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Chronic stress enhances risk for psychiatric disorders, and in animal models is known to evoke
depression-like behavior accompanied by perturbed neurohormonal, metabolic, neuroarchitectural and
transcriptional changes. Serotonergic neurotransmission, including serotoninga (5-HT2a) receptors, have
been implicated in mediating specific aspects of stress-induced responses. Here we investigated the
influence of chronic unpredictable stress (CUS) on depression-like behavior, serum metabolic measures,
and gene expression in stress-associated neurocircuitry of the prefrontal cortex (PFC) and hippocampus
in 5-HTa receptor knockout (5-HT,, ) and wild-type mice of both sexes. While 5-HT,,~ male and
female mice exhibited a baseline reduced anxiety-like state, this did not alter the onset or severity of
behavioral despair during and at the cessation of CUS, indicating that these mice can develop stress-
evoked depressive behavior. Analysis of metabolic parameters in serum revealed a CUS-evoked dysli-
pidemia, which was abrogated in S-HTEA’ female mice with a hyperlipidemic baseline phenotype. 5-
HTZ’K’ male mice in contrast did not exhibit such a baseline shift in their serum lipid profile. Specific
stress-responsive genes (Crh, Crhrl, Nr3c1, and Nr3c2), trophic factors (Bdnf, Igf1) and immediate early
genes (IEGs) (Arc, Fos, Fosb, Egri-4) in the PFC and hippocampus were altered in S—HTEA’ mice both
under baseline and CUS conditions. Our results support a role for the 5-HT,a receptor in specific
metabolic and transcriptional, but not behavioral, consequences of CUS, and highlight that the contri-

bution of the 5-HT,x receptor to stress-evoked changes is sexually dimorphic.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

et al., 2001; leraci et al.,, 2016; Mychasiuk et al., 2016). Recent
studies also indicate that stress-evoked molecular, cellular, meta-

Stress is a major risk factor for the development of psychopa-
thology and metabolic dysfunction (McEwen et al., 2015). Preclin-
ical models of chronic stress, including chronic unpredictable stress
(CUS) (Willner, 2016, 2005), evoke wide-ranging consequences that
include, but are not restricted to, dysregulation of cognitive and
mood-related behavior (Jett et al., 2017; Lupien et al., 2009),
disruption of normal metabolic status (Rebuffé-Scrive et al., 1992),
perturbed neurohormonal regulation (de Kloet, 2003), alterations
in neuronal architecture (Watanabe et al., 1992; McEwen et al.,
2016), dysregulated adult neurogenesis (Egeland et al., 2015), and
changes in gene expression within key limbic brain regions (Meyer
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bolic and behavioral consequences exhibit sexual dimorphism
(Dalla et al.,, 2005; Goldstein et al., 2010; da Silva et al., 2014;
Mychasiuk et al., 2016). Several reports provide evidence that
chronic stress can alter serotonergic neurotransmission (Adell et al.,
1997; Chaouloff et al., 1999; Lanfumey et al., 2008; Liu and
Aghajanian, 2008; Sargin et al., 2016). Despite the strong evi-
dence linking chronic stress to disruption of serotonin signaling,
the contribution of specific serotonergic receptors to stress-evoked
sequelae are still not clearly understood.

5-HT;4 receptors are regulated by stress and are implicated in
the pathophysiology and treatment of mood-related disorders
(Takao et al., 1995; Frokjaer et al., 2008; Lohoff et al., 2010; Ben-
Efraim et al.,, 2013). Chronic stress enhances cortical 5-HT,5 re-
ceptor expression (Ossowska et al., 2001) and binding (Fernandes
et al., 1997). Pharmacological 5-HT,a receptor blockade amelio-
rates specific behavioral, neuroendocrine and physiological
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consequences in distinct stress models (Beig et al., 2009; Harvey
et al,, 2012; Jorgensen et al., 1998; Ootsuka et al., 2008). 5-HT»4
receptor knockout mice (S—HTZ_A_) exhibit reduced anxiety-like
behavior, with no change reported in depressive-like behavior,
under baseline conditions (Weisstaub et al., 2006). In response to a
chronic corticosterone challenge 5-HT5,<_ mice exhibit enhanced
depressive-like behavior (Petit et al., 2014), and are reported to
have a treatment-resistant phenotype following chronic antide-
pressant treatment (Quesseveur et al.,, 2013, 2016). At present, it
remains unknown whether the effects of CUS on behavior, neuro-
hormonal and metabolic measures and gene expression within
limbic brain regions are altered in S—HT;[ mice.

In the present study we examined the influence of the 5-HT2a
receptor on the molecular, metabolic and behavioral consequences
of CUS, in both male and female mice. Our findings highlight the
importance of the 5-HT,4 receptor as a key target for mediating
specific aspects of the molecular and metabolic consequences of
chronic stress.

2. Materials and methods
2.1. Animals

Male and female serotoninya receptor knockout mice (5-HT,, / )
(Weisstaub et al., 2006) and wild-type littermate controls (WT)
(7—8 month) on a 129S6/SvEv background were group housed in
the Tata Institute of Fundamental Research (TIFR) animal house
facility, and maintained on a 12 h light dark cycle with access to
food and water ad libitum. The 5—HT27,<7 mouse line, generated as
previously described (Weisstaub et al., 2006), was maintained
through heterozygous crosses and only littermate wild-type con-
trols were used for experimental purposes. Genotypes were
confirmed using PCR analysis with a KAPA Mouse genotyping Kit,
IKAPA Biosystems (catalog no. KK7352) (Supplementary Table 2). All
experimental procedures followed the guidelines of the Committee
for Supervision and Care of Experimental Animals (CPCSEA), Gov-
ernment of India, and were approved by the TIFR Institutional
Animal Ethics committee. Experiments were performed so as to
minimize animal suffering, and to restrict usage of animals by
optimizing experimental design.

2.2. Baseline open-field test (OFT) behavior

A cohort of naive, non-handled 5—HT;/<_ male and female mice
and age- and sex-matched wild-type littermate controls were
tested for baseline anxiety behavior on the open field test (OFT)
under dim light conditions (n = 6—10/group). The open field arena
(40 cm x 40 cm x 40 cm), with middle area (20 cm x 20 cm)
defined as center, was used to assess anxiety-like behavior. Animals
were placed in one corner of the arena and allowed to explore the
arena for 5 min. Automated behavioral tracking analysis was per-
formed using Panlab SMART video tracking software (SMART 3.0)
and the total distance traversed in the arena, percent distance
traveled in center of arena, percent time in center and number of
entries to center were assessed.

2.3. Chronic unpredictable stress (CUS) paradigm

S—HTE/(‘ male and female mice and their age and sex matched
wild-type littermate controls (n = 12—15/group) were subjected
to chronic unpredictable stress (CUS) (Nasca et al, 2013)
(Supplementary Table 1). In brief, the CUS paradigm consisted of
exposure to 1-2 stressors daily. The stressors were selected in a
randomized manner and included restraint stress, cage tilting,
exposure to white noise or constant tone, food water deprivation,

cold exposure, an altered light-dark phase, extended dark phase,
overcrowding, and wet bedding. The tail suspension test (TST) and
forced swim test (FST) were incorporated as part of the CUS para-
digm, and also served as interim behavioral tests to assess effects of
CUS (Fig. 2A) (Supplementary Table 1). The experimental groups
were as follows for both males and females: WT control, WT CUS, 5-
HT;[ control and 5—HT271<7 CUS (n = 12—15/group). All behavioral
analysis was performed during the light phase. Post CUS, all
experimental groups were subjected to behavioral testing and a
subset of animals from this same cohort was used for both serum
metabolic profiling and gene expression analysis.

2.4. Tail suspension test (TST) and forced swim test (FST)

Animals were subjected to the tail suspension test (TST) as
previously described (Castagné et al., 2011) with the time spent
immobile determined for the duration of 4 min not including the
first minute post suspension. Animals were subjected to the Por-
solt's classic forced swim test (FST) as described previously
(Castagné et al., 2011) for 5 min and the time spent immobile was
measured from the first to the fifth minute. Automated behavioral
analysis for TST and FST was performed on video recordings where
the experimenter was blind to treatment conditions using the
SMART 3.0 FST/TST module.

