pm each day.

2.3.3. Control group
Animals assigned to the control group (N=5; 3 male, 2 female) were transferred in their
home cages to a separate testing room across from the stress group. A silent speaker was
placed in the same proximity to the home cages as the stress group, and the control mice
were left undisturbed for 8hrs per day (8:00am — 4:00pm) for 30 days. Control animals

were returned to main housing at 4:00 pm each day.

2.3.4. Electrode fabrication
Electrodes were fabricated to record EMG signals and LFP activity in the vHPC and
BLA. The EMG electrode was fabricated from a multi-stranded, Teflon-coated stainless-
steel wire (A-M Systems catalogue #793500). The wire was trimmed to 2cm with a razor
blade and soldered to a gold pin (A-M Systems catalogue #520200) for implantation in
the animal’s neck muscle. The VHPC electrodes were fabricated in the same fashion using

a 127um stainless-steel wire (A-M Systems catalogue #791500).

BLA electrodes were fabricated from sharpened Epoxy-insulated stainless-steel (254um)
electrodes (A-M Systems catalogue #571000). Electrode tips were gold-plated to decrease
impedance from 8MQ to 250-300KQ using an isolated pulse stimulator (A-M Systems)
to inject current and an impedance meter (Bak Electronics Inc.) to monitor impedance.
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Electrodes were then trimmed to 6mm and soldered to a gold pin. These electrodes were
chosen for BLA recordings because they were rigid enough to reach the BLA by

stereotaxic coordinates without bending as they were lowered into the brain.

2.3.5. Surgical procedure

Animals were implanted at ten months with single electrodes in the left BLA and CAl
region of the vHPC, and a large, unilateral section of the skull above the right
hemisphere was exposed for imaging using aseptic methods (Figure 7). Laterality in
neocortical mesoscale optical imaging and HPC and BLA LFP has not been found in
mice, so the side of implants were chosen for recording convenience. Buprenorphine
(0.02mg/mL) was administered for analgesia 30 mins prior to surgery, and 1-2%
isoflurane was vaporized in oxygen at a flow rate of ImL/min for anesthesia. Body
temperature was kept at 37 + 0.5°C throughout the procedure using a feedback loop
heating pad. 0.4mL Lidocaine with epinephrine (20mg/mL) was injected subcutaneously
over the skull 10 mins prior to the beginning of the procedure. A reference electrode
was first placed on the cerebellar surface, and then a custom assembled electrode was
lowered to the CAL1 region of the vHPC with a stereotaxic apparatus (RC -3.2; ML -3.2;
DV -3.4). The vHPC electrode was guided by a simultaneous live LFP recording with
audio monitoring (Grass Instrument Co.) and fixed to the skull when it showed consistent
theta activity within 0.1mm of the target DV coordinates. A custom sharp electrode was
implanted in the BLA using stereotaxic coordinates (RC —1.1; ML -2.4; DV -4.7). All
electrodes were fixed with tissue glue and dental acrylic. A 6.5 x 6 mm window located
+2.8 to -3.7 mm from bregma and 6 mm lateral from midline was left exposed over the

skull, and temporal muscle within the window was removed. A headplate was fixed to the
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skull surrounding the window with Metabond. Animals were monitored in a temperature-
controlled surgical recovery cabinet and administered 0.05mL Baytril (Img/mL in sterile

saline) and 0.05mL Metacam (5mg/mL) every 24hrs for the following 3-5 days.

Figure 7. Schematic of chronic surgical implants. A large, unilateral window was
implanted over the right hemisphere (red oval) and electrodes were implanted in the
basolateral amygdala (red x) and ventral hippocampus (green x). A reference electrode
was placed in the cerebellar surface (blue x). This figure was created using an image from
SciDraw, a free repository of scientific drawings.

2.3.6. Recordings
Animals were habituated to head-fixation daily for one week prior to chronic recordings
(Figure 8). Each recording consisted of 15 mins of quiet, spontaneous activity followed
by 15 mins of spontaneous activity with traffic noise playing in the recording chamber. A
microscope composed of front-to-front video lenses (8.8x8.6 mm, 67um/pixel) was used
for imaging. A 470nm LED was used to excite iGIuSnFR, and fluorescence was filtered
using a 530nm bandpass filter. Cortical glutamate activity was captured in 12-bit format

at 150Hz (6.67ms) temporal resolution for a total of 135,000 frames per 15 min recording
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segment using a CCD camera (1M60 Pantera, Dalsa) and XCAP 3.8 imaging software
(EPIX, Inc.). LFP activity recorded at 20 kHz with an Axon Instruments data acquisition
system, amplified at x1000, and filtered from 0.1 to 10,000 Hz with a Grass P5 amplifier.
A camera (RaspberryPi 3B) was used to capture pupil fluctuations and behaviour during

all recording segments. Two recordings were taken per animals for analysis.

Figure 8: Chronic head-fixed recordings schematic. Mice were head-fixed for
recordings and blue LEDs were used to excite iGIuSnFR recordings. An imaging camera
(top) was used to capture cortical activity and a behaviour camera (right) was used to
collect pupil activity data.

2.3.6.1. Sensory evoked mapping
Immediately prior to perfusion, animals were anaesthetized with isoflurane for evoked
mapping of sensory ROIs. Five sensory areas were stimulated for recording: forelimb,
hindlimb, auditory, visual, and whisker. Electrodes were inserted subcutaneously into the

left forelimb and hindlimb (contralateral the cranial window) of each animal and were
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stimulated using a 0.2mA pulse for one second. Auditory stimulation involved a one
second, 80dB click played though a speaker placed to the ear contralateral the cranial
window. Visual stimulation used a one second pulse of 550nm light directed at each
animal’s left eye. All whiskers except C2 were trimmed and a piezoelectric bending
actuator was positioned to stimulate the remaining C2 at 5Hz for one second. Cortical
ROIs (5x5 pixels) were identified in ImageJ using the Shawn Own plugin to compare the
normalized difference of ten evoked trials to the average of ten stimulus free trials within
the 1000 frames surrounding stimulus onset. An additional 14 ROIs were derived from
sensory evoked responses in relation to their stereotaxic coordinates from bregma,
including secondary motor/anterior cingulate (aM2/AC), posterior secondary motor
(pM2), retrosplenium (RS), secondary barrel sensory (BC C2 S2), parietal association
area (ptA), medial secondary visual (V2MM and V2LM), lateral secondary visual sensory
(V2L), primary shoulder/neck sensory (S1J S1), secondary hindlimb sensory (HLS2A),
secondary forelimb sensory (FL S2), barrel motor (mBC), forelimb motor (mFL), and

hindlimb motor (mHL) (Figure 9).
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17JAC:  Anterior cingulate 9 BMIShNcS1: Primary shoulder /neck sensory
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31IM1:  Primary motor 12@BCS1:  Primary barrel sensory
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Figure 9: Sensory evoked map of the mouse neocortex. Schematic of sensory areas
determined with evoked stimulation and coordinates from bregma. Reprinted with
permission from Macmillan Publishers Ltd: Nature (Mohajerani, Chan et al. 2013),
copyright (2013).

