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Sex differences in innate and adaptive neural
oscillatory patterns link resilience and susceptibility
to chronic stress in rats

Rachel-Karson Thériault, MSc; Joshua D. Manduca, BSc; Melissa L. Perreault, PhD

Background: Major depressive disorder is a chronic illness with a higher incidence in women. Dysregulated neural oscillatory activity is
an emerging mechanism thought to underlie major depressive disorder, but whether sex differences in these rhythms contribute to the
development of symptoms is unknown. Methods: We exposed male and female rats to chronic unpredictable stress and characterized
them as stress-resilient or stress-susceptible based on behavioural output in the forced swim test and the sucrose preference test. To
identify sex-specific neural oscillatory patterns associated with stress response, we recorded local field potentials from the prefrontal
cortex, cingulate cortex, nucleus accumbens and dorsal hippocampus throughout stress exposure. Results: At baseline, female stress-
resilient rats innately exhibited higher theta coherence in hippocampal connections compared with stress-susceptible female rats.
Following stress exposure, additional oscillatory changes manifested: stress-resilient females were characterized by increased dorsal
hippocampal theta power and cortical gamma power, and stress-resilient males were characterized by a widespread increase in high
gamma coherence. In stress-susceptible animals, we observed a pattern of increased delta and reduced theta power; the changes were
restricted to the cingulate cortex and dorsal hippocampus in males but occurred globally in females. Finally, stress exposure was
accompanied by the time-dependent recruitment of specific neural pathways, which culminated in system-wide changes that temporally
coincided with the onset of depression-like behaviour. Limitations: We could not establish causality between the electrophysiological
changes and behaviours with the methodology we employed. Conclusion: Sex-specific neurophysiological patterns can function as

early markers for stress vulnerability and the onset of depression-like behaviours in rats.

Introduction

About 10% of the world population has major depressive dis-
order (MDD), and prevalence is 2 times greater in women
than in men.'? Chronic stress is an established risk factor for
the development of MDD:? clinical and preclinical studies
have shown that females have greater behavioural sensitivity
to chronic stress exposure.*” This suggests that sex differ-
ences exist in the stress-response neural circuitry linked to
the development of depression symptoms.® However, despite
the known predominance of depression in women, most
studies that have examined the influence of stress on depres-
sion have not employed sex as a factor. Thus, the mech-
anisms that contribute to the increased vulnerability of
females to depression remain poorly understood.

The dysregulation of circuit function in the putative de-
pression network has been linked to depression symptoms
and antidepressant responsiveness; many studies have
focused on low-frequency changes.’ Electroencephalography

(EEG) studies most commonly report frontal and parietal
alpha asymmetries as potential endophenotypes of MDD, 13
because these patterns distinguish currently symptomatic
and remitted patients from those with no history of depres-
sion.!'121415 Alterations in midline theta activity in MDD are
also commonly reported, although results are inconsistent:
studies have shown increased activity,'*!” decreased activ-
ity’®2! or no change.”>? A relationship between midline theta
activity and antidepressant treatment response also exists,
but with the same discrepant findings.”?*2¢ Gamma-band
deficits have also been implicated as a potential marker of
MDD?¥-*? and therapeutic antidepressant efficacy,* and in-
creased gamma activity has been associated with the remis-
sion of depression symptoms.*-

Few studies have considered the role of sex in dysregu-
lated network activity in MDD, and of those that exist,
there appears to be no consensus. For example, EEG stud-
ies have reported that the frontal alpha asymmetry is pres-
ent solely in women with MDD,*-% but others have shown
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it in both sexes.’® It has also been reported that only
women have a positive association between frontal asym-
metry and the severity of MDD.!5% Similarly, whereas
1 study found that only women with MDD had increased
right (versus left) parietal activity,'® another found no dif-
ferences in parietal activation in women with MDD com-
pared to healthy controls.® Therefore, although evidence
suggests that low-frequency oscillatory activity is a poten-
tial important contributor to depression, the exact nature of
the relationship remains uncertain.

We hypothesized that innate and stress-induced changes
in low-frequency neural oscillatory activity exist that are
unique to each sex and that contribute to depression vulner-
ability. To investigate this hypothesis, we evaluated sex dif-
ferences in circuit function adaptations induced by exposure
to chronic unpredictable stress (CUS) in rats and discerned
the ability of these functional signatures to serve as early
markers of stress resilience or susceptibility.

Methods
Animals

We used adult male and female Wistar rats (Charles River)
that weighed 175-225 g (~6 weeks of age) at the beginning of
the experiment, and we completed the experiment using 2 in-
dependent cohorts of rats. Animals were weighed weekly
and housed singly in the same temperature-controlled colony
room (temperature 21°C, humidity 30%—45%), maintained on
a 12-hour reverse light-dark cycle unless otherwise noted.
We conducted behavioural testing during the dark phase of
the day-night cycle. During the experiment, 15% of animals
had to be removed because of head-cap detachment before
study completion. All procedures were approved by the Ani-
mal Care Committee of the University of Guelph and carried
out in accordance with the recommendations of the Canadian
Council on Animal Care (AUP# 3788).