2.5. Metabolic measurements

Body weights of all treatment groups were monitored weekly.
Animals were sacrificed by rapid decapitation and trunk blood was
collected for serum measurements at the end of CUS, and analyzed
for metabolic parameters which included serum corticosterone,
glucose and lipid profiles (Shahbazker's Diagnostic Center, Mum-
bai). Experimental groups were as follows for both males and fe-
males: WT control, WT CUS, 5—HT27/<7 control and 5—HT21<7 Ccus
(n = 4—7/group). Serum corticosterone levels were measured
colorimetrically using a commercially available ELISA kit (Abcam,
Cat no. ab108821) as per manufacturers' instructions (n = 4—5/
group).

2.6. Quantitative real time PCR (qPCR) analysis

All experimental animals were sacrificed three hours after the
final stressor in the CUS regime. Experimental groups were as fol-
lows for both males and females: WT control, WT CUS, 5—HT;/<_
control and 5-HT£/<’ CUS (n = 5-—10/group). Animals were
sacrificed by decapitation and the prefrontal cortex and
hippocampi were dissected out and snap-frozen in liquid nitro-
gen. RNA was isolated using Tri reagent (Sigma) and reverse tran-
scribed using a complementary DNA (cDNA) synthesis kit
(PrimeScript 1st strand cDNA Synthesis Kit, Takara Bio). Quantita-
tive real time PCR (qPCR) was performed with primers for the genes
of interest (Supplementary Table 2) using a Bio-Rad CFX96 real-
time PCR machine. Data was quantified using the AACt method,
as described previously (Bookout and Mangelsdorf, 2003), with
data normalized to Hypoxanthine guanine phosphoribosyl trans-
ferase (Hprt), whose expression was unaltered across treatment
groups.

2.7. Statistical analysis

Statistical analysis was carried out using Prism 6 (GraphPad
Software Inc, USA). Experiments with two groups were subjected to
unpaired Student's t-test. Experiments with four groups were
subjected to two-way ANOVA analysis followed by post-hoc Bon-
ferroni comparisons. Experiments that addressed progression
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across time were analyzed using repeated measures two-way
ANOVA analysis followed by post-hoc Bonferroni comparisons.
Normality of data was tested using the Kolmogorov and Smirnov
method. Significance was determined at p < 0.05. In the case of our
qPCR results where we tested gene expression of multiple genes,
we have applied the Benjamini-Hochberg method for False Dis-
covery Rate (FDR) to our data analysis and have also reported FDR
corrected p values (Benjamini and Hochberg, 1995; Glickman et al.,
2014).

3. Results

3.1. 5-HTy4 receptor knockout mice of both sexes exhibit baseline
reduced anxiety-like behavior

5—HT27/<7 mice were confirmed to be deficient for 5-HT,p re-
ceptor expression using genotyping (Fig. 1A) and qPCR analysis for
Htr2A mRNA expression within the prefrontal cortex (PFC) (Fig. 1B)
and hippocampus (Fig. 1C). Baseline anxiety-like behavioral states
of 5—HT;,<_ male and female mice were assessed on the open-field

vo)

test (OFT). Male, but not female, 5-HT,, 1(’ mice exhibited significant
increases in total distance traversed in the OFT (Fig. 1D, E). Both 5-
HT;,(‘ male and female mice showed significant increases in the
percent distance traveled in the center of the arena (Fig. 1D, F),
and the number of entries (Fig. 1G) in the center of the OFT arena as
compared to their sex-matched wild-type littermate controls.
While female 5—HT271<7 mice exhibited a significant increase in
percent time spent in the center of the OFT (Fig. 1H), male 5-
HTZ’A’ mice showed a trend (p = 0.05) on this measure (Fig. 1H).
These results indicate that naive, non-handled 5—HT21<’ male and
female mice exhibit reduced anxiety-like behavior on the OFT as
previously reported (Weisstaub et al., 2006).

3.2. Male and female 5-HT>4 receptor knockout mice exhibit
behavioral despair following chronic unpredictable stress

We examined whether 5-HT,a receptor deficiency influenced
the behavioral consequences of CUS (Fig. 2A, Supplementary
Table 1). The CUS paradigm included TST and FST on distinct
days, which served as stressors while also providing a measure of
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Fig. 1. 5-HT>,4 receptor knockout male and female mice exhibit reduced anxiety-like behavior. Animals were genotyped and were assessed for anxiety-like behavior on the open-field
task (OFT). Shown in (A) is a representative photomicrograph of a gel indicating the presence of a single 500bp DNA band indicative of wild-type 5-HT,4 expression, whereas a
single 400bp DNA band corresponds to the mutant 5-HT,4 expression in S-HTZ’A’ mice. qPCR results further confirmed the robust reduction in Htr2A mRNA expression in the

prefrontal cortex (B) and hippocampus (C) of S—HTZ’A’ male and female mice. 5-HT.

~ male and female mice showed significant reduction in anxiety-like behavior on the

Open field test (OFT) (D—H). Shown are representative traces from wild-type (WT) and S—HTEA’ male and female mice in the OFT arena (D). 5—HT2’[ males, but not females showed
increased total distance traveled in the OFT compared to their sex-matched WT controls (E). 5-HT,, K’ male and female mice displayed reduced anxiety-like behavior as revealed by
enhanced percent distance in the center (F) and increased number of entries to the center (G) compared to WT controls (D). The percent time spent in the center of the OFT was
significantly increased in 5-HT,, i(’ female mice as compared to WT female mice (H). Results are expressed as the mean + SEM (n = 6—10), *p < 0.05 as compared to age- and sex-,

matched WT controls (unpaired Student's t-test).
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behavioral despair during CUS (Fig. 2A). Time spent immobile on
the TST and FST did not differ between WT and 5—HT27/<7 male and
female mice at week 0 indicating no change in behavioral despair
under baseline conditions (Fig. 2B—E).

Repeated measures two-way ANOVA analysis revealed that CUS
resulted in an increase in the time spent immobile on both the TST
(Fig. 2B) (Main effect of CUS duration - TST (F3g1) = 38.91,
p < 0.0001) and FST (Fig. 2D) (Main effect of CUS duration - FST
(F381) = 12.18, p < 0.0001) in WT and 5-HT,, / male mice with no
significant CUS x genotype interaction. Bonferroni post-hoc
comparisons indicated significant increases in immobility time in
week 1, 2 and 3 of the TST (Fig. 2B) and FST (Fig. 2D) in both WT
and 5—HT2](’ male mice as compared to their respective week
0 immobility time.

Repeated measures two-way ANOVA analysis of behavioral
despair on the TST for WT and S—HTZ’/(’ female mice revealed a
significant CUS x genotype interaction (Fig. 2C) (F369) = 4.55,
p = 0.006). Statistical analysis also indicated a significant main ef-
fect of stress duration on the TST in WT and 5-HT,, /<7 female mice
subjected to CUS (F369) = 48.43, p < 0.0001). Bonferroni post-hoc
comparisons indicated significant increases in time spent
immobile on the TST (Fig. 2C) commencing from week 1 and sus-
tained through week 3 in both WT and 5—HT2’A’ female mice as
compared to their respective week 0 immobility times.
Bonferroni post-hoc group comparisons indrcated no significant
differences in the immobility times of 5- HT female mice as
compared to WT females at weeks 1-3 post CUS in the TST
(Fig. 2C). We observed a significant main effect of CUS duration
(F3,69) = 3.21, p = 0.028), with no signiﬁcant genotype effect or CUS
X genotype interaction in WT and 5- HT2 A female mice on the FST
(Fig. 2E). Bonferroni post-hoc group wise comparisons did not
reveal any significant differences between the times spent immo-
bile on the FST in WT and 5-HT27/<7 female mice either when
compared to their respective week O immobility time or in
comparison with each other at individual time-points (Fig. 2E).

To determine the effects of CUS on behavioral despair as
compared to non-stressed WT and 5-HT,, i(’ male and female mice,
FST was performed on day 21 of the CUS regime for both non-
stressed WT and 5-HT;, / ~ male and female mice, as well as WT
and 5- HTZA’ male and female mice subjected to CUS (Fig. 2F).
Two-way ANOVA analysis revealed a significant main effect of CUS
(WTand 5- HT2A male mice: Fq55)= 23.38, p <0.0001; WT and 5-
HT,), / female mice: F(150) = 18.19, p < 0.0001), with no significant
genotype effect or CUS x genotype interaction in WT and 5-HT, /(_
male (Fig. 2G) and female (Fig. 2H) mice on the FST. Bonferroni post-
hoc group comparisons revealed enhanced FST immobility times in
both male and female WT and 5-HT;, A_ mice subjected to CUS as
compared to their respective non-stressed WT and 5—HT271<7 sex-
matched controls (Fig. 2G, H). Our results reveal that WT and 5-
HT,, /<’ male and female mice exhibit a similar trajectory of
behavioral despair following CUS administration.