2.3.6.2. Widefield imaging analysis
Widefield imaging fluorescent signals were first preprocessed using a custom MATLAB
script (Figure 10). A unique image mask created in ImageJ was applied to each recording,
and the time series of each pixel was filtered using a zero-phase highpass Chebyshev
filter (> 0.2Hz) of order 3. Next, all frames were averaged to determine the baseline
signal (Fo). The difference between Fo and the filtered signal (F) was used to compute

changes in fluorescence (AF) by the following equation:

F—F
AF = u><100
Ky

Preprocessed spontaneous imaging data were used to create 19 x 19 correlation matrices

based on 5 x 5 pixel ROIs determined with sensory evoked mapping and coordinates from
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bregma. Zero-lag correlations of spontaneous activity were first computed for each
animal, then combined into the overall average correlation of each ROI. Significance
between ROIs for each recording condition were computed using a two-sample t-test.
Because data interpretation was concerned only with the change in the correlations of
ROIs under the two conditions, and the number of tests for both conditions were the

same, Bonferroni corrections were not used.

AF/Fo (%)

g iy

Figure 10: Example montage of evoked cortical activity. Example illustrate auditory
evoked iGIuSnFR cortical response in a control animal to a tone stimuli.

2.3.6.3 Electrophysiology analysis

LFP signals were first downsampled to 1 kHz for analysis with custom MATLAB scripts
(Figure 11). To compute VHPC-BLA theta synchrony, a bandpass filter for 4-10.5Hz was
first applied to each signal. The amplitude of the Hilbert transform of the signal was then
computed. A 10 min window beginning after the first 3 mins of each recording segment
was considered for analysis. A 1 sec window of activity that moved at 20 ms increments

was applied to the entire 10 min of the Hilbert phase signal. This window was then used
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to compute the minimum lag between signals that represented peaks in correlation. A
two-sample t-test was used to determine significance between recording conditions.

Significance values were set at p = 0.025 based on a Bonferroni correction.
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Figure 11: Example LFP theta signals and leading/lagging analysis. A) Raw LFP
signal recorded in vHPC. B) Raw LFP signal recorded in BLA. C) Filtered vHPC LFP
(blue) and filtered BLA (red) signals used for leading/lagging analysis.

2.3.6.5. Behavioural analysis
Pupil fluctuation data were extracted using facemap 0.2.0, a Python graphical user

interface (GUI) for processing rodent behavioural videos. ROIs were defined for each
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recording segment surrounding the pupil and eye of each mouse. Frames with blinking or
movement were removed from final analysis. All measurements were first converted from
pixels to mm. The derivative of pupil area was computed for each animal to determine the
speed of pupil fluctuation, then the mean of each recording segment was computed for all
animals in each group. A t-test was used to determine significance between groups and

recording conditions.

2.3.7. Histology and morphological analysis
While animals were under anesthesia following evoked mapping, an overdose of
Euthansol was injected IP and animals were perfused with 20mL of 1% PBS through the
left ventricle followed by 20mL of 4% PFA in 1% PBS. Brains were removed, post-fixed
overnight in 4% PFA, then transferred to a 30% sucrose in 1% PBS solution for
cryoprotection. After 48 hours, brains were sectioned coronally at 40um using a sliding
microtome with blockface imaging. Every third slice was collected for morphological
analysis, mounted on Superfrost Plus slides (VWR), and stained with cresyl violet. A
two-sample t-test was used to compare stress and control group brain morphology using

IBM SPSS Statistics 26.

All slides within -0.82mm to -3.88mm AP from bregma were also collected and stained
with cresyl violet to confirm the locations of BLA and vHPC electrodes (Figure 12 - A,
B). Additionally, every tenth section was collected, mounted with vectashield (Vector
Labs) mounting medium, and fluorescently scanned to ensure iGIuSnFR expression
through all six cortical layers (Figure 12 - C). All slides were scanned and analyzed using

NDP view?2 (Hamamatsu Photonics Japan).
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Figure 12: Histology for electrodes and imaging. A) Cresyl violet stained section
showing a lesion created with the vVHPC electrode to demonstrate accurate implantation
following experiments. B) Cresyl violet stained section showing a lesion created with the
BLA electrode to demonstrate accurate implantation following experiments.

C) Fluorescent image of iGIuSnFR in all cortical layers.
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Brain volume was estimated from 83 (x 1) cresyl violet stained sections (3 mm to — 8 mm
from bregma) for each animal (Figure 13-A). The outline of each slice was first traced to
obtain its area, then the sum of areas for each brain was multiplied by slice thickness

(0.04 mm) and the sampling interval (3) (Paxinos and Franklin 2001):

Volume (mm3) = Y, areas (mm?) X slice thickness (mm) X sampling interval

Dorsal and ventral hippocampal volume was estimated from 28 (£ 1) cresyl violet stained
sections (-0.94mm to -3.99mm from bregma) for each animal using the above equation
(Figure 13 - B). The margins of 13 (x 2) sections of lateral and basolateral amygdala
(-0.70 mm to - 2.18 mm from bregma) were considered for volumetric analysis in the

same manner (Figure 13 — C).