Surgeries

Rats were anesthetized with isoflurane, given the analgesic
carprofen (5 mg/kg, s.c.) and secured in a stereotaxic frame.
Custom electrode microarrays, built using prefabricated
Delrin templates and polyimide-insulated stainless steel
wires (A-M Systems: 791600, 0.008”), were implanted bilat-
erally into the prefrontal cortex (PFC; anterior—posterior [AP]
+3.24 mm, medial-lateral [ML] +0.6 mm, dorsal-ventral
[DV] -3.8 mm), the cingulate cortex (Cg; AP + 1.9 mm, ML
+0.5 mm, DV -2.8 mm), the nucleus accumbens (NAc; AP
+1.9 mm, ML 1.2 mm, DV -6.6 mm) and the CA1 region of
the dorsal hippocampus (dHIP; AP -3.5 mm, ML +2.5 mm,
DV -2.6 mm). A ground screw was implanted into the skull
behind A, and additional anchor screws were attached to the
skull and secured with dental cement. To verify electrode
placements, lesions were produced using the Pulse Pal (v2.0;
Sanworks) to deliver a 30 mV single-train pulse through each
electrode for visualization postmortem (Appendix 1, Fig. S1,
available at jpn.ca/200117-al).

Electrophysiology

We performed local field potential (LFP) recordings (Wireless
2100-System; Multichannel Systems) in awake, resting ani-
mals in clear plexiglass boxes (45.7 cm x 45.7 cm x 45.7 cm).
Baseline recordings were collected 24 hours before the CUS
procedure, and 3 times per week throughout the procedure,
at a rate of 1000 samples per second. Because the potentials
were not stimulus-induced and thus were consistent
throughout the LFP recordings, we collected recordings for
30 minutes. We used routines from the Chronux software
package for MATLAB (MathWorks) to analyze the spectral
power in each region and the coherence between regions. We
used 5-minute epochs, and epochs were segmented, de-
trended, denoised and low-pass-filtered to remove frequen-
cies greater than 100 Hz. We calculated continuous multi-
taper spectral power for the normalized data (to total spectral
power) and coherence (tapers = [5 9]) for delta (1-4 Hz), theta
(> 4-12 Hz), beta (> 12-30 Hz), low gamma (> 30-60 Hz) and
high gamma (> 60-100 Hz) unless otherwise stated.

Estrous staging

Female animals underwent noninvasive vaginal lavage
(100-200 pL 0.9% saline) to determine their estrous stage at
least 2 hours before all behavioural testing and LFP
recordings. We collected baseline behaviours before the
surgeries and reassessed behaviours weekly throughout the
CUS procedure.

Behaviour

We used the forced swim test to assess behavioural despair,
performed as previously described.* For the pretest, animals
were placed in a plexiglass cylinder, filled with 24 + 1°C water
to the height of 35 cm, for 15 minutes. Then, 24 hours after
the pretest, animals were once again placed in the water-
filled cylinder for 5 minutes. The water was changed after
every animal. For all subsequent tests, we did not perform
the pretest, as previously described*#* At 5-second intervals,
we measured the following parameters: climbing (both front
paws breaking the surface of the water while attempting to
jump out of the cylinder), swimming (movement of limbs
paddling across the water surface) or immobility (passive
floating with movements only necessary to keep nose above
water). Scoring was inherently blind, because allocation of
the experimental groups was not predetermined.

We performed testing in the elevated plus maze as pre-
viously described.** Animals were placed in the centre
square of the maze (head facing an open arm) and allowed
to explore for 10 minutes. We recorded behaviour using
ANY-maze software (Stoelting Co.), and we measured the
number of open- and closed-arm entries and the total time
spent in the open and closed arms.

We used the sucrose preference test to assess anhedonia.
Prior to the first test, we placed 2 bottles of 1% (wt/vol) su-
crose solution in each cage for 24 hours, to habituate the
animals to the sucrose solution. For the following 24 hours,
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we replaced 1 bottle of sucrose solution with water. Once
habituation was complete, animals were deprived of food
and water for 24 hours, after which we conducted the su-
crose preference test. Animals were given 2 preweighed
bottles: 1 containing 1% sucrose solution and 1 contain-
ing water. Bottles were counterbalanced between cages
and switched after every measurement. The bottles were
reweighed every hour for 3 hours. Then, we calculated
the percent sucrose preference (volume sucrose solution
consumed /total volume consumed x 100).

Chronic unpredictable stress

The CUS animal model for the study of depression is the
model system with the greatest validity and translational po-
tential;* we conducted it as previously described.* Rats
were exposed to CUS until approximately half within each
sex exhibited a depression-like phenotype. Animals that de-
veloped a depression-like phenotype were considered stress-
susceptible; they were characterized by a minimum 60% in-
crease from baseline in forced swim test immobility and a
20% decrease from baseline in sucrose preference.* Animals
that did not show more than a 10% increase in forced swim
test immobility or a 10% decrease in sucrose preference com-
pared to baseline were considered stress-resilient.* The divi-
sion of animals into groups based on the aforementioned cri-
teria was validated by confirming a bimodal distribution of
the behavioural data. Because of the within-subjects design
of the study, we did not use control animals. The protocol
consisted of various uncontrollable, nondebilitating and in-
escapable physical, psychological and circadian stressors:
cold exposure (4°C, 1 hour), lights on and off intermittently
(8 hours), cage tilt (30-45°, 8 hours), damp bedding (500 mL
water, 12-14 hours), cold swim (10-13°C, 5 minutes), reverse
light cycle (24 hours) and food and water deprivation
(24 hours). Stressors were given on a random and unpredict-
able schedule. The same stressor did not reoccur for a mini-
mum of 48 hours, and stress schedules differed across each
week. All animals were exposed to the same stress schedule.
Environmental enrichment was removed from all cages at
the start of the CUS protocol, because it has been shown to
mitigate susceptibility to stress in rodents.*”~** For a full
schedule of the stressors and experimental testing, see
Appendix 1, Table S1.