3.3. 5-HT>4 receptor deficiency alters specific metabolic
consequences of chronic unpredictable stress in a sexually
dimorphic manner

We next assessed whether the metabolic effects of CUS,
including effects on body weight, corticosterone and serum glucose
and lipid profiles were altered in 5-HT,), / male and female mice.
Body weight measurements at the begmmng and post cessation
of CUS were compared across non-stressed and CUS treated WT
and 5-HT, /<’ male and female mice. Two-ANOVA analysis indicated
a significant main effect of stress in both males (F155) = 13.08,
p = 0.0006) (Fig. 3A) and females (F(150) = 13.11, p = 0.0007)
(Fig. 3B). We did not observe any significant CUS x genotype
interaction effects for either the male or female mice.

We next compared serum corticosterone, glucose and lipid
levels across treatment groups. Corticosterone levels measured
three hours post cessation of the final stressor in the CUS regime
did not differ across all groups in both sexes (Fig. 3C, D). Two-way
ANOVA analysis for serum glucose levels revealed a significant
main effect of genotype in both males (Fig. 3C) and females
(Fig. 3D). We noted a sexually dimorphic effect of CUS on circulating
glucose levels with a main effect of CUS observed only in male, but
not female mice (Fig. 3C, D).

The serum lipid profile in WT and 5—HT27/<7 males appeared
predominantly unaltered following CUS, with the exception of a
significant main effect of CUS on total cholesterol and low density
lipoprotein (LDL) (Fig. 3C). We did not observe any significant ef-
fect of genotype in the two-way ANOVA analysis for the lipid pro-
files in males. In contrast to the predominantly unchanged lipid
profile observed in males, females exhibited significant CUS x ge-
notype interactions, as well as significant main effects of genotype
and CUS on multiple measures for lipid profile analysis (Fig. 3D). A
significant CUS x genotype interaction was noted for total choles-
terol, LDL, total cholesterol/high density lipoprotein (Total/HDL)
ratio, and LDL/HDL ratio in females (Fig. 3D). A significant main
effect of genotype was noted for HDL, VLDL and total cholesterol/
HDL. A significant main CUS effect was observed for total choles-
terol, LDL, total cholesterol/HDL, and LDL/HDL in females (Fig. 3D).
Bonferroni post-hoc group comparisons indicated significant in-
creases in total cholesterol, LDL, total cholesterol/HDL and LDL/HDL
ratios, in non-stressed S—HTzfxf female mice compared to non-
stressed WT controls (Fig. 3D). In addition, while CUS evoked an
increase in these measures in WT female mice, this induction was
not observed in 5- HT2 A female mice subjected to CUS as compared
to non-stressed 5- HT2A female controls (Fig. 3D). Taken together,
these results reveal a sexual dimorphism in the effects of 5-HT,a
receptor deficiency on lipid metabolism, with dyslipidemia noted
in5- HTX* female mice under baseline conditions and a blunting of
the CUS-evoked dyslipidemia in 5-HT,, / female mice.

Fig. 2. 5-HT,, receptor knockout male and female mice exhibit chronic unpredictable stress (CUS)-evoked behavioral despair on the tail suspension test (TST) and forced swim test (FST).
WT and S—HTQK’ male and female mice were subjected to a CUS paradigm as illustrated in the schematic (A) for 24 days, which incorporated a weekly TST (CUS days 2, 8,12 and 19
correspond to week 0, 1, 2 and 3 respectively) and FST (CUS days 3, 7, 14 and 21 correspond to week 0, 1, 2 and 3 respectively). The non-stressed control WT and 5-HT,), 1<7 male and
female mice were left undisturbed, with the exception of an FST test performed at day 21 and weekly body-weight measurements. The CUS regime was completed on day 24 and
the readouts consisted of behavioral analysis, serum profiling and gene expression analysis in the prefrontal cortex (PFC) and hippocampus (A). Measurements of time spent

immobile revealed significant increases in immobility time on the TST and FST following CUS in both WT and 5-HT, 4

male (B — TST; D - FST) and female (C — TST) mrce

commencing from week 1 and sustained till week three as compared to respective week 0 immobility times. Measurement of immobility time on the FST in WT and 5- HT
female mice following CUS revealed a main effect of CUS, but no significance in Bonferronl post-hoc comparisons between weeks 1-3 to week 0 (E). Results are expressed as

the mean + SEM (n = 12—15/group). (*p < 0.05 as compared to WT at week 0, °p < 0.05 as compared to 5- HT

mice compared to week 0, Repeated measures Two- Way

ANOVA analysis, Bonferroni post-hoc test). Shown is a schematic (F) for the FST treatment performed on day 21 1n both non-stressed and CUS administered WT and 5 HT
male and female mice. Measurement of time spent immobile revealed a significant increase in immobility time in both male (G) and female (H) WT and 5- HTZA mlce
subjected to CUS as compared to their respective non- stressed WT and 5- HTZ’/’ sex-matched controls (Cntrl). Results are expressed as the mean + SEM (n = 12—15/group).
(*p < 0.05 as compared to non-stressed WT mice controls, *p < 0.05 as compared to non-stressed 5- HTZK mice controls, Two-way ANOVA analysis, Bonferroni post-hoc test).
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D
Interaction
Females B 5 s CUS Genotype
SR || G
Groups WT Catrl | WT CUS o CUS F (DFn, DFd) |p value| F (DFn, DFd) |p value| F (DFn, DFd) |p value]
Cort (ng/ml) | 172+5 | 178+8 | 164+13 | 137+23 | F (1,15)=1262| 0279 | F (1, 15)=0.537 0.475 | F (1, 15)=2.775| 0.117
gfll;jgls)e 206+ 13 | 197+18 | 233+£57 | 237+58 | F (1,24)=0.164| 0.689 | F (1,24)=0.018| 0.894 | F (1, 24) = 4.466| 0.045
(Trgg/lcyuc)e“des 10615 | 120437 | 12426 | 130+38 | F (1,24)=0.138] 0.713 | F (1,24)=0.752| 0.395 | F (1, 24) = 1.535| 0.227
Cholesterol % ¢ _ _ _
Total (mg/dly | 153% 14 | 216+ 15% | 186:413¢ | 191216 | F (1,24)=27.59/<0.001| F (I, 24) =39.72(<0.001 | F (1,24) = 0621/ 0.436
HDL (mg/dl) | 55+3 | 56+4 | 50+2 | 48+7 |F(1,24)=0.592] 0.450 | F (1, 24)=0.029| 0.866 | F (1, 24) = 14.15| 0.001
LDL (mg/dl) | 77+15 |136+18*| 105+ 11¢| 108 15 | F (1, 24) = 25.53|<0.001 | F (1, 24) = 30.10|<0.001 | F (1, 24) <0.001| 0.980
VLDL (mg/dl)| 21+3 | 24+7 | 31+8 | 36+8 |F(1,24)=0.143| 0.708 | F (1,24)=2.131| 0.157 | F (1, 24) = 16.44|<0.001
Total/HDL | 2.80+0.33 |3.90£0.51%(3.73+£0.19¢| 4.05£0.66 | F (1, 24) = 5.176| 0.032 | F (1, 24) = 16.70|<0.001 | F (1, 24)=9.717| 0.005
LDL/HDL | 1.42+0.32 |2.46+0.44%|2 12+0.22¢| 2.28+0.48 | F (1, 24)=9.492| 0.005 | F (1, 24) = 17.78[<0.001 | F (1, 24) = 3.219| 0.085

Fig. 3. 5-HT>»4 receptor knockout mice exhibit altered metabolic consequences of CUS in a sexually dimorphic manner. Shown are percent changes in body weight in wild-type and
5-HT,, A’ male (A) and female (B) mice following chronic unpredictable stress (CUS). Results are expressed as the mean + SEM percent change of body-weight (n = 14—15/group for
males; n = 12—15/group for females). Two-way ANOVA analysis indicated a significant main effect of stress in both males and females, and a significant main effect for genotype in
female mice. Shown is the serum profile for corticosterone (cort), glucose, triglycerides, total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-
density lipoprotein (VLDL) and the ratios of total cholesterol/HDL and LDL/HDL from wild-type and 5-HT,, A’ male (C) and female (D) mice under baseline conditions and following
CUS administration. Results are expressed as the mean + SEM ng/ml for corticosterone and mg/dl for other measures of the serum profile (Corticosterone analysis: n = 5/group for
males; n = 4—5/group for females; Serum glucose and lipid profile: n = 6—7/group for males; n = 7/group for females). Two-way ANOVA analysis, Bonferroni post-hoc test; *p < 0.05
WT CUS as compared to non-stressed WT controls, *p < 0.05 5—HT£}<’ controls as compared to WT controls.
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3.4. 5-HT>4 receptor deficiency alters the influence of chronic
unpredictable stress on stress-related and immediate early genes in
the prefrontal cortex