Central, lateral, and ventrolateral cortical thickness were measured for one hemisphere in
seven cresyl violet stained sections. A straight line was used to measure the distance from
the inner to outer edges of the cortex (Figure 13 — D). Sections were collected for analysis

at 2.46, 2.22, 1.42,1.10, 0.50, -0.10, and -0.70 mm AP from bregma.
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Figure 13: Rough morphological analysis. A) Example cresyl violet-stained section of
traced contours of the whole brain. B) Example cresyl violet stained section of bilateral
hippocampal rough analysis. C) Example cresyl violet section of traced lateral and
basolateral regions of the amygdala. D) Central (green) lateral (red) and ventrolateral
(blue) measurements of cortical thickness for one cresyl violet-stained section.
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2.4. Results

Because the N-value was small (5 CNS, 5 control), males and females were pooled for all
statistical analysis. There were not enough subjects (2 females per group) to use an
ANOVA to determine the effects of sex, group (CNS or control), and recording condition
(spontaneous or noise). No statistically significant difference in pupil activity was found
between any recording condition in CNS or control animals. Morphological analysis
revealed significant shrinkage in the HPC, whole brain volume, and neocortical thickness
in CNS animals compared with controls. There was no statistically significant difference
between amygdala volume in CNS and control animals. There were significant changes in
correlation between four ROl combinations after 30 days CNS between the spontaneous
and noise recording conditions that were not found in controls. There were additional
changes in correlation for 13 ROl combinations between the baseline spontaneous and
post-stress spontaneous recordings in CNS animals that were not found in controls. There
were also eight significant changes in correlation between the baseline noise and post-
stress noise recordings in CNS animals compared with three significant changes between
these conditions in control animals. Analysis of vHPC-BLA theta leading/lagging time
revealed a shift towards the BLA leading in the post-stress spontaneous recording
condition in CNS animals that was significantly different from all other recording

conditions in CNS and control animals.

2.4.1. Pupil activity
Pupil activity was recorded for each 15 min recording segment and analyzed for mean
pupil area and its derivative to determine fluctuation speed (Figures 14, 15). A t-test

revealed no significance difference in pupil area between the baseline spontaneous and
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spontaneous recording after 30 days in controls (t(12) =-0.0189, p = 0.9852) or between
the baseline noise and noise recording after 30 days in controls (t(16) = -0.3281,

p = 0.7471). There was also no significant difference in pupil area between the baseline
spontaneous and noise recording conditions for control animals (t(9) = -0.4095,

p = 0.6917), or between the spontaneous and noise recording conditions after 30 days
(t(9) = -0.4095, p = 0.6917) after 30 days in control condition). Changes in mean pupil
fluctuation speed for control animals were also insignificant between the baseline
spontaneous recordings and the spontaneous recordings after 30 days (t(10) = 2786, p =
0.9922). There was no significant change in pupil fluctuation between the baseline noise
recordings and the noise recordings after 30 days for control animals (t(14) = -0.2262,

p = 0.8243), or between the baseline spontaneous and baseline noise recording conditions
for control animals (t(15) = -0.4628, p = 0.6501). There was no significant change
between the spontaneous and noise recording conditions after 30 days for control animals

(t(9) = -0.4095, p = 0.6916).
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Figure 14. Pupil activity for control animals during recordings. A) Pupil area (mm?)
for control animals in all recording conditions. Red line indicates mean value. B) Pupil
fluctuation speed (mm?/s) for control animals in all recording conditions.
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The CNS animals showed an increase in average pupil area between the pre- and post-
CNS spontaneous recording conditions, but a two sample t-test revealed no significance
(t(13) =-0.8545, p = 0.4083). There was also no significant difference in pupil area
between the pre- and post- CNS noise recording conditions (t(17) = 0.1237, p = 0.9030).
There was no significant change in pupil area between spontaneous and noise baseline
conditions (t(18) = -0.1383, p = 0.8915), and although there was a decrease in average
pupil area from the spontaneous to the noise condition after 30 days CNS, this change
was not significant (t(9) = 0.9118, p = 0.3856). The mean pupil fluctuation speed did not
change significantly in CNS animals between baseline spontaneous and noise recordings
(t(13) =0.0073, p = 0.9943) or between spontaneous and noise recordings after 30 days
CNS (t(4) = 1.7282, p = 0.9958). The pupil fluctuation speed of CNS animals decreased
between baseline and 30 days CNS spontaneous recordings, but this change was not
significant (t(7) = 1.4783, p = 0.1829). The pupil fluctuation speed of CNS animals also
decreased between baseline and 30 days CNS noise recordings, but this change was also

not significant (t(10) = 1.2075, p = 0.1424).
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Figure 15. Pupil activity for CNS animals during recordings. A) Pupil area (mm?) for
CNS animals in all recording conditions. Red line indicates mean value. B) Pupil
fluctuation speed (mm?/s) for CNS animals in all recording conditions.
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2.4.2. Brain morphology
Mean brain volume was calculated for stress and control groups from 3.2mm from
bregma to -6.8mm from bregma (Figure 16). A two sample t-test for the average brain
volume revealed significant brain shrinkage in the CNS group compared with controls

((8) = 4.941, p = 0.001).

Whole bra

Contro stress

Figure 16: Mean brain volumes of stress and control animals. A) Schematic of area of
the brain from which samples were collected for volumetric analysis. B) Example of first
and last cresyl violet-stained sections collected for analysis. C) Volumetric difference
(mm?3) between all stress and control animal brains. Results presented as mean + S.E.M.
Asterisk indicates *p < 0.0025.
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Mean amygdala volume was calculated for the basolateral nucleus in stress and control
animals (Figure 17). A two-sample t-test for the average amygdala volume revealed no

significant difference between stress and control groups (t(8) = 0.346, p = 0.738).
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Figure 17: Mean amygdala volumes of stress and control animals. A) Schematic of
area of the brain from which samples were collected for volumetric analysis. B) Example
of first and last cresyl violet-stained sections collected for analysis. C) Volumetric
difference (mm?) for all stress and control animals. Results presented as mean + S.E.M.
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Average hippocampal volume was calculated for each group, and a two-sample t-test
revealed significant shrinkage in the CNS group compared with controls (t(8) = 4.614, p

=0.02) (Figure 18).
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Figure 18: Mean hippocampal volumes of stress and control animals. A) Schematic
of area of the brain from which samples were collected for volumetric analysis. B)
Example of first and last cresyl violet-stained sections collected for analysis. C)
Volumetric difference (mm?) between all stress and control animal brains. Results
presented as mean + S.E.M. Asterisk indicates *p < 0.05.