Statistical analyses

We performed power calculations using preliminary behav-
ioural data, because behaviour has greater variability than
LFP data, and power was set to 0.95 for calculations. Prior
to analyses, we assessed normality using the Shapiro-Wilk
test. For the behavioural data, we used a 2-way repeated-
measures analysis of variance (ANOVA), with resiliency as
the between-subjects factor and time as the within-subjects
factor, followed by planned comparisons with a Student
t test. Because we used behavioural testing to characterize
resiliency or susceptibility to chronic stress within each
sex, we did not include sex as a variable in the analyses.

We analyzed the LFP data using 3-way repeated-measures
ANOVA, with sex and resiliency as between-subjects fac-
tors and time as the within-subjects factor. In case of signifi-
cant main effects or interactions, we identified individual
mean differences by paired or independent Student ¢ tests.
To assess the temporality of the stress-induced electro-
physiological changes, we used 2-way repeated-measures
ANOVA with resiliency as the between-subjects factor and
time as the within-subjects factor, followed by planned
comparisons using paired t tests. All LFP data underwent
Bonferroni correction for multiple comparisons (o = 0.0125)
at the level of each frequency within each brain region.
Findings that were more than 2 standard deviations above
or below the mean were considered outliers and were not
included in the analysis. Artifacts in channels were manu-
ally identified and also excluded from the data set. We per-
formed correlation analyses using linear regression. Com-
putations were performed using SPSS 25 (IBM), and data
are presented as the mean =+ standard error of the mean.

Results

The full experimental timeline is shown in Figure 1A. At base-
line, we found no sex differences in forced swim test immobil-
ity time, and female rats showed lower sucrose preference
(Figure 1B and C). In the elevated plus maze, males exhibited
greater anxiety-like behaviour than females (Figure 1D). A
maximum of 3 weeks of CUS exposure induced a depression-
like phenotype in approximately half of the female rats (n =
10 resilient, n = 9 susceptible), whereas males required a
maximum of 5 weeks of CUS exposure (1 = 9 resilient, n = 8
susceptible; Appendix 1, Figure S2A and B). However, CUS
did not alter anxiety responses (Appendix 1, Figure S2C). In
females, no baseline behaviours were correlated with estrous
cycle stage, and cycling was disrupted by week 2 of CUS in
all females (Appendix 1, Figure S3A-C).

Baseline sex- and resiliency-dependent differences in
oscillatory activity

An important role for neural oscillations in depression has
been shown’ and yet, knowledge about sex differences in
depression-associated oscillations is limited.*® Therefore, we first
characterized sex differences in baseline and stress-induced
oscillatory power recorded from regions implicated in depres-
sion: PFC, Cg, NAc and dHIP. We found no baseline sex dif-
ferences in spectral power recorded from the PFC or Cg
(Figure 1E and F). In the NAc, female rats showed lower NAc
beta power (Figure 1G) than males, and in the dHIP they dis-
played greater theta and beta power, and lower delta and
high gamma power (Figure 1H). Females had higher baseline
coherence in the delta, theta and beta frequency bands for all
regional connections, except PFC-dHIP and NAc-dHIP
(Figure 1I-N). Estrous stage did not influence baseline spec-
tral power or coherence (Appendix 1, Figure S3D-M).

We next examined baseline differences in oscillatory ac-
tivity between animals categorized as stress-resilient or
stress-susceptible to determine whether such differences
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Fig. 1: Baseline sex differences in depression-like behaviours and oscillatory activity in rats. (A) The full experimental timeline is shown. (B—
D) No sex differences in time spent immobile in the FST at baseline were evident; however, females showed a lower percent sucrose
preference in the SPT and spent more time in the open arms of the EPM. (E-H) Power spectra (left and centre panels) and quantification of
power spectra (right panel) at each frequency are shown. We observed no sex differences in mean power spectra in the PFC or the Cg. In the
NAc, female rats had lower beta power, than males. In the dHIP, female rats innately had lower delta and high gamma power than male rats, as
well as greater theta and beta power. (I-N) Coherence spectra (left panel) and quantification (right panel) at each frequency. Baseline
coherence in the PFC—Cg of females was greater in the delta, theta, beta and low gamma frequency bands compared to males. In the PFC—
NAc, coherence in the delta, theta and beta frequency bands was higher in female rats than in male rats. In the PFC—dHIP, males innately had
greater high gamma coherence. Baseline coherence of all frequency bands in the Cg—NAc were higher in females than males. In the Cg—
dHIP, coherence was greater in females in all frequency bands except high gamma. Baseline theta frequency coherence was higher in females
in the NAc—dHIP. Power and coherence spectra are presented as normalized data, with jackknife estimates of SEM shown as shaded areas.
Quantified power spectra and coherence are presented as percent difference from males + SEM. A Student t test was used for all analyses.
*p < 0.05, **p < 0.01, ***p < 0.001, compared with males. n = 17 males and n = 19 females, 2 electrodes per region per rat. Cg = cingulate