We next addressed whether the transcriptional regulation of
specific stress-related and immediate early genes (IEGs) within the
prefrontal cortex (PFC), which plays a critical role in top-down
regulation of stress responses (Covington et al., 2010; McEwen
and Morrison, 2013), is influenced by 5-HT>4 receptor deficiency
(Fig. 4A—D). We examined the regulation of genes involved in stress
hormone regulation, namely corticotrophin releasing hormone
(Crh) and it's receptor Crhrl, and the corticosterone receptors,
glucocorticoid receptor (GR: Nr3c1) and the mineralocorticoid re-
ceptor (MR: Nr3¢2) (Hill et al., 2012). In addition, we examined the
regulation of trophic factors (Bdnf, Igf1) and IEGs (Arc, Fos, Fosb,
Egri-4) reported to be regulated by stress (leraci et al., 2016; Law
et al., 2016; Ons et al., 2010). Since we have performed multiple
comparisons for our qPCR results, we have reported both uncor-
rected and FDR corrected p values in Fig. 4. The results described
pertain to FDR uncorrected p values, which have gone through a
multiplicity adjusted correction for the two-way ANOVA on the
individual gene tested, but not FDR correction. However, given we
have carried out testing within multiple brain regions, across both
genders and for several genes we have also provided the FDR cor-
rected p value.

In the male PFC, we noted both a significant main effect for CUS
and genotype in the regulation of Crh, with a reduction noted in
prefrontal Crh mRNA levels (Fig. 4B). Further, a significant genotype
effect was noted for Crhr1 expression, with reduced levels observed
in 5—HT2’A’ mice. For the trophic factors examined, we noted a
significant CUS x genotype interaction for Bdnf expression, with
Bonferroni post-hoc tests revealing a significant decline in Bdnf
mRNA levels in the 5-HT£1(’ mice subjected to CUS compared to
non-stressed 5-HT,), Ai controls (Fig. 4B). For Igfl mRNA, we noted
a significant main effect of CUS. IEG expression analysis in the PFC
revealed a striking pattern of significant main effects of genotype
noted for Arc, Fos, Fosb, Egr1, Egr2, Egr4, with a reduction noted for
prefrontal IEG expression in 5-HT£/<’ male mice. We also observed
a significant main effect of CUS for Fos, Egr2 and Egr3. Amongst the
IEGs examined, a significant CUS x genotype interaction was
observed for only Egr2 expression, with Bonferroni post-hoc
analysis revealing that the stress-evoked decline in Egr2 mRNA
levels is abrogated in 5—HT21<7 male mice (Fig. 4B).

For the female PFC, similar to the males we noted a significant
main effect for CUS in the regulation of Crh, with reduced prefrontal
Crh expression observed following stress (Fig. 4C). We also
observed a significant main effect for CUS for the prefrontal
expression of MR (Nr3c2), with a decline noted in expression. Two-
way ANOVA analysis revealed significant CUS x genotype in-
teractions for both Crhr1 and GR (Nr3c1) expression (Fig. 4C). In the
case of Crhr1, we did not observe any significance in post-hoc group
comparisons. Post-hoc Bonferroni analysis for GR (Nr3c1), indicated
that 5-HT;, /<7 female mice show a baseline increase in prefrontal GR
expression, and CUS appears to evoke a significant reduction in
expression only within 5-HT,, Ai mice, but not in wild-type mice.
For the trophic factors, we noted a significant main effect for both
CUS and genotype on Igfl mRNA expression, with a decline
observed in Igfl mRNA following CUS, and also noted in 5—HT27/<7
female mice despite their baseline reduction in Igfl expression.
Unlike the males, analysis of IEG expression in female mice
indicated no significant main effects of genotype on any of the
IEGs examined (Fig. 4C). Further, in the female PFC a significant
main effect of CUS was restricted to Fos expression. Collectively, our
findings indicate sexually dimorphic effects of 5-HT,5 receptor
deficiency on IEG expression, with 5-HT, ,(7 male mice exhibiting a

decline in the expression of several IEGs in the PFC, a pattern that is
not recapitulated in the PFC of 5-HT,, /<7 female mice. Further, the
regulation of Igfl and GR expression indicates a sexual
dimorphism with baseline expression perturbed in 5-HT,, A’
female mice but not observed in the 5-HT,, Ai male mice.

3.5. 5-HT,4 receptor deficiency modifies the effects of chronic
unpredictable stress on stress-related and immediate early genes in
the hippocampus

We next addressed the influence of CUS on stress-related, tro-
phic factor and IEG expression in the hippocampus, a brain region
that is both a target for stress hormones and contributes to top-
down regulation of stress-responses (Kim et al., 2015; Tasker and
Herman, 2011) (Fig. 5A—D). We have reported both uncorrected
and FDR corrected p values in Fig. 5. The FDR uncorrected p value
has been through a multiplicity adjusted correction for the two-
way ANOVA on the individual gene tested and we have used this
p value for description of results. In the male hippocampus, we
noted both a significant main effect for CUS and genotype in the
regulation of GR (Nr3c1) and MR (Nr3c2), with a reduction noted in
GR and MR expression (Fig. 5B). In the case of Crhr1 mRNA levels in
the hippocampus, we noted a significant CUS x genotype interac-
tion, with post-hoc analysis revealing a significant decline in Crhr1
expression selectively in the stressed 5-HT,, 1(’ male mice as
compared to their non-stressed, genotype-matched controls
(Fig. 5B). For the trophic factors examined, we noted a significant
main effect of CUS on Igfl mRNA expression, with a reduction in
expression noted following stress. Analysis of IEG expression in the
hippocampus indicated a significant main effect of genotype for
Egr1 and Egr4, with a robust induction noted in gene expression for
both these genes in the hippocampi of 5—HT2_,<_ male mice under
baseline conditions. We also observed a significant main effect of
CUS for Arc, Fos, Egr2 and Egr3 (Fig. 5B), with the results indica-
tive of a stress—evoked decline in gene expression for these genes.
Amongst the IEGs analyzed, a significant CUS x genotype interac-
tion was observed for only Egr4 expression with a differential effect
of CUS noted in wild-type and 5-HT,, [ male mice. Bonferroni post-
hoc comparisons revealed a baseline increase in Egr4 mRNA levels
in the hippocampi of S—HTZ’[ male mice (Fig. 5B).

Gene expression analysis for stress-related, trophic factor and
IEG expression in the hippocampi of wild-type and 5-HT,, i{’ female
mice, under baseline and CUS conditions, revealed that the pattern
of regulation in specific cases is sexually dimorphic. In female mice,
we observed a significant main effect for CUS in the regulation of
Crh and GR (Nr3c1), with a decline noted in both genes following
stress (Fig. 5C). We observed a significant CUS x genotype inter-
action for MR (Nr3c2) expression in the hippocampus (Fig. 5C).
Post-hoc Bonferroni analysis revealed a baseline increase in hip-
pocampal MR expression in 5-HT£1<’ female mice, with a CUS-
evoked decline in MR expression restricted to the 5—HT2’,<’ mice
and not observed in wild-type groups. This significant induction
in MR hippocampal expression was observed only in the S—HT;[
control female mice (Fig. 5C) and was not observed in the 5-
HTZ’K’ control male mice (Fig. 5B). In gene expression analysis for
trophic factors, we observed a significant main effect of CUS and
genotype on BDNF hippocampal expression in the female mice. We
noted a distinct pattern of regulation of the IEGs in 5-HT,, /<7 female
mice, wherein unlike the induction in expression of specific IEGs
(Egr1, Egr4) in 5—HT27/<7 male mice, the female knockout mice did
not reveal such a pattern. We observed a significant main effect
of CUS for Arc, Fos, Egrl, Egr2 and Egr3 (Fig. 5C), with the results
indicative of a stress—evoked decline in gene expression in the
hippocampi of female mice, a pattern that overlapped to a certain
extent with observations in male mice. Two-way ANOVA analysis