Cortical thickness was reduced in the CNS compared with controls in all ventral, lateral,
and ventrolateral measurements (Figures 19-25). A two sample t-test for each measure
revealed significance of the ventral measurement 2.46 mm from bregma

(t(8) = 2.4870.782, p = 0.038), -2.22 mm (t(8) = 2.688, p = 0.028), 1.42 mm (t(8) = 3.816,
p =0.005), -1.10 mm (t(8) = 2.265, p = 0.01), and 0.50 mm (t(8) = 3.326, p = 0.01) from
bregma. The lateral measurement was significant at 2.22 mm (t(8) = 9.025, p = 0.001)
and 1.42 mm (t(8) = 2.861, p = 0.021) from bregma. The ventrolateral measurement was
significant at 2.46 mm (t(8) = 3.755, p = 0.006) and 2.22 mm (t(8) = 6.258, p = 0.001)

from bregma.
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Figure 19. Cortical thickness measures 2.46 mm from bregma. A) Nissl-stained brain
section 2.46mm from bregma showing the lines along which measurements were taken.
B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS
and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented
as mean = S.E.M. Asterisks indicate *p < 0.05 or **p < 0.025.
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Figure 20. Cortical thickness measures 2.22 mm from bregma. A) Nissl-stained brain
section 2.22 mm from bregma showing the lines along which measurements were taken.

B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS
and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented
as mean = S.E.M. Asterisks indicate *p < 0.05 or **p < 0.025.
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Figure 21. Cortical thickness measures 1.42 mm from bregma. A) Nissl-stained brain
section 1.42 mm from bregma showing the lines along which measurements were taken.
B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS

and controls. D) Ventrolateral cortical thickness for CN
as mean = S.E.M. Asterisks indicate **p < 0.025.
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Figure 22. Cortical thickness measures 1.10 mm fro
section 1.10 mm from bregma showing the lines along

S and controls. Results presented

Control stress
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Control stress

m bregma. A) Nissl-stained brain
which measurements were taken.

B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS
and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented

as mean = S.E.M. Asterisks indicate **p < 0.025.
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Figure 23. Cortical thickness measures 0.50 mm from bregma. A) Nissl-stained brain
section 0.50 mm from bregma showing the lines along which measurements were taken.
B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS
and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented

as mean + S.E.M. Asterisks indicate **p < 0.025.
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Figure 24. Cortical thickness measures -0.10 mm from bregma. A) Nissl-stained brain
section -0.10 mm from bregma showing the lines along which measurements were taken.

B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS

and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented

as mean + S.E.M. Asterisks indicate **p < 0.025.
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Figure 25. Cortical thickness measures -0.70 mm from bregma. A) Nissl-stained brain
section -0.70 mm from bregma showing the lines along which measurements were taken.

B) Central cortical thickness for CNS and controls. C) Lateral cortical thickness for CNS

and controls. D) Ventrolateral cortical thickness for CNS and controls. Results presented

as mean = S.E.M. Asterisks indicate *p < 0.05.
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2.4.3. Cortical connectivity
Cortical correlations were computed for 18 ROIs for a total of 153 possible ROI
combinations to measure intracortical connectivity and compared between all recording
conditions in CNS and control animals. A two-sample t-test for each ROI combination
revealed no significant differences in average correlation (p > 0.05) between the
spontaneous and noise conditions in control animals (Figure 26 — C, F). There was also
no significant difference between the baseline spontaneous and spontaneous recordings
after 30 days in the control condition (Figure 26 — G). There was a significant increase in
correlation between HLS2B vs. FLS2 (t(16) = 2.3333, p = 0.0330) and mFL vs. mHL
(t(16) = 2.2983, p = 0.0354), and a significant decrease in correlation between Aud vs.
FLS2 (t(16) = -2.2637, p = 0.0378) between the baseline noise recordings and the noise

recordings after 30 days in the control condition (Figure 26 — H).
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spontaneous activity. B) Correlation matrix for baseline activity with noise played in the
recording chamber. C) Significance values for correlation between baseline spontaneous
and baseline noise condition activity. White regions are not significant (p > 0.05). D)

Cortical correlation matrix for spontaneous activity after 30 days in the control condition.

E) Correlation matrix for activity with noise played in the recording chamber after 30

days in the control condition. F) Significance values for correlation between spontaneous

and noise condition activity after 30 days in the control condition. White regions are not
significant (p > 0.05). G) Significance values for correlation between the baseline
spontaneous activity and the spontaneous activity after 30 days in the control condition.

White regions are not significant (p > 0.05). H) Significance values for correlation

between the baseline activity in the noise condition and activity in the noise condition

after 30 days in the control condition. White regions are not significant, non-white
regions are significant (p < 0.05).
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The overall average correlation was computed for all control animals (Figure 27). The
average baseline spontaneous recordings in control animals was 0.7559, which decreased
slightly to 0.7347 in the baseline noise recording. The overall average correlation for
spontaneous activity after 30 days in the control condition increased from the baseline
value to 0.7733, which increased slightly in the noise recording after 30 days in the
control condition to 0.8033. A two-sample t-test revealed no significant difference in

overall average correlation between any recording condition for control animals (p >

0.05).
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Figure 27. Average cortical correlation for control animals. Overall mean correlation
values for each recording condition in each control animal.
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A two-sample t-test of each ROI combination revealed no significant difference in
average correlation between the baseline spontaneous and noise recording conditions for
CNS animals (p > 0.05) (Figure 28 — C). There was a significant increase in correlation
between FLS1 vs. BC ((16) = 2.1900, p = 0.0437), FLS1 vs. S1JS1 (t(16) = 2.2175, p =
0.0414), BC vs. mFL (t(16) = 2.4129, p 0.0282), and S1JS1 vs. mFL (t(16) = 2.1831,

p = 0.0443) between the spontaneous and noise recordings after 30 days CNS

(Figure 28 — F). Significant changes were found between the baseline spontaneous and
spontaneous after 30 days CNS conditions for 13 ROI combinations (Figure 28 — G,
table 1). Significant differences in average correlation were also found in 8 ROI
combinations between the baseline noise and noise after 30 days CNS conditions (Figure

28 — H, table 2).
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Figure 28. Cortical correlations for stress animals. A) Correlation matrix for baseline
spontaneous activity. B) Correlation matrix for baseline activity with noise played in the
recording chamber. C) Significance values for correlation between baseline spontaneous
and baseline noise condition activity. White regions are not significant (p > 0.05). D)
Cortical correlation matrix for spontaneous activity after 30 days in the stress condition.
E) Correlation matrix for activity with noise played in the recording chamber after 30
days in the stress condition. F) Significance values for correlation between spontaneous
and noise condition activity after 30 days in the stress condition. White regions are not
significant, non-white regions are significant (p < 0.05). G) Significance values for
correlation between the baseline spontaneous activity and the spontaneous activity after
30 days in the stress condition. White regions are not significant, non-white regions are
significant (p < 0.05). H) Significance values for correlation between the baseline activity
in the noise condition and activity in the noise condition after 30 days in the stress
condition. White regions are not significant, non-white regions are significant (p < 0.05).
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Table 1: Statistical values for CNS animals between spontaneous recordings.