cortex; CUS = chronic unpredictable stress; dHIP =

dorsal hippocampus; EPM = elevated plus maze; FST = forced swim test; LFP = local field

potential; NAc = nucleus accumbens; PFC = prefrontal cortex; SEM = standard error of the mean; SPT = sucrose preference test.
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Fig. 2: Baseline sex- and resiliency-dependent differences in theta coherence and correlations between theta power and despair-like behav-
iour. (A—C) Sex differences in baseline mean theta (6—10 Hz) frequency coherence (top panel) and theta coherence spectra (bottom panel). At
baseline, theta (6—10 Hz) coherence in the PFC—dHIP (sex effect, F,q = 6.374, p = 0.014), Cg—dHIP (sex effect, F, 4 = 3.850, p = 0.05) and
NAc—dHIP (sex effect, F,q = 15.930, p < 0.001) was significantly greater in females subsequently characterized as stress-resilient, than in ani-
mals later categorized as stress-susceptible. (D—F) At baseline, theta (6—10 Hz) power in the PFC, Cg and NAc was negatively correlated with
time spent immobile in the FST in females (top panel), but not in males (bottom panel; linear regression). (G—I) Partial correlations to examine
the effect of group revealed significant negative correlations between immobility time in the FST and baseline theta (6—10 Hz) in the PFC and
Cg of resilient females and the NAc of susceptible females. Coherence spectra are presented as normalized data, with jackknife estimates of
SEM shown as shaded areas and baseline data for each sex depicted by a black line, unless otherwise indicated. (A—C) A 2-way analysis of
variance was used, and quantified coherence is expressed as box-plots with minimum and maximum values. (D—F) Regression data are pre-
sented as individual data points with the line of best fit (solid line) + SEM (dotted lines). **p < 0.01, ***p < 0.001 compared with resilient. n =
8-10 per group, 2 electrodes per region per rat. Cg = cingulate cortex; dHIP = dorsal hippocampus; FST = forced swim test; NAc = nucleus
accumbens; PFC = prefrontal cortex; Res = resilient; SEM = standard error of the mean; Sus = susceptible.
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may act as predictive markers of the stress response. Females
categorized as stress-resilient exhibited higher baseline
theta (6-10 Hz) coherence in the dHIP connections (specif-
ically PFC-dHIP [p = 0.001], Cg—dHIP [p < 0.001] and NAc—
dHIP [p = 0.002]) than stress-susceptible females (Figure 2A—
C); we found no changes in males. Only female rats
displayed a significant negative correlation between forced
swim test immobility time and theta (6-10 Hz) power in the
PEC (R? = 0.139, F,, = 5.325, p = 0.027), Cg (R* = 0.152, F;, =
6.461, p = 0.015) and NAc (R? = 0.188, F.; = 7.894, p = 0.008;
Fig. 2D-F), but not in the dHIP. We observed no significant
correlations between theta power and sucrose preference.
We then performed partial correlations to examine the ef-
fect of group in females. We observed a significant negative
correlation in the PFC (R? = 0.244, F,, = 5.494, p = 0.031) and
Cg (R? = 0.314, F,; = 8.234, p = 0.01) of resilient females and
the NAc (R? = 0.257, F,, = 5.537, p = 0.032) of susceptible fe-
males (Figure 2G-I).

Sex- and resiliency-dependent changes in stress-induced
oscillatory power

We next examined the effect of CUS on oscillatory power in
each sex. For analysis of stress-susceptible animals, we used
the LFP data from the day before their first expression of a
depression-like phenotype. For analysis of stress-resilient ani-
mals, we used data from the last day of CUS exposure. For all
stress-associated analyses, we used theta power at 6-10 Hz
for the PFC, Cg and NAc, and at 7-9 Hz for the dHIP, unless
otherwise noted. The theta range for the dHIP was different
because it encompasses a unique theta spike that is not pres-
ent in the other regions.

In the PFC, only stress-susceptible females exhibited in-
creased delta power (p < 0.001) and reduced theta power
(p < 0.001) compared to baseline (Figure 3A). Stress-resilient
females displayed increased beta (p < 0.001), low gamma
(p =0.001) and high gamma power (p = 0.001) following CUS;
we observed no changes in males (Figure 3B).

In the Cg, CUS enhanced delta power and reduced theta
power in stress-susceptible males (delta p = 0.004; theta
p = 0.004) and females (delta p < 0.001, theta p < 0.001), and
more robust theta power reduction in females (Figure 3C).
Further, only stress-resilient female rats exhibited increased
Cg high gamma power (p = 0.001) following CUS (Figure 3D).

In the NAc, we observed a stress-induced reduction in
theta power in susceptible females only (p < 0.001; Figure 3E).
As well, we observed increased beta (p < 0.001) and low
gamma power (p = 0.006) exclusively in stress-resilient
females (Figure 3F).

In the dHIP, we again observed increased delta power and
reduced theta power (7-9 Hz) in stress-susceptible males
(delta p = 0.001, theta p = 0.007) and females (delta p = 0.001,
theta p = 0.004) following CUS. Conversely, stress-resilient fe-
males displayed increased theta power (7-9 Hz; p < 0.001;
Figure 3G). Notably, we found a significant increase in high
gamma power in stress-resilient males compared to baseline
(p = 0.004), and we found a trend of reduced high gamma
power in stress-susceptible males (Figure 3H).