96 M. Jaggar et al. / Neurobiology of Stress 7 (2017) 89—102
A LA > Control PFC gene
& 5-HT,,” expression
JandQ T %@
B 5-HT2A'/'
(Percentl\g?fl {;ST Cntrl) CUI;n)fr;:::gtr}lrpe o Geotye
Gene |WT Catrl | WT CUS 5-(1;1;1_2?'" 5-215?'/' F (DFn, DFd) |p value pF‘];ﬁe F (DFn, DFd) |p value pF\gll}le F (DFn, DFd) |(p value vallei 5
Crh 100+ 731 | 84+7.76 | 86+7.1 | 66558 | F(I,31) =0.069 | 0.794 | 0.872 | F(1,31)=6.641 | 0.015 | 0.087 | F (I, 31) =5.066| 0.032 | 0.122
Crhrl | 100+7.08 | 91 £4.37 | 85+£6.32 | 75+5.15 | F(1,32) <0.001 | 0.975 | 0.994 | F(1,32)=2.338| 0.136 | 0.265 | F(1,32) =6.895| 0.013 | 0.081
Nr3cl |100+£7.42| 87 +7.06 | 94+3.41 | 82561 | F (1, 32) =0.019 | 0.892 | 0.960 | F (1, 32) =3.966 | 0.055 | 0.159 | F (1, 32) =0.835| 0.368 | 0.537
Nr3c231 100 = 88 N [FO4==3T 7RIN09 =501 NIN02=-995 W F (I, 33) = 0.117 | 0.735 0.837 | F(1,33)=0.118 | 0.733 | 0.841 | F (1, 33) =0448| 0.508 | 0.666
Bdnf |100+8.61 | 107 +6.07 | 116 +8.74 | 79 +4.84% | F (1, 33) = 9.041 | 0.005 | 0.056 | F(I,33)=4.126 | 0.050 | 0.150 | F (I, 33)=0.705| 0.407 | 0.567
Iofl |100+7.54| 834641 | 914727 | 674388 | 71, 30 - 0327 | 0.572 | 0720 | F (1,300 = 10.13 | 0.003 | 0.047 | F (1,30 = 3.561 | 0.069 | 0.179
Are  |100 +13.55| 83 = 10.83 F(1,32)=0.145| 0.706 | 0.828 | F(1,32)=1.394| 0247 | 0428 | F(1,32)=11.33 | 0.002 | 0.035
Fos |100+4.71 F(1,31)=4.057 | 0.053 | 0.156 | F(1,31)=7.502| 0.010 | 0.071 | F(1,31)=18.71|<0.001| 0.016
Fosb |100+13.6|88+11.01 |80+ 14.29 F(1,33)=0.882| 0354 | 0531 | F(1,33)=3920| 0.056 | 0.159 | F(1,33)=7.154| 0.012 | 0.081
Egrl [100+12.46| 98 + 1039 | 86 + 11.42 F(1,33) = 0503 | 0.483 | 0.650 | F(1,33)=0.772 | 0386 | 0.542 | F (1, 33) = 4.138 | 0.049 | 0.150
Egr2 |1100+8.16 | 64 + 6.81* F(1,31) =4490 | 0.042 | 0.146 | F(1,31) =4.491 | 0.042 | 0.142 | F(1,31)=12.52| 0.001 | 0.020
Egr3 |100+5.67 | 94+5.11 100+ 10.12) 71£5.63 | F (1, 33) =2.673 | 0.112 | 0239 | F (1, 33)=15.953| 0.020 | 0.101 | F(1,33)=2529 | 0.121 | 0.248
Egrd |100+6.47| 97 +5.86 | 89 +£8.73 | 76 £5.06 | F (1, 33) = 0.607 | 0.441 0.609 | F (1, 33) =1.364| 0.251 0.430 | F(1,33)=5.636| 0.024 | 0.107
C
(Percexfte(l)[fl ‘\‘;f’; Cntrl) CUISt)ir;:xtllc())tr;pe e SonoEe
Gene | WT Catrl | WT cus 5(};;'1‘ 3 ggg‘* F (DFn, DFd) |p value p?:lﬁe F (DFn, DFd) |p value pFVl;Ee F (DFn, DFd) |p value pF;/]ZIIie
Crh |100+15.97| 67+3.95 | 72 +8.86 F (1, 30)=1463| 0236 | 0418 | F(1,30)=5.804 | 0.022 | 0.104 | F(1,30)=3.217| 0.083 | 0.206
Crhrl |100+10.79| 75 +5.39 | 74+9.24 | 83 +4.53 | F(1,3]) =4.365| 0.045 | 0.143 | F(I1,31)=0.947 | 0338 | 0512 | F(I1,31) =1.269 | 0.269 | 0.446
Nr3cl [100+2.74 | 112 +5.13 | 122 £ 4.91¢] 98 3.46% | F (1, 29) = 17.07 | <0.001| 0.008 | F(1,29)=1.842| 0.185 | 0344 | F (1,29) = 0.786 | 0.383 | 0.543
Nr3c2 [100+10.59| 87 +£5.14 | 97+7.75 | 76 £2.45 | F (1, 30) = 0.300 | 0.588 | 0.722 | F(1,30)=5.639 | 0.024 | 0.104 | F (1, 30) = 0.886 | 0.354 | 0.526
Bdnf |100+8.01 | 101 +£5.57 [123+£7.93 | 102 +3.74 | F (1, 30) =2.921 | 0.098 | 0.225 | F (I, 30) =2.235| 0.145 | 0276 | F (I, 30) = 3.025 | 0.092 | 0217
Igf1 100 + 8 13 E=0).57 F(1,30)=2.728 | 0.109 | 0.236 | F(1,30)=1882[<0.001| 0.008 | £ (I, 30)=5.183 | 0.030 | 0.120
Arc  |100 + 16.36{124 + 14.91| 89 +20.7 | 85+£8.75 | F/(1,30) =0.792 | 0.381 | 0.545 | F(1,30)=0.418 | 0.523 | 0.674 | F (1, 30) = 2.672 | 0.113 | 0.238
Fos |100+20.29| 76 +9.87 |98 + 14.61 F(1,31)=0.237 | 0.630 | 0.762 | F(1,31)=5.362| 0.027 | 0.111 | F (1, 31) =0.407 | 0.528 | 0.675
Fosb |100+17.6 | 77+523 |90+ 18.14 | 69 +7.21 | F (1, 30) = 0.002 | 0.966 | 0.998 | F(1,30)=2.515| 0.123 | 0249 | F (1, 30) = 0.401 | 0.531 | 0.673
Egrl 100+ 15.52 105 +5.28 |96+ 18.05| 98 +84 | F(1,31) =0.010 | 0.920 | 0.970 | F(1,31)=0.085| 0.772 | 0.860 | F (1, 31)=0.199 | 0.659 | 0.791
Egr2 |100+23.4|66+10.23 | 84 + 19.39 F(1,31)=0.093 | 0.762 | 0.856 | F(1,31)=3455| 0.073 | 0.183 | F (1, 31) =0.540 | 0.468 | 0.635
Egr3 |100+5.15 | 117 +7.82 |106 + 11.97| 110 £ 8.93 | F (1, 29) = 0.490 | 0.490 | 0.653 | F (1, 29) = 1.350 | 0.255 0432 | F(1,29)<0.00] | 0.995 | 0.995
Egr4 100+ 12.07| 110 +4.47 |114 + 14.71| 103 +£5.23 | F (1, 30) =1.117 | 0.299 | 0.466 | F (1, 30) < 0.001 | 0.978 | 0.990 | F (1, 30) =0.113 | 0.740 | 0.836
D 10 100 200