Regions t(13)-value p-value
aM2 vs. mHL -3.2500 0.0063
aM2 vs. mFL -2.3689 0.0340

aM2 vs. ptA -2.3506 0.0352
aM2 vs. HLS1 -2.9570 0.0111
pM2 vs. mHL -2.2696 0.0410
pM2 vs. mFL -2.4505 0.0292

pM2 vs. ptA -2.2620 0.0415
mBC vs. HLS1 -2.9708 0.0108
HLS1 vs. FLS2 -2.2224 0.0446
HLS1 vs. V1 -2.2272 0.0442
HLS1 vs. ptA -2.2100 0.0473

ptA vs. mFL -2.3415 0.0358

V2MMLM vs. V1 -2.1879 0.0475

Table 2. Statistical values for CNS animals between noise recordings.

Regions t(14)-value p-value
aM2 vs. mBC -2.6002 0.0210
aM2 vs. mFL -2.3954 0.0311
pM2 vs. mFL -2.1791 0.0469
mBC vs. FLS1 -2.2295 0.0427
mBC vs. mFL -2.5297 0.0240
FLS1 vs. V2L 2.5388 0.0236
V2L vs. mFL 2.8484 0.0129
BCS2 vs. mFL 2.1825 0.0466

The overall average correlation was computed for all stress animals (Figure 29). The
overall average correlation for baseline spontaneous recordings of CNS animals was
0.7341, which decreased insignificantly (p > 0.05) in the baseline noise recording to
0.7260. The overall average correlation for spontaneous recordings after 30 days CNS
decreased from the baseline value to 0.6872. The overall average correlation for noise

recordings after 30 days CNS was 0.7359, a slight increase from the baseline value and an
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increase from the post-CNS spontaneous value. None of the changes in overall correlation

between any recording conditions were significant (p > 0.05).
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Figure 29. Average cortical correlation for stress animals. Overall mean correlation
values for each recording condition in each CNS animal.
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2.4.4. Electrophysiology
The probability of the vHPC or BLA leading synchrony for each peak of theta activity
was computed for CNS and control animals. Significance was defined at p = 0.025 based
on a Bonferroni correction for each comparison. A two-sample t-test showed no
significant difference in mean values between the baseline spontaneous and baseline
noise conditions for control animals (t(6) = -1.383, p = 0.216) (Figure 30 — A, B). There
was also no significant difference in theta synchrony between the spontaneous baseline
and spontaneous recording after 30 days in the control environment (t(6) = -1.296, p =
0.243) (Figure 30 — A, C), between the noise baseline and noise recording after 30 days in
the control environment (t(8) = -1.674, p = 0.133) (Figure 30 — B, D), or between the
spontaneous and noise conditions after 30 days in the control environment (t(8) = -1.617,

p = 0.145) (Figure 30 — C, D).
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Figure 30. Leading/lagging theta activity in BLA and vHPC of control animals.

A) Histogram depicting the probability distribution of vHPC or BLA leading theta
activity synchrony in the baseline spontaneous recording condition. Positive x-axis values
indicate the BLA leading, negative values indicate the vVHPC leads. The red line
represents the mean (-5 ms). B) Histogram depicting the probability distribution of vHPC
or BLA leading theta activity synchrony in the baseline noise recording condition.
Positive x-axis values indicate the BLA leading, negative values indicate the vHPC leads
Mean lead/lag time = 0.3 ms (red line). C) Histogram depicting the probability
distribution of vHPC or BLA leading theta activity synchrony in the spontaneous
recording condition after 30 days in the control condition. Positive x-axis values indicate
the BLA leading, negative values indicate the vHPC leads. Mean lead/lag time = - 0.1 ms
(red line). D) Histogram depicting the probability distribution of vHPC or BLA leading
theta activity synchrony in the noise recording condition after 30 days in the control
condition. Positive x-axis values indicate the BLA leading, negative values indicate the
VHPC leads. Mean lead/lag time = 7 ms (red line).
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A two-sample t-test revealed no significant change between mean theta synchrony from
the baseline spontaneous to the noise recording conditions for CNS animals (t(5) = 1.355,
p = 0.233) (Figure 31 — A, B). There was a significant shift towards BLA-leading theta
synchrony between the baseline spontaneous recordings and the spontaneous recordings
after 30 days CNS (t(5) = -3.311, p = 0.021) (Figure 31 — A, C), but no significant
difference between the baseline noise recording and the noise recording after 30 days
CNS (t(6) =-0.746, p = 0.484) (Figure 31 — B, D). There was also no significant change
between the spontaneous and noise recording conditions after 30 days CNS (t(6) = 1.772,

p = 0.127) (Figure 31— C, D).

There was no significant difference between the baseline recordings in control or CNS
animals in the spontaneous condition (t(4) = -0.456, p = 0.672) (Figure 30 — A,

Figure 31 — A), or in the noise condition (t(7) = 0.958, p = 0.370) (Figure 30 — B,

Figure 31 — B). There was a significant shift towards BLA-leading theta synchrony in
spontaneous recordings for animals exposed to 30 days CNS compared with animals that
spent 30 days in the control environment (t(7) = -3.672, p = 0.008) (Figure 30 — C,
figure 31 — C). No significant difference was found between the CNS and controls in the
noise recording condition after 30 days (t(7) = 0.653, p = 0.535) (Figure 30 — D,