Sex- and resiliency-dependent changes in stress-induced
oscillatory coherence

We next evaluated stress-induced alterations in inter-regional
communication through coherence (Figure 4 and Figure 5).
Following CUS, alterations in theta coherence occurred in both
sexes. In stress-susceptible female rats, stress decreased theta
coherence in the PFC-Cg (p = 0.001), PEC-NAc (p < 0.001) and
Cg-NAc (p = 0.009) connections compared to baseline; no
changes were evident in stress-resilient females (Figure 4A—C).
Conversely, stress-resilient males exhibited increased theta
coherence in the PFC-INAc (p < 0.001) and Cg-INAc (p = 0.003)
connections compared to baseline (Figure 4B and C), and a
widespread increase in high gamma coherence (PFC-Cg p =
0.003, PEC-dHIP p < 0.001, Cg-NAc p = 0.004, Cg—dHIP p =
0.001, NAc—dHIP p < 0.001; Figure 5). In the PEC-NAc connec-
tion, we observed a trend toward a stress-induced increase in
high gamma coherence in stress-resilient males, significantly
different from stress-susceptible males (p = 0.001; Figure 5B).

Predictive capacity of sex-dependent, stress-induced
oscillatory alterations

We evaluated the time course of oscillatory changes to deter-
mine whether early-onset changes could predict the subse-
quent development of a depression-like phenotype (Figure 6).
In stress-susceptible females, theta power reductions preceded
delta frequency increases (Figure 6A and Appendix 1, Figure
S4A-D); changes occurred first in the PFC, and then in the
NAc, Cg and dHIP (Figure 6A and Appendix 1, Figure S4A-D).
We also observed low-frequency power changes in the Cg and
dHIP in stress-susceptible males, but these occurred earlier and
simultaneously (Figure 6B and Appendix 1, Figure S5A-D).
Stress-resilient females exhibited increased theta power
(7-9 Hz) in the dHIP (Figure 3G), an early adaptive stress re-
sponse that occurred 2 days after the initiation of CUS (Figure
6A and Appendix 1, Figure S4D). We identified stress-
susceptible females by reduced theta coherence in the dHIP
connections at baseline (Figure 2A-C), with additional stress-
induced reductions in theta coherence in the PFC-Cg, PFC-
NAc and Cg-NAc connections (Figure 4). These stress-induced
reductions in theta coherence developed first in the PFC-Cg
and the PFC-NAc connections, emerging 12 days after the start
of CUS, with the same pattern in the Cg-NAc connection
5 days later (Figure 6A and Appendix 1, Figure S4E-G).

A marker of female resilience was increased gamma power
in the PFC, Cg and NAc; we observed no changes in males
(Figure 3B, D and F). The low gamma power increase in the
PEC preceded that of the NAc; high gamma power was first in-
creased in the Cg, followed by the PFC (Figure 6A and Appen-
dix 1, Fig. S4H-]). In stress-resilient males, increased high
gamma power in the dHIP occurred on the last day of CUS
(Figure 6B and Appendix 1, Figure S5E). These rats also exhib-
ited a widespread increase in high gamma coherence (Figure 5),
first in the dHIP connections and followed by the PFC-Cg and
Cg-NAc connections (Figure 6B and Appendix 1, Figure S6A-
F); increased theta coherence occurred first in the PFC-NAc
connection and then in the Cg-NAc connection (Figure 6B and
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Fig. 3: Sex- and region-dependent alterations in spectral power in response to CUS in susceptible and resilient rats. Normalized low- and high-
frequency band power (top panels) and quantification of power spectra at each frequency (bottom panels). (A) In the PFC, susceptible females
exhibited increased delta power (time x resiliency x sex interaction, F, - = 7.977, p = 0.007), as well as decreased theta (6—10 Hz) power (time x resiliency
x sex interaction, F,s = 4.347, p = 0.041). (B) Resilient females displayed increased power in all high-frequency bands in the PFC (time x
resiliency x sex interaction, beta F, ;, = 4.501, p = 0.038; low gamma: F,¢, = 4.121, p = 0.047; high gamma: F,;; = 8.410, p = 0.005). (C) In the Cg,
susceptible animals of both sexes exhibited increased delta (time x resiliency interaction, F,s = 7.116, p = 0.001) and reduced theta (6—10 Hz)
power (time x resiliency x sex interaction, F,, = 4.792, p = 0.032). This decrease in theta power was more robust in female rats (**p < 0.01
compared with male rats, Student t test, bottom right panel). (D) In the Cg, we observed increased high gamma power in resilient females (time x
sex interaction, F, 5, = 9.583, p = 0.003). (E) In the NAc, susceptible females showed a reduction in theta (6—10 Hz) power (time x resiliency x sex
interaction, F,s;; = 11.176, p = 0.001). (F) In the NAc, resilient females displayed an increase in beta (time x resiliency x sex interaction, F,,, =
4.039, p = 0.049) and low gamma power (time x resiliency interaction, F,., = 8.93, p = 0.004 and time x sex interaction, F, s, = 4.775, p = 0.033),
and susceptible females had reduced high gamma power (time x resiliency interaction, F,s = 3.989, p = 0.05 and time x sex interaction, F, =
4.587, p = 0.036). (G) In the dHIP, both susceptible males and females had increased delta power (time x resiliency x sex interaction, F, 5, = 4.254,
p = 0.044) and reduced theta (7-9 Hz) power (time x resiliency x sex interaction, F,s, = 4.681, p = 0.035), and theta power was increased in
resilient females. (H) In the dHIP, high gamma power was increased in resilient males (time x resiliency x sex interaction, F, ., = 9.035, p = 0.004).
Power spectra are presented as normalized data with jackknife estimates of SEM shown as shaded areas and with baseline data for each sex
depicted by a black line. The quantified power spectra are presented as mean + SEM. A 3-way repeated-measures analysis of variance was used,
unless otherwise indicated. **p < 0.01, ***p < 0.001 compared with resilient animals; *p < 0.01, ##p < 0.001 compared with baseline. n = 8-10 per
group, 2 electrodes per region per rat. Cg = cingulate cortex; CUS = chronic unpredictable stress; dHIP = dorsal hippocampus; EPM = elevated
plus maze; NAc = nucleus accumbens; PFC = prefrontal cortex; Res = resilient; SEM = standard error of the mean; Sus = susceptible.
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Fig. 4: Sex-dependent alterations in theta frequency coherence in response to CUS in susceptible and resilient rats. Theta coherence spectra
(left panel) and sex-dependent CUS-induced changes in mean theta (6—10 Hz) frequency coherence (right panel). (A) In the PFC—Cg,
susceptible females displayed reduced theta (6—10 Hz) coherence following CUS exposure (time x sex interaction, F,s = 7.094, p = 0.01).
(B, C) Stress induced decreased and increased theta (6—10 Hz) coherence in susceptible females and resilient males, respectively, in the
PFC—-NAc (time x resiliency interaction, F, = 27.482, p < 0.001; and time x sex interaction, F,, = 33.511, p < 0.0001) and the Cg—NAc (time
x resiliency interaction, F,.; = 5.508, p = 0.022; and time x sex interaction, F,;, = 9.836, p = 0.003). Coherence spectra are presented as
normalized data with jackknife estimates of SEM shown as shaded areas and with baseline data for each sex depicted by a black line, unless
otherwise indicated. Quantified coherence is expressed as box-plots with minimum and maximum values. A 3-way repeated-measures
analysis of variance was used for all data. **p < 0.01, ***p < 0.001 compared with resilient animals; #p < 0.01, #¥p < 0.001 compared with
baseline. n = 8-10 per group, 2 electrodes per region per rat. Cg = cingulate cortex; CUS = chronic unpredictable stress; dHIP = dorsal
hippocampus; NAc = nucleus accumbens; PFC = prefrontal cortex; Res = resilient; SEM = standard error of the mean; Sus = susceptible.