Fig. 4. 5-HT>4 receptor knockout mice exhibit altered chronic unpredictable stress-evoked regulation of stress-related and immediate early genes within the prefrontal cortex in a sexually
dimorphic manner. Shown is a schematic (A) illustrating the treatment groups and CUS paradigm following which the prefrontal cortex (PFC) region of both WT and 5—HT£/<’ male
and female mice was subjected to qPCR analysis to determine gene expression of stress-related, trophic factor, and immediate early genes. Shown are normalized gene expression
levels, represented as percent of wild-type controls, in the PFC following CUS administration in WT and 5—HT2’[<’ male (B) and female (C) mice. Heat maps indicate the extent of
regulation represented as percent of wild-type controls (WT Cntrl), with upregulated genes shown in red and downregulated genes shown in green (key, D). The data are rep-
resented as percent of wild-type controls + SEM (n = 7—10/group). Two-way ANOVA, Bonferroni post-hoc analysis. Our two-way ANOVA results include p values for CUS x genotype
interaction, CUS and genotype effects, which are FDR uncorrected and FDR corrected. Bonferroni post-hoc analysis: *p < 0.05 (WT CUS compared to WT control), $p < 0.05 (5-HT,, K’
CUS compared to S—HT;K’ control), and °p < 0.05 (S—HTZ’K’ control compared to WT control). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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A WT .
> Control Hippocampus
5-HT,,* gene expression
Jandg VT (Q) )
5-HT,,”
B
(Percentl\g? l\;\ElsT Cntrl) C[,Tlgt:rggggtr}lfpe —— Sty
Gene | WT Cntrl | Wt cus S'é{ft;f'/' S'SEZSAJ' 5 (Fn, D) |fpveiime vazﬁw F (D, DR | valtve pF‘Zﬁe |F(DFa DB [ valus valzlffw
Crh | 100£4.15 100+ 10.8 | 114 +8.87 | 87+£3.43 | F (1,29) = 3.841 | 0.060 | 0.166 | F (1, 29)=3.766 | 0.062 | 0.167 | F (1, 29) <0.00/ | 0.951 | 0.989
Crhrl | 100+2.57 | 101 +£9.56 | 105+4.23 | 79+ 5.018 | ' (1, 29) = 6.546 | 0.016 | 0.089 | F(1,29)=5.918| 0.021 | 0.104 | F(I,29) =2.665| 0.113 | 0.236
Nr3cl | 100+4.65| 80+3.45 | 92+4.63 | 69+3.4 | F(1,30)=0.121 | 0.730 | 0.850 | F (1, 30) =22.89 |<0.001| 0.005 | F (I,30) =4.948 | 0.034 | 0.123
Nr3c2 | 100£2.6 | 79+:4.89 | 88432 | 68349 | F (1,28) =0.029 | 0.866 | 0938 | F (1, 28) =28.20 |<0.001| 0.004 | F (1, 28) =8.307 | 0.008 | 0.066
Bdnf |100+4.36 | 105+3.91 | 95+5.67 | 91+3.09 | F (1,29) =0.824 | 0.371 | 0.536 | F(1,29) =0.008 | 0.928 | 0.972 | F (1,29) =3.797 | 0.061 | 0.167
Igfl |100+3.96 | 90+4.67 | 106+6.72 | 84+58 | F (1,29 =1.235| 0276 | 0448 | F(1,29)=7.876| 0.009 | 0.069 | F (I, 29) =0.002 | 0.966 | 0.992
Are 100+ 7.62 | 89 £ 11.79 |106 + 12.15| 73+£4.9 | F (1, 30) = 1.249 | 0.273 | 0.448 | F (1, 30) =4.885 | 0.035 | 0.124 | F (1, 30) = 0.303 | 0.586 | 0.726
Fos |100 + 10.41|75 = 13:39/|M 80+797 | F (1,30)=1.106| 0301 | 0466 | F(1,30)=6.116 | 0.019 | 0.100 | F (1, 30)=1.703 | 0.202 | 0.370
Fosb |100 +10.62| 103 + 18 90+742 | F(1,30)=2971| 0.095 | 0221 | F(1,30)=2.397 | 0.132 | 0.261 | F (1, 30) =0.841| 0.367 | 0.539
Egrl |100+4.04 100+ 9.31 | F(1,28) =1.500 | 0.231 | 0.419 | F(1,28) =1.477| 0234 | 0.420 | F (1, 28) = 15.46 |<0.001| 0.011
Egr2 |100+8.92 | 64+7.87 |101+7.86 | 61 £877 | F (1, 30) = 0.036 | 0.851 | 0.928 | F (I, 30)=18.26 |<0.001| 0.006 |F (1, 30)=0.01 | 0916 | 0972
Egr3 |100+£3.27| 97+3.9 |100+5.79| 83+2.1 | F (1, 29) =2809| 0.105 | 0.234 | F(1,29) =5.098| 0.032 | 0.124 | F (1,29) =2.744 | 0.108 | 0.238
Egr4 | 100+3.9 |115+14.15 118 £5.43 | F (1, 28) = 7.015 | 0.013 | 0.079 | F (1, 28) =0.466 | 0.500 | 0.662 | F (1, 28) =8927 | 0.006 | 0.053
c
(Perce:;eont} 271\;!'18" Cntrl) CUISt;rg:rtllgtl;pe L S=nowyee
Gene | WT Catrl | WT CUS S-gn’rt;‘f-/‘ s-g[]J"ZSA-/‘ F (DFn, DFd) |p value plill?alli o| F (DFn, DFd) |p value pF‘B}}m F (DFn, DEd) |p value pF\];ﬁe
Crh | 100£8.74 | 85+4.48 | 100+7.06 | 81£2.02 | F(1,32)=0.121 | 0.731 | 0.844 | F (1, 32)=7.589 | 0.010 | 0.071 | F(1,32) =0.159 | 0.693 | 0.818
Crhrl |100+£9.35| 85+6.23 | 82+9.3 | 78+5.69 | F (1, 33) =0.604 | 0.443 | 0.606 | F (1, 33) =1.450 | 0.237 | 0.416 | F (1, 33) =2.481 | 0.125 | 0.250
Nr3cl |100+3.99 | 85+3.01 | 89+3.49 | 85281 | F/(1,33) =2.880 | 0.099 | 0224 | F (1, 33)=8555| 0.006 | 0.054 | F (1, 33)=2336| 0.136 | 0.262
Nr3c2 |100+6.72 | 99 +£4.58 [128 £6.71¢| 95+ 7.518 | F (1, 32) = 6.198 | 0.018 | 0.098 | F (1, 32) =6.937 | 0.013 | 0.084 | F (1, 32) =3.641 | 0.065 | 0.173
Bdnf |100+8.58 | 92+5.47 | 123+59 | 99+8.75 | F (1,32) =1.345| 0255 | 0427 |F(1,32)=5.010| 0.032 | 0.120 | F(1,32) =4.425 | 0.043 | 0.144
Igfl |[100+3.84| 85+4.2 | 98+524 | 94+7.7 | F(I,32)=1.029| 0318 | 0.486 | F (1, 32)=3.204| 0.083 | 0.202 | F (1, 32) =0427 | 0.518 | 0.673
Are 100+ 5.82 | 77+£5.04 | 90+7.21 | 73+7.86 | F (1,33)=0.181 | 0.674 | 0.802 | F(1,33)=9.325| 0.004 | 0.057 | F(1,33)=1.133| 0295 | 0.465
Fos |100 +17.58 F(1,33)<0.001 | 0992 | 0998 | F(1,33)=8939| 0.005 | 0.051 (F (1, 33)=0.0152| 0903 | 0.965
Fosb | 100+8.61 | 69+4.67*| 78 +6.37 |86+ 12.03 | F (1, 32) =5.486 | 0.026 | 0.108 | F(1,32)=1.985| 0.169 | 0317 | F(1,32)=0.075| 0.785 | 0.869
Egrl |100+7.45 |67 +2.52*% | 87 +5.18 | 86+5.75 | F (1, 33) =8983| 0.005 | 0.053 | F (1, 33) =9.462 | 0.004 | 0.060 | F(I,33)=0.260 | 0.613 | 0.748
Egr2 100+ 12.69| 62£4.36 | 73+6.32 |69+10.91 | F (1, 33) =3.512 | 0.070 | 0.179 | F (1,33)=5.733| 0.023 | 0.103 | F (1, 33) =1.165| 0.2838 | 0.463
Egr3 |100+2.03 o3 99+3.36 | 85+298 | F(I,30)=3.050| 0.091 | 0.218 | F (1, 30) =9.384 | 0.005 | 0.055 | F(1,30) =4.410| 0.044 | 0.144
Egr4d |100+£5.63 | 84+£2.12 | 92+7.13 | 97+3.54 | F (1, 32)=4.352| 0.045 | 0.140 | F(1,32)=1.154| 0.291 | 0.463 | F(1,32)=0.315| 0.578 | 0.722
D 10 100 200