Figure 31 - D).
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Figure 31. Leading/lagging theta activity in BLA and vHPC of CNS animals. A)
Histogram depicting the probability distribution of vHPC or BLA leading theta activity
synchrony in the baseline spontaneous recording condition. Positive x-axis values
indicate the BLA leading, negative values indicate the vVHPC leads. The red line
represents the mean (-4 ms). B) Histogram depicting the probability distribution of vHPC
or BLA leading theta activity synchrony in the baseline noise recording condition.
Positive x-axis values indicate the BLA leading, negative values indicate the vHPC leads.
Mean lead/lag time = 2 ms (red line). C) Histogram depicting the probability distribution
of vHPC or BLA leading theta activity synchrony in the spontaneous recording condition
after 30 days of CNS. Positive x-axis values indicate the BLA leading, negative values
indicate the vHPC leads. Mean lead/lag time = 15 ms (red line). D) Histogram depicting
the probability distribution of vHPC or BLA leading theta activity synchrony in the noise
recording condition after 30 days of CNS. Positive x-axis values indicate the BLA
leading, negative values indicate the vHPC leads. Mean lead/lag time =5 ms (red line).
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3. Discussion
This thesis aimed to identify the brain and behavioural correlates of chronic noise stress
in a network between the vHPC, BLA, and a unilateral section of the neocortex. To
achieve this aim, widefield Glu imaging of spontaneous cortical activity and LFP activity
in the BLA and vHPC were recorded in quiet conditions and noisy conditions for mice
exposed to chronic noise and unstressed controls. These recordings quantified significant
changes between CNS and control groups after the 30-day stress intervention. Pupil
activity data was also collected to determine a behavioural correlate of each recording
condition. A change in pupil area and speed of fluctuation was observed between stress
and control groups and within spontaneous and noise recording conditions, but these
changes were not statistically significant. As shown previously, (Jafari, Kolb et al. 2018,
Jafari, Kolb et al. 2020)Cresyl violet histology revealed the morphological correlates of
network-level changes, including significant shrinkage of the hippocampus, decreased

cortical thickness, and overall brain shrinkage in the CNS animals.

The small N-value used for statistical analysis was due to surgical complications related
to excessive ageing and degradation of windows and electrodes over time in some
animals. Males (N = 6; 3 per group) and females (N = 4; 2 per group) were pooled for
analysis, which may have affected the statistical outcome of the observed stress effects.
This method of pooling males and females for statistical analysis also was used by Jafari
et al. (2018) when a multi-way ANOVA revealed no statistical significance in brain
morphology between sex and chronic noise stress or control conditions. However, some
chronic stress studies have demonstrated dimorphic neural and behavioural symptoms in

rodent and human males and females (Brivio, Lopez et al. 2020), and imaging studies in
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rats have shown that females may be more vulnerable to chronic-stress induced
behavioural and network level effects (Lin, Ter Horst et al. 2009). Histological findings
may also have been affected by combining males and females for statistical analysis,
which will be discussed in section 3.2. Repeating these experiments with N = 20, the
number of subjects originally planned, would provide the statistical power needed to draw
reliable conclusions on the effects of sex, group (chronic noise stress or control), and
recording condition (spontaneous or noise) on brain networks and behaviour. However,
males and females do appear to exhibit some similar neural and behavioural symptoms
beyond some threshold of chronic stress exposure (Lin, Ter Horst et al. 2009, Jafari, Kolb
et al. 2018), suggesting that the significant effects observed in this thesis are useful as

broad foundations for understanding behavioural and network-level changes due to CNS.

3.1. Chronic and acute noise exposure alters pupil activity

Mammalian pupils fluctuate in response to changes in environmental luminance via
connections with the pretectal nuclei, and in response to changes in attention or arousal
due to changes in cortical state (Reimer, McGinley et al. 2016). When light conditions are
controlled for, pupil activity can be used as a reliable measure of affective state in
response to a punctate stimulus (Ehlers, Strauch et al. 2016, Henderson, Bradley et al.
2018, Schriver, Bagdasarov et al. 2018). However, less is known about how the pupil

reacts to prolonged affective stimuli, such as 15 mins acute traffic noise exposure.

Concurrent recordings of pupil dilation, heart rate, and skin conductance consistently
report that pupil dilation correlates to sympathetic nervous system activity (Yamanaka
and Kawakami 2009, Henderson, Bradley et al. 2018). Pupil fluctuation studies using

affective imagery to elicit the nonspecific stress response show that pupil diameter is
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larger in response to stressful stimuli, that these stimuli increase the time the pupil
remains dilated, and that heightened pupil reactivity to stressful stimuli may predict
depressive symptoms (Bradley 2017, Feurer, Burkhouse et al. 2017). These could be the
effects of noise exposure observed in this thesis, with increased average pupil size and
decreased fluctuation speed in CNS animals corresponding to increased SAM- and HPA-

axis activity.

Pupil activity has also been studied in the presence of acute auditory stressors in fear
learning experiments, and fluctuation is thought to measure psychological stress in
anticipation of an aversive stimulus. Fear learning also activates and alters BLA-vHPC
network activity, and a heightened fear response due to chronic stress has been implicated
as contributing to anxiety, depression, and PTSD (Britton, Lissek et al. 2011, Moustafa,
Gilbertson et al. 2013, Maren and Holmes 2016). These studies consistently report
distinct pupil dilation in response to an aversive conditioned auditory stimulus (Korn,
Staib et al. 2017, Leuchs, Schneider et al. 2017), which demonstrates the utility of pupil
fluctuation as a measure of psychological stress in response to an auditory stimulus

independent of visual system activation.

Pupil fluctuations were analyzed in this thesis as a convenient and non-invasive
behavioural measure of affective state that could be recorded in head-fixed mice.
Although there was no significant change in average pupil area or average fluctuation
speed between any recording condition, there was more variability in pupil area during
the noise recording conditions in CNS and control animals, and a decrease in average
pupil fluctuation speed after 30 days noise stress in the CNS animals that was not found

in controls. These findings may support the hypothesis that noise exposure elicits a
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behavioural stress response, but they may also indicate that pupil fluctuations were not an
optimal measure of affective state throughout the duration of a 15 min head-fixed
recording. A larger number of experimental animals and alternative non-invasive
behavioural measures (e.g. body weight and home cage behavioural monitoring, (Singh,
Bermudez-Contreras et al. 2019)) would be needed to determine whether concurrent pupil
changes support the conclusion that CNS can provoke behavioural symptoms reflected in

pupil activity.

Pupil fluctuation and its concurrent activation with the SAM system in response to
affective stimuli have also been linked to global neural activity and the activity of cell
populations (Lee and Margolis 2016, Reimer, McGinley et al. 2016). Further research and
analysis correlating pupil fluctuation in response to a punctate stressor with concurrent
recordings of neural activity could provide a non-invasive behavioural measure of chronic

stress-induced cortical changes.