Appendix 1, Figure S6G and H). These results illustrate a sex-
specific and time-dependent recruitment of brain regions and
pathways with stress exposure, indicated by frequency-specific
changes in the function of neural oscillatory systems.

Discussion

This study evaluated sex differences in oscillatory patterns
associated with exposure to CUS in rats and the potential
of these patterns to serve as early indices of depression-like
behaviour. We demonstrated that male and female animals
exhibited region-dependent differences in stress-induced

neurophysiological patterns, and that specific patterns were
predictive of susceptibility. Further, resiliency was not associ-
ated simply with a lack of susceptibility signatures but mani-
fested with distinct sex-specific innate and stress-induced
oscillatory changes. Overall, susceptibility or resiliency to re-
peated stress exposure was associated with a temporal recruit-
ment of circuits, culminating in system-wide changes that co-
incided with the onset of depression-like behaviour.
Consistent with clinical*® and preclinical®”*! reports, fe-
male rats were more sensitive to stress; they required a
shorter duration of stress exposure to induce a depression-
like phenotype than males. Stress-susceptible females were
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Fig. 5: Sex-dependent alterations in high gamma frequency coherence following CUS exposure in susceptible and resilient rats. High gamma
frequency coherence spectra for males (left panel) and females (centre panel) and mean coherence values (right panel). (A) In the PFC—-Cg, only
resilient males displayed increased high gamma coherence (time x resiliency interaction, F, ¢ = 7.673, p = 0.007 and sex x resiliency interaction,
F.s = 3.816, p = 0.05). (B) In the PFC-NACc, resilient males exhibited an increasing trend of high gamma coherence from baseline, and this was
significantly different from susceptible males (time x resiliency interaction, F,5 = 5.771, p = 0.02). (C) Resilient males and females, as well as
susceptible females, had increased high gamma coherence in the PFC—dHIP (time x resiliency x sex interaction, F,s = 11.973, p = 0.001), with
greater effects observed in the male rats (*p < 0.05 and **p < 0.01 compared to male rats, Student ¢ test, far right panel). (D, E) Only resilient
males exhibited increased high gamma coherence in the Cg—NAc (time x resiliency interaction, F,s, = 9.374, p = 0.003 and main effect of sex,
F, s = 8.448, p = 0.005) and the Cg—dHIP (time x resiliency x sex interaction, F, = 4.729, p = 0.034). (F) We observed increased high gamma
coherence in resilient males and females, as well as in susceptible females, in the NAc—dHIP (time x resiliency x sex interaction, F,s, = 8.145, p =
0.006), but it was more robust in resilient males (*p < 0.05 and **p < 0.01 compared with male rats, Student t test, far right panel). Coherence
spectra are presented as normalized data with jackknife estimates of SEM shown as shaded areas and with baseline data for each sex depicted
by a black line. Quantified coherence is presented as mean + SEM. A 3-way repeated-measures analysis of variance was used, unless otherwise
indicated. **p < 0.01, ***p < 0.001 compared with resilient animals; #p < 0.01, #*p < 0.001 compared with baseline. n = 8-10 per group,
2 electrodes per region per rat. Cg = cingulate cortex; CUS = chronic unpredictable stress; dHIP = dorsal hippocampus; NAc = nucleus
accumbens; PFC = prefrontal cortex; Res = resilient; SEM = standard error of the mean; Sus = susceptible.
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Fig. 6: Timeline of sex-dependent early oscillatory alterations predictive of resilience or susceptibility to chronic stress exposure in rats. (A) At
baseline, resilient females could be distinguished from susceptible females due to their greater theta (6—10 Hz) coherence in the dHIP
connections. Resilient females also exhibited an early theta (7-9 Hz) frequency power increase in the dHIP, as well as increased high-
frequency power changes. In contrast, susceptible females displayed global increased and decreased delta and theta power, respectively, in
addition to reduced theta (6—10 Hz) coherence in the PFC-Cg—NAc circuit. (B) Resilient males were predominantly characterized by a
widespread elevation in high gamma coherence, which was first observed in the NAc—dHIP and the PFC—dHIP after 10 days of stress
exposure. This increased high gamma coherence then sequentially occurred in all other connections, with the exception of the PFC—NAc,
suggesting that male resilience is dependent on the temporal recruitment of circuits that confer protection against chronic stress exposure.
Conversely, susceptible males were largely marked by increased delta power and reduced theta power in the Cg and dHIP. Because distinct
patterns of susceptibility were minimal, it may be that markers of resilience are more critical in male stress responses, rather than markers of
susceptibility. The timeline highlights the temporal dynamic of the adaptive changes in response to stress and that there are specific
neurophysiological responses that confer resilience, thereby preventing the onset of those oscillatory changes associated with susceptibility.
Cg = cingulate cortex; dHIP = dorsal hippocampus; NAc = nucleus accumbens; PFC = prefrontal cortex.