Fig. 5. 5-HT»4 receptor knockout mice exhibit altered chronic unpredictable stress-evoked regulation of stress-related and immediate early genes within the hippocampus in a sexually
dimorphic manner. Shown is a schematic (A) indicating the experimental groups and CUS paradigm following which non-stressed and CUS treated WT and 5-HT>A~ male and female
mice were subjected to gene expression analysis to determine mRNA levels of stress-related, trophic factor, and immediate early genes within the hippocampus. Shown are
normalized gene expression levels, represented as percent of wild-type controls (WT Cntrls), in the hippocampus following CUS administration to WT and 5-HT;4~ male (B) and
female (C) mice. Heat maps indicate the extent of regulation represented as percent of wild-type controls (WT Cntrl), with upregulated genes shown in red and downregulated
genes shown in green (key, D). The data are represented as percent of wild-type controls + SEM (n = 6—10/group). Two-way ANOVA, Bonferroni post-hoc analysis. Our two-way
ANOVA results include p values for CUS x genotype interaction, CUS and genotype effects, which are FDR uncorrected and FDR corrected. Bonferroni post-hoc analysis: *p < 0.05 (WT
CUS compared to WT control), *p < 0.05 (5-HTz4~ CUS compared to 5-HT34~ control), and °p < 0.05 (5-HT34~ control compared to WT control). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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indicated significant CUS x genotype interactions for Fosb, Egr1 and
Egr4 with a differential effect of CUS noted in wild-type and 5-
HTZ_}(_ female mice. Bonferroni post-hoc comparisons revealed a
stress-evoked decline in Fosb and Egrl in wild-type, but not 5-
HT;[, female mice (Fig. 5C). Our findings highlight the sexually
dimorphic effects of 5-HT,4 receptor loss of function on the
expression of specific [EGs in the hippocampus, with 5—HT271<7 male
mice exhibiting an increase in specific IEGs in the hippocampus, a
pattern not observed in the hippocampi of 5—HT2’1<’ female mice.

4. Discussion

The major findings of our study indicate that 5-HTa receptor
deficiency influences specific CUS-evoked consequences, with 5-
HTZ_}(_ mice exhibiting a perturbed pattern of both CUS-induced
metabolic dysfunction, such as dyslipidemia, and CUS-evoked
gene expression changes in the PFC and hippocampus. The
altered metabolic and transcriptional profile following CUS noted in
5-HT;, Ai mice exhibits sexual dimorphic features. Interestingly, the
behavioral despair that emerges following CUS was not changed in
either 5-HT2’[<’ male or female mice. These results highlight the
sexual dimorphic role of the 5-HT,a receptor in mediating spe-
cific aspects of CUS-evoked metabolic and transcriptional, but not
behavioral, responses.

4.1. 5-HT»4 receptor deficiency and behavioral consequences of CUS

Our observation of reduced anxiety-like behavior in 5-HT,, -
mice of both sexes is in agreement with prior reports (Weisstaub
et al., 2006). Despite the striking baseline reduced anxiety-like
state noted in 5—HT27/<7 mice, the commencement and severity of
behavioral despair noted in the TST and FST tasks following CUS
did not appear to be altered. This suggests that the baseline
reduced anxiety-like behavior in 5-HT,, /(7 mice does not serve to
predict any improvement in stress coping capacity, rather we find
that the full spectrum of behavioral despair develops in the
knockout mice. Both wild-type and 5—HT2’I<’ male and female
mice subjected to CUS demonstrated similar increases in despair-
like behavior on the FST and TST across the CUS paradigm. We
also compared the despair-like behavior of the CUS administered
wild-type and 5—HT27/<7 mice to their non-stressed, genotype and
sex-matched littermate controls and observed a significant in-
crease in immobility time. However, one caveat to keep in mind
while interpreting the comparison of CUS treated groups to their
respective non-stressed controls of both genotypes is that the CUS
group underwent repeated exposures to the FST and this could have
an impact on their immobility behavior on this task. Interestingly, a
recent report also indicates that a baseline antidepressant-like state
noted in 5—HT§§’ mice did not prevent the emergence of
depressive-like behavior following social isolation stress (Diaz
et al.,, 2016). A previous pharmacological study indicates that 5-
HT>a/c receptor blockade with ketanserin infusion into the orbito-
frontal cortex, can prevent the anhedonic, increased anxiety-like
and depressive-like behavior evoked by CUS, but does not influ-
ence these behavioral features under baseline conditions (Xu et al.,
2016). Further, infusion of a 5-HTac receptor agonist into the OFC
can induce anhedonia, anxiety and behavioral despair, mimicking
the effects of chronic stress (Xu et al., 2016). Our findings with the
5-HT>4 receptor knockout mice differ in this regard. However, it is
also important to note that ketanserin also exerts antagonistic ef-
fects at other 5-HT, receptor subtypes (Bard et al., 1996; Herndon
et al., 1992). Given that the 5-HT,g and 5-HT,c receptor are both
strongly implicated in the regulation of behavioral despair and in
stress-evoked responses (Mongeau et al., 2010; Quesseveur et al.,
2012; Diaz et al., 2016), pharmacological evidence thus far does

not allow a clear delineation of the contribution of distinct 5-HT»
receptor subtypes to the behavioral effects of chronic stress.
Although previous reports do not indicate any major develop-
mental changes in the 5-HT271<7 mice (Weisstaub et al., 2006), we
cannot preclude the possibility that differences in studies with
pharmacological blockade of the 5-HT,4 receptor and the 5-HTa
receptor deficient mice may also arise due to adaptations ensuing
from constitutive loss of the receptor.

Previous studies have suggested that 5—HT2’A’ mice exhibit
exacerbated depressive behavior in response to chronic
corticosterone treatment (Petit et al., 2014). Our results did not
reveal any worsening of the behavioral trajectory following CUS
and also did not show any change in circulating corticosterone
levels when observed at end of the CUS regime. It is important to
note that chronic corticosterone treatment is not necessarily an
equivalent of CUS treatment, although it is reported to recapitulate
certain aspects of chronic stress-evoked changes (lijima et al., 2010;
Rebuffé-Scrive et al., 1992). However, these studies highlight one
factor in common, namely that 5-HT;4 receptor deficiency does not
in any way prevent the manifestation of behavioral despair. Recent
studies also indicate that both the 5-HT,4 and 5-HTyg loss of
function mice serve as models for treatment-resistance to phar-
macological antidepressants (Diaz et al., 2016; Quesseveur et al.,
2016). 5-HT,a receptor deficient mice are reported to exhibit
enhanced 5-HT;a autoreceptor function, which is suggested to
contribute to the treatment-resistance phenotype exhibited by
these mice (Quesseveur et al., 2016, 2013), and may also play a role
in our observations that despite baseline reduced anxiety-like
behavior, 5-HT,, ,(7 mice are equally susceptible to the behavioral
effects of adult-onset, chronic stress. It is of interest that the
expression of the 5-HT,p receptor peaks during postnatal life
(Murrin et al., 2007; Zhang, 2003) raising the possibility that the 5-
HT,a receptor may exert a role in the effects of early life stress.
Indeed, prior pharmacological studies suggest a key role for 5-HT,4
receptors in contributing to the anxiety-like behavior evoked
following early life stress (Benekareddy et al., 2011). Future studies
are required to examine whether the trajectory of behavioral
changes evoked by early stress is altered in 5-HT,4 receptor defi-
cient mice.

4.2. 5-HT,4 receptor regulation of CUS-evoked changes in serum
metabolic markers

CUS is known to cause a reduction in body weight and alter-
ations in lipid metabolism (da Silva et al., 2014; Fu et al., 2016). We
did find a CUS-evoked decline in body weight with no significant
CUS x genotype interaction for either males or females, although
the weight decline did appear attenuated in the knockout mice. We
observed mildly enhanced circulating glucose levels in the 5-HT;, K’
mice in our serum profile studies, with a genotype effect noted in
both male and female mice. Recent reports using pharmacological
approaches indicate a role for peripheral 5-HT,a receptors in the
liver and in adipocytes in mediating metabolic changes evoked by
chronic stress, including dyslipidemia and insulin resistance (Fu
et al., 2016; Hansson et al., 2016; Oh et al., 2016; Rosmond et al.,
2002). Chronic stress is associated with upregulation of liver 5-
HTza and 5-HTyp receptors, and a 5-HTzasg receptor antagonist
sarpogrelate can block stress-evoked dyslipidemia (Fu et al., 2016).
Our results indicate that CUS evokes dyslipidemia, with enhanced
serum cholesterol and LDL, which appeared more pronounced in
wild-type female mice. Further, this CUS-evoked dyslipidemia was
not observed in 5-HT,, /<’ female mice, which exhibited a baseline
dyslipidemic phenotype, with hypercholesterolemia as well as
enhanced LDL levels. These findings suggest a possible interaction
with estrogen, given that the 5-HT,, /<7 male mice did not exhibit
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any baseline lipid profile changes (Cavus and Duman, 2003; da Silva
et al., 2014). Taken together, these findings implicate the 5-HTa
receptor in chronic stress-evoked dyslipidemia, and motivate
future studies to address the relationship between 5-HT,5 re-
ceptors, estrogen and chronic stress in the regulation of lipid
metabolism.