3.2. Chronic noise stress creates changes in brain morphology

Significant reductions in hippocampal volume, cortical thickness, and overall brain
volume were found in mice exposed to chronic noise stress, as shown previously (Jafari,
Kolb et al. 2018). Although stressed mice also showed a small reduction in amygdala
volume, these changes were not statistically significant. The findings in this thesis support
the hypothesis that chronic noise exposure induces the structural changes to brain
morphology that are characteristic of chronic stress and its psychological symptoms.
However, issues of small sample size, the methods used to evaluate brain size, and the
methods of analysis in this thesis may confound these findings and prevent a reliable

conclusion.
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Combining males and females for statistical analysis could have affected the results of
this thesis, as sex differences in average brain volume have been established in humans
and mice. One study of neural morphology in mice with a larger sample size (N = 8 males
and 8 females per group) found no significant difference in CNS-induced changes in
brain volume of male and female animals (Jafari, Kolb et al. 2018), however, MRI studies
in humans have shown that stress can have unique morphological effects in females and
males (McLaughlin, Baran et al. 2009). A larger sample size with statistics performed on
males and females separately would be needed to reliably conclude that CNS triggers
HPC and cortical atrophy in males and females using the chronic noise methods in this

thesis.

This study of neural morphology in mice also used perfused and cresyl violet-stained
brain sections, which require precision to ensure that perfusion, storage, and sectioning of
brain tissue are consistent because each intervention can affect volumetric estimates. A
more reliable measure of brain size could be the weight of brains without perfusion. This
method has its own issues, however, as the soft brain tissue is easier to damage during
extraction and the volume of particular structures cannot be estimated. Histological
analysis also allows for measures of cell density within neural regions, which would
demonstrate whether stress-induced changes are due to neural atrophy or hypertrophy. A
large sample size, precise perfusions and storage of brain tissue, and further analysis of
cell density would be needed to determine whether chronic noise reliably induces the

hippocampal and cortical atrophy quantified in this thesis.

Alterations to hippocampal morphology match findings in rodent models of stress and

magnetic resonance imaging (MRI) studies which quantify structural changes in
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chronically stressed and subjects. Chronic stress is known to cause hippocampal atrophy
in rodents (Lee, Jarome et al. 2009). A loss of hippocampal volume has also been
documented in individuals suffering from major depressive disorder (MDD) and PTSD,
and effective treatments for these disorders have been shown to increase hippocampal
volume (Gianaros, Jennings et al. 2007, Sheline, Liston et al. 2019). These structural
changes have been shown to involve a loss of pyramidal cell density and complexity, and
an overall decrease in HPC volume due to stress-induced atrophy (Jafari, Kolb et al.
2018, Patel, Kas et al. 2019). Chronic stress has also been shown to induce a loss of
dendritic spines and fewer and smaller cells in the CA1 region of the vHPC (Pawlak, Rao
et al. 2005), which may induce changes in intraregional activity and extraregional

connections.

Cell atrophy in response to chronic stress may be mediated by neurotrophic factors, which
are neuromodulatory molecules that can induce structural changes in the brain (Patel, Kas
et al. 2019). Brain-derived neurotrophic factor (BDNF) and its receptor, tyrosine kinase
receptor B, have been established as mediators of neuroplasticity and are essential for
neuronal health. Chronic stress has been shown to damage cells producing BDNF in the
hippocampus via excess circulating CORT, which may cause stress-induced hippocampal

atrophy (Pawlak, Rao et al. 2005, Pittenger and Duman 2008, Patel, Kas et al. 2019).

Stress-induced reductions in cortical thickness and brain volume have also been
documented in response to chronic noise stress (Jafari, Kolb et al. 2018). This atrophy
may be due to a reduced number of astrocytes in the brain, which reduces the brain’s
ability to clear excess extracelluar Glu from the synaptic clefts. This excess and

prolonged exposure to Glu has been shown to have excitotoxic effects by destroying
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NMDARs and AMPARs, leading to behavioural and psychological symptoms (Patel, Kas
et al. 2019). Astrocytes are also responsible for the synthesis and release of BDNF, and
their damage may be responsible for changes to HPC and BLA morphology reported in

chronic stress experiments (Patel, Kas et al. 2019).

No significant effects of chronic noise stress on amygdala volume were observed in this
thesis, and published literature provides inconsistent results for the effects of chronic
stress on amygdala morphology. Some studies have found increased BDNF levels leading
to dendritic hypertrophy and an increase in amygdala volume (Lange and Irle 2004,
Hamilton, Siemer et al. 2008), whereas others report a decrease in amygdala volume in
response to chronic CORT exposure (Brown, Woolston et al. 2008). These conflicting
findings could be due to the different modes and durations of stress used. It has been
suggested that amygdala hypertrophy may be due to stressful thought rumination, which
activates and strengthens stress network activity over time. However, a chemical stressor
such as CORT treatment could produce the atrophic effects via similar excitotoxic
mechanisms thought to cause hippocampal atrophy due to chronic stress. The duration of
exposure to a chronic stressor is also relevant to hippocampal and amygdala functioning
and morphological changes. The effects of Glu on HPC MRs are rapid and reversible but
produce slower and longer lasting effects in the BLA (Hermans, Battaglia et al. 2014). It
is possible that the excitotoxic effects of damaged and destroyed MRs in the BLA
requires a longer duration of chronic stress exposure to elicit the effects observed in the

HPC after only 30 days of CNS.
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3.3. Chronic noise exposure correlates to changes in cortical network connectivity
Experimental results revealed significant changes in average spontaneous correlation
between 13 of a possible 153 cortical ROI combinations after 30 days of CNS that were
not observed in control animals. There were further significant changes in eight cortical
ROI combinations between the baseline noise and noise after 30 days CNS conditions
compared with only three significant changes in controls. These results support the

hypothesis that chronic noise exposure can affect cortical networks.