distinguishable from stress-resilient females through differ- ited to the Cg and dHIP, and with no opposing patterns in
ences in low-frequency activity. Specifically, baseline theta stress-resilient males.

coherence in the dHIP connections of female stress-resilient The interpretation of these findings is complex, because sex
animals was greater than that in stress-susceptible animals. differences in the function of neural systems in MDD have been
Further, whereas stress-susceptible females exhibited a poorly characterized.® As well, clinical reports examining low-
system-wide increase in delta power concomitant with de- frequency activity in MDD show inconsistent findings, possibly
creased theta power, stress-resilient females exhibited a sig- because sex was not used as an inclusive experimental variable.
nificant upregulation of theta power selectively in the dHIP. In support of our findings, clinical EEG studies showed in-
Low-frequency power changes were also apparent in males: creased global or frontal delta activity in people with MDD>*>*
stress-susceptible animals showed a stress-induced increase and in women with menopausal depression.® Increased tem-
in delta power and a decrease in theta power — effects lim- poral theta and alpha power have also been associated with
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improved mood,* whereas a global cortical reduction in theta
and alpha power has been reported in MDD.* This reduced
theta power in the occipitoparietal regions of patients with
MDD may reflect impaired affect regulation and functional
connectivity, % and indeed, cortical theta hypoconnectivity in
MDD has been documented.*% In preclinical studies, a genetic
mouse model of depression also showed reduced baseline theta
oscillatory power in the PFC, correlated with greater freezing
time in the tail suspension test.® These findings demonstrating
a link between reduced theta connectivity and MDD comple-
mented our own results showing pathway-specific and
temporal reductions in theta power in stress-susceptible rats, as
well as increases in innate and stress-induced theta coherence
in stress-resilient female and male rats, respectively. These sex
differences in brain function in response to stress emphasize
that the manifestation of depression symptoms in males and
females may be mediated by distinct mechanisms.

Sex-specific alterations in high-frequency oscillations were
linked to stress susceptibility, and more so to stress resilience.
Compared to baseline, stress-susceptible females displayed re-
duced high gamma power in the NAc; stress-resilient females
displayed increased gamma power in the PFC, Cg and NAc;
and stress-resilient males showed widespread increases in high
gamma coherence. A role for gamma oscillations in MDD and
antidepressant responsiveness has been documented, although
to our knowledge sex differences in these measures have not
been evaluated. Individuals with MDD exhibited lower resting
gamma activity in the rostral Cg compared to healthy individ-
uals,” and previous preclinical findings were consistent with
our own, showing that reduced gamma power in the PFC and
NAc was associated with a depression-like phenotype. % In-
creased resting gamma power in MDD (particularly in the
PFC) in response to repetitive transcranial magnetic stimulation
has been linked to successful remission,** findings supported
by rodent studies showing that ketamine treatment increased
gamma oscillatory activity in the PFC, NAc, amygdala, hippo-
campus and thalamus.*#'%? Similarly, deep brain stimulation—
induced normalization of suppressed high gamma coherence
in the ventral tegmental area of Flinders rats (a model system
useful for the study of MDD) was correlated with improved
immobility measures in the forced swim test.®®