4.3. 5-HT>a receptor regulation of stress-associated and trophic
factor gene expression under baseline and CUS conditions

Our gene expression studies, focused on the regulation of stress
associated pathways, trophic factors and IEGs in the PFC and hip-
pocampus of 5-HT;, A’ male and female mice following CUS. In our
qPCR results (Figs. 4 and 5) we report p value and FDR corrected p
value for the main effects of CUS x genotype interaction, CUS and
genotype for all genes in the PFC and hippocampus, of both males
and females resulting in a total of 156 p values on which an FDR
correction was applied. While the FDR uncorrected p value repre-
sents a multiple comparison adjusted p value for the internal two-
way ANOVA run for that particular gene, given we have multiple
comparison across several genes, two brain regions and both gen-
ders we have also provided the FDR corrected p value for all tests.
Amongst the stress pathway associated genes, Crh, Crhr1, and the
corticosterone receptors (GR: Nr3cl and MR: Nr3c2), and the
epigenetic regulation of their expression by environment has been
strongly linked to development of stress susceptibility (Castro-Vale
et al,, 2016; Reul et al., 2015; Wan et al., 2014). Further, CRH pre-
administration into the prefrontal cortex enhances 5-HT, receptor
agonist evoked anxiety-like behaviors likely through a CRHR1-
induced sensitization of 5-HT, receptor signaling, indicating an
interaction between 5-HT, receptors, CRH and CRHR1 (Magalhaes
et al., 2010). In our results, we observed that the CUS evoked
down-regulation of prefrontal Crh did not appear to be altered by 5-
HT2a receptor deficiency in both sexes. In the hippocampus, Crh
regulation by CUS was sexually dimorphic, with a decline noted
only in female mice post CUS that was not influenced by 5-HT4
receptor loss. With regards to Crhr1, we noted that the CUS-induced
down-regulation of prefrontal Crhr1 observed selectively in female
mice was lost in the 5-HT4 receptor female nulls, and in the hip-
pocampus the CUS-evoked decline in Crhr1 was noted selectively in
5-HT,, /(7' but not wild-type, male mice. Similar to the pattern noted
for Crhr1 expression, the 5-HT,4 regulation of GR and MR receptors
also exhibited sexual dimorphism, with a baseline increase in
prefrontal GR (Nr3c1) and hippocampal MR (Nr3c2) expression
selectively in 5-HT,, A’ female mice. Further, this sexual
dimorphism also applied to the pattern of regulation of
hippocampal GR and MR by CUS, with a decline in hippocampal
GR and MR noted in both wild-type and 5-HT,, Ai male mice, with
a differing pattern in their female counterparts. These
observations strongly indicate a sexual dimorphic influence of 5-
HT»a receptors in the baseline and CUS-mediated regulation of
Crh, Crhr1, GR and MR expression in cortical brain regions.

Previous results indicate that 5-HT,a receptor agonists induce
cortical Bdnf expression and reduce hippocampal Bdnf mRNA levels
(Vaidya et al.,, 1997). Acute 5-HTa receptor antagonist treatment
does not appear to influence the baseline expression of either
cortical or hippocampal Bdnf expression (Vaidya et al., 1997). Our
findings revealed that baseline expression of Bdnf was significantly
enhanced in the hippocampi of 5-HT, A’ female, but not male, mice.
This is interesting given a previous report of an estrogen and 5-
HTa receptor interaction in the regulation of Bdnf expression
(Cavus and Duman, 2003). Interesting, CUS regulation of prefrontal
Bdnf expression was only observed in the 5-HT,a receptor null

mice, with significance observed in the male knockouts and a trend
in female knockouts. These findings add to the evidence of a
reciprocal interaction between 5-HT,s receptors and BDNF
(Homberg et al., 2014; Rios et al., 2006; Vaidya et al., 1997).

4.4. 5-HT,4 receptor regulation of IEG expression under baseline
and CUS conditions

Prior evidence indicates that 5-HT,a receptor agonists induce
EPSPs in the cortex, likely through their expression on excitatory
pyramidal neurons (Aghajanian and Marek, 1999; Martin-Ruiz
et al., 2001). In contrast, 5-HT,a receptor stimulation results in
enhanced IPSPs in the hippocampus due to the presence of 5-HT,5
receptors on GABAergic interneurons and ensuing effects on GABA
release (Piguet and Galvan, 1994; Shen and Andrade, 1998; Wyskiel
and Andrade, 2016). This has been suggested to contribute to the
effects of 5-HT,5 receptor agonists on activity-dependent gene
expression, with a robust increase noted in IEG expression in
cortical brain regions and either a decline or no change in the
hippocampus (Benekareddy et al., 2013; Gonzalez-Maeso et al.,
2007). Acute treatment with 5-HT,5 receptor agonists has been
reported to enhance the cortical expression of several IEGs
including Arc, Fos and Egri-4 (Benekareddy et al.,, 2013; Gonzadlez-
Maeso et al., 2007; Pei et al., 2004). Our findings indicate that 5-
HT>4 receptor null male, but not female, mice exhibit a baseline
reduction in expression of several of the IEGs tested (for eg. Arc, Fos,
Egr2) in the PFC. Consistent with prior pharmacological studies of
opposing effects of 5-HT,a receptor activation on cortical and
hippocampal IEG expression (Santini et al., 2011), we noted a
differing pattern for the baseline regulation of IEG expression in the
hippocampi of 5-HT>4 receptor deficient mice. 5—HT27/<7 male, but
not female, mice exhibited a robust increase in the baseline
expression of specific IEGs, namely Egrl and Egr4 in the
hippocampus, with a similar pattern of upregulation also noted in
other IEGs tested (Fos, Fosb). Our results provide further support
to the idea that 5-HT>4 receptor stimulation bidirectionally regu-
lates the expression of IEGs within the neocortex and hippocampus.
Further, these observations serve to underscore the point that the
5-HT>4 receptor-mediated regulation of IEGs may exhibit sex dif-
ferences, given that we did not observe any substantial baseline
regulation of prefrontal or hippocampal IEG mRNA levels in 5-
HTEA’ female mice. Overall the detailed analysis of baseline IEG
expression indicates that 5-HT,s receptors exert an opposing
pattern of control on several IEGs in the PFC and hippocampus
primarily in male mice, suggestive of interactions between estro-
gen and 5-HT>x receptors in baseline IEG regulation.

Chronic stress exposure has been shown to evoke a decline in
IEG expression in the PFC and the hippocampus (leraci et al., 2016;
Law et al., 2016; Ons et al., 2010). Our findings are in agreement
with reference to the regulation of Fos expression with a CUS-
evoked reduction noted in the PFC and hippocampi of both male
and female wild-type mice. This CUS-evoked decline in prefrontal
Fos expression appeared to be attenuated in 5-HT,, Ai male, but not
female, mice, with a trend (p = 0.053) for a CUS x genotype
interaction noted, likely due to the steep baseline reduction noted
in S—HTZ_A_ male mice. This pattern is similar for Egr2, with an
abrogation of the CUS-evoked decline in 5—HT2’K’ male, but not
female, mice. The loss of the CUS- evoked decline in these
specific IEGs (Fos, Egr2) may arise due to a floor effect due to the
baseline reduction in the 5-HT;, ,(7 male mice. Within the
hippocampus, CUS resulted in a reduction in specific IEGs (Arc,
Fos, Egr2, Egr3) irrespective of genotype or sex. Strikingly, specific
IEGs (Fosb, and Egrl) showed sexual differences in their
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regulation by CUS, with a reduction observed only in wild-type
female mice, an effect that was blunted in 5-HT,, Ai female mice.
These observations highlight that the role of the 5-HT»a receptor,
both in contributing to the baseline, and CUS-mediated, regulation
of specific IEGs is sexually dimorphic.

4.5. Conclusion

The results of this study provide evidence that the 5-HT>x re-
ceptor in a sexually dimorphic manner modulates the metabolic
and transcriptional sequelae, but not the behavioral despair, that
follow due to chronic stress exposure. Given clinical evidence that
polymorphisms at the HTR2A gene locus can influence both sus-
ceptibility to major depressive disorder and treatment responsivity
to antidepressants (Chang et al., 2017; Horstmann et al., 2010;
McMahon et al., 2006), our findings motivate further research to
examine the interactions between 5-HT;4 receptors and estrogen in
determining the severity of the molecular, cellular, metabolic and
behavioral effects of chronic stress.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ynstr.2017.06.001.
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