MRI studies of chronically stressed human subjects have documented hyperconnectivity
within the default mode network (DMN), which consists of discrete cortical connections
between the medial and lateral parietal, mPFC, and medial and lateral temporal cortices
that are active during quiet wakefulness (Soares, Sampaio et al. 2013). Psychiatric
disorders including PTSD, MDD, and anxiety have been accredited to these stress-
induced DMN changes (Golkar, Johansson et al. 2014, Hall, Moda et al. 2015).
Analogous findings have also been reported in MRI studies of spontaneous cortical
activity in rodents (Henckens, van der Marel et al. 2015, Grandjean, Azzinnari et al.
2016), and widefield imaging in chronically stressed mice demonstrates that changes in
spontaneous cortical glutamate correspond to depressive phenotypes (McGirr, LeDue et
al. 2017). Further analysis of network functional connectivity (Jafari, Rezai et al. 2020)
with concurrent behavioural measures would be needed to conclude that chronic noise
exposure induces behavioural changes related to hyperconnectivity in resting-state
networks, but the findings of this thesis are consistent with literature reports and suggest
that chronic noise exposure is sufficient to induce breakdown of proper network

functioning.
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Correlational analysis also revealed significant changes between the spontaneous and
noise recording conditions for four cortical ROIs in animals exposed to 30 days CNS. No
significant changes were found in control animals or in baseline recordings of either
group, indicating that CNS affected the cortical response to acute noise exposure. This
finding is consistent with reports that a chronic allostatic load may impair the brain’s
ability to cope with stress events; a symptom of stress-related disorders including anxiety
and depression (McEwen 2004, Dallman and Hellnammer 2010). Acute stress in
otherwise healthy subjects induces a transient increase in cortical network activity for
enhanced processing of environmental stimuli (Yuen, Liu et al. 2009). Chronic
hyperactivity of these networks may increase sensory processing beyond an optimal
threshold, altering cortical maps by disrupting neuroplasticity and amplifying sensory
noise (Liston, McEwen et al. 2009, Hermans, Henckens et al. 2014). This sensory
amplification has also been implicated in the somatosensory symptoms of MDD, related
to greater sensory-evoked response variability of cortical networks (McGirr, LeDue et al.

2020).

3.4. Chronic and acute noise exposure alters HPC-BLA connectivity

When BLA-VHPC theta synchrony was analyzed, a significant shift towards the BLA
leading theta activity was found from the baseline spontaneous to the baseline noise
conditions in both the control and CNS groups. This shift towards the BLA leading in the
presence of an acute stress event (noise exposure during the recording) indicates that
BLA-vHPC connectivity is more susceptible to stress-induced alterations than cortical

networks. This also supports the hypothesis that noise exposure decreases BLA-vHPC
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theta synchrony, where decreased synchrony is defined as a significant deviation from

zero leading/lagging time.

There are two types of theta activity. Type 1, or atropine-resistant theta occurs during
active periods and is associated with voluntary movement (Kramis, Vanderwolf et al.
1975). Type 2, or atropine-sensitive theta, occurs during periods of behavioural
immobility and is associated with freezing and alertness (Karakas 2020). Theta activity
during head-fixed movement was filtered from analysis, therefore the theta measures used

for analysis were likely type 2.

A shift towards BLA leading theta activity was also found between the spontaneous and
noise recording conditions in control animals after 30 days without stress, but not in CNS
animals after 30 days of chronic noise exposure. BLA-vHPC synchrony after 30 days
CNS shifted significantly closer to zero lead/lag time from the spontaneous to noise
recording conditions, but with the BLA still leading. This shift towards BLA leading from
baseline spontaneous to spontaneous activity after 30 days CNS indicates that chronic
noise exposure was correlated with a change in BLA-vHPC functioning consistent with
the response reported for acute stressors. This change in functioning supports the
hypothesis that CNS can decrease theta synchrony between the BLA and vHPC,

representative of stress-induced alterations of network functioning.

The modulation account of amygdala function postulates that the amygdala is responsible
for enhancing emotional memory consolidation by facilitating neural plasticity and
information storage (Hermans, Battaglia et al. 2014). The hippocampus and BLA have
been shown to activate mechanisms of neuroplasticity during an emotional experience,
which are thought to promote the consolidation of long-lasting memories (Diamond,
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Campbell et al. 2007, Godoy, Rossignoli et al. 2018). Memory consolidation requires
synchronous activity within neuronal ensembles, which facilitates communication
between cell populations and mechanisms of synaptic plasticity. A loss of this synchrony
towards amygdala hyperactivity may alter the way in which memories are consolidated,

resulting in psychological symptoms characteristic of stress-related disorders.

Human neuroimaging studies have shown increased activity in the amygdala immediately
following an acute stress event, and also with a pharmacological increase in circulating
stress hormones (Hermans, Henckens et al. 2014). Acute immobilization stress in rats has
also been shown to decrease coherence between the amygdala and CA1, with the
amygdala leading hippocampal theta activity (Hegde, Singh et al. 2008). This increased
responsivity is thought to be reflective of the amygdala’s function in enhancing emotional
memory consolidation, consistent with the BLA leading VHPC activity between the
spontaneous and noise recording conditions in both groups. Enhanced explicit and
consciously accessible memory can be adaptive in enhancing cognition and determining

which emotional stimuli to attend to (Desmedt, Marighetto et al. 2015).

Chronic stress studies have also documented dominance of amygdala activity over
hippocampal activity in the absence of an immediate stressor (Ghosh, Laxmi et al. 2013),
but this increase in amygdala activity may surpass an optimum threshold. This effect was
observed in the shift in the average probability of BLA-vHPC leading/lagging towards the
BLA in the spontaneous activity of CNS animals after 30 days noise exposure compared
with their baseline recordings. Chronic stress-induced hyperactivity of the amygdala may

contribute to ruminative thoughts characteristic of MDD and anxiety, and invasive
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emotional memories characteristic of PTSD (Harrington and Blankenship 2006, Bomyea

and Lang 2016).
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4. Conclusion
This thesis examined the effects of chronic noise stress on connectivity within the
neocortex, and between the basolateral amygdala and ventral hippocampus. This research
was novel in using the same source of chronic stress to activate neural networks during
recording to observe the behavioural, cortical, and limbic responses to acute stress
exposure. This experimental design has implications not only for stress-related
behavioural pathologies including anxiety and depression, but also for PTSD which is
characterized by extreme behavioural and psychological reactions to triggers; stimuli
reminiscent of the chronic or extreme acute stress event that induced the pathology. Noise
is a particularly important research target due to its invasive, inescapable, and growing
pervasiveness in modern urban societies (Jariwala, Syed et al. 2017).
Further behavioural, morphological, and network-level stress research could be used to
identify the threshold of exposure required to precipitate stress-induced pathologies to
inform preventative public health measures, and to identify other factors that could
modulate the neural and behavioural chronic stress response. Identifying network-level
alterations in brain connectivity also provides a blueprint for targeted and individualized
treatments in the future. There is currently no cure for anxiety, depression or PTSD, but
chronic stress research informs behavioural, cognitive, and pharmaceutical treatments and

preventions for these disorders.
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