Our findings provide much needed insights into sex-specific,
regional and temporal changes that occur in response to
stress, emphasizing distinct oscillatory markers linked to re-
silience and vulnerability. At baseline, females had greater
theta coherence across the dHIP connections, successfully
distinguishing between animals that were subsequently
labelled as stress-resilient or stress-susceptible. Indeed,
48 hours after the onset of CUS, female stress resilience was
accompanied by increased dHIP theta power, with opposite
effects in stress-susceptible females. Notably, the aforemen-
tioned increase in gamma power displayed by stress-resilient
females developed after the change in dHIP theta frequency
was established. Taken together, these findings suggest that
the dHIP may function as a fulcrum for female stress resil-
ience, in which distinct low-frequency alterations may be
necessary to initiate events that trigger increases in high-
frequency power in the PFC, Cg and NAc. In males, our

findings and others suggest that a rapid and progressive
stress-induced increase in high gamma coherence may con-
tribute to stress resilience. Once again, stress resilience was
associated with the temporal recruitment of almost all of the
examined connections in the putative depression network,
beginning in the dHIP connections. Thus, although the
neurophysiological mechanisms may differ, we hypothesize
that the temporal recruitment of regions, potentially initiated
by the dHIP, confers protection against stress.

Given the temporal dynamics of the observed adaptive
changes associated with stress, we posit that the neurophysio-
logical responses that confer stress resilience play a key role in
preventing the onset or minimizing the functional impact of
oscillatory changes associated with stress susceptibility, and
that the nature of these changes are sex-specific. The impor-
tance of these resilience markers was perhaps most obvious in
male rats, where resilient animals showed robust widespread
elevations in high gamma coherence, but the only clear sus-
ceptibility marker was a stress-induced increase in delta
power and a reduction in theta power in the Cg and dHIP.
Conversely, in female rats the PFC appeared to be highly
vulnerable to stress, being the first structure to exhibit
stress-induced changes in low-frequency power in suscepti-
ble animals — changes soon followed by low-frequency alter-
ations throughout the network. However, the appearance of
many of these discrete susceptibility markers occurred several
days before the initial expression of depression-like symp-
toms. This signifies that in females, oscillatory changes in dis-
crete pathways may be insufficient to induce depression-like
symptoms; system-wide changes may be necessary for the
behavioural expression of the depression-like phenotype.

Limitations

This study was designed to determine whether sex-specific
differences in neural oscillations could be used as biological
markers for stress vulnerability, but the methodology we em-
ployed could not establish causation of stress resilience or sus-
ceptibility using the electrophysiological patterns. However,
the small margin of error within each group suggests an asso-
ciation between the 2 variables. Further, high-frequency deep
brain stimulation in patients with treatment-resistant depres-
sion produced a sustained antidepressant response,”** high-
lighting the link between oscillatory activity and depression.
Future studies may mimic key oscillatory markers observed
in stress-susceptible animals using deep brain stimulation to
validate their ability to induce depression-like behaviours.
Another limitation was the use of monopolar electrodes for
LEP recordings. Monopolar electrode recordings are subject to
volume conductance, so the signals detected may not necessar-
ily be generated from the recording region.®® Although this may
be less of a concern for the dHIP data, the NAc data could be
subject to volume conductance from the adjacent piriform cor-
tex. However, because this study was the first of its kind, maxi-
mizing the number of bilateral regions evaluated was a priority
to examine potential data asymmetries. Thus, the number of re-
gions that could be evaluated simultaneously was a technical
limitation. Because we did not find evidence of asymmetries,
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future studies using bipolar electrodes will be required to fully
elucidate the role of each brain region in the observed effects.

As a result of the within-subjects design of the study, control
animals subjected only to the weekly behavioural testing were
not included. As was the case with this experiment, the forced
swim test can be used as a stressor to induce depression-like
behaviours in rodents.® As such, there may have been a con-
founding effect of weekly exposure to the forced swim test on
circuit function that was not apparent in this study because of
the lack of control animals. It should also be noted that al-
though CUS exposure was stopped when half of the animals
exhibited a depression-like phenotype, the stress-resilient ani-
mals would have also eventually succumbed to the stressors to
develop depression-like behaviours. Although we surmise
that their oscillatory signatures would have changed, we can-
not say for certain that they would have mimicked a stress-
susceptible phenotype or in which regions these alterations
would have occurred. In line with this, we did not examine the
adaptability of the circuit with prolonged stress exposure and
recovery of the system following the cessation of chronic
stress; these should be the focus of future studies.

Conclusion

Our findings demonstrated that stress-induced changes occur
in both low- and high-frequency neurophysiological responses
that are unique to each sex. In addition, stress exposure in-
duced the sex-dependent temporal recruitment of circuits that
were linked to susceptibility or resilience to the development of
depression-like behaviours. Given the difficulty in treating de-
pression, identification of people at risk (e.g., those with a per-
sonal or family history of depression, postpartum depression,
or exposure to a traumatic event) could lead to more precise
monitoring and interventions as necessary, at a stage before
onset of depression, with significant potential for increased
treatment efficacy and drug responsiveness. Conversely, be-
cause oscillatory markers of resiliency in both sexes occurred
early in stress exposure, we posit that the presence or absence
of innate or stress-induced resilience signatures is a critical de-
terminant of an animal’s subsequent stress response. Finally,
our results highlight that stress influences neural oscillations in
a sex-specific manner; the inclusion of sex as an experimental
factor in future clinical and preclinical studies should be made
a priority if we are to fully elucidate the neuropathology of
MDD and develop more effective treatments.
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