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P. Silva a, Pablo I. González a, Sara Lagos a, María A. García a, Matías Alarcón-Mardones a, 
Paulina S. Rojas, PhD b, Xiaojiang Xu, PhD c, John A. Cidlowski, PhD c, Esteban Aliaga, PhD d,*, 
Jenny Fiedler, PhD a,** 

a Laboratory of Neuroplasticity and Neurogenetics. Faculty of Chemical and Pharmaceutical Sciences. Department of Biochemistry and Molecular Biology. Universidad de 
Chile, Independencia, 8380492, Santiago, Chile 
b Escuela de Química y Farmacia, Facultad de Medicina, Universidad Andres Bello, Santiago, Chile 
c National Institute of Environmental Health Sciences, National Institutes of Health, Department of Health and Human Services, Research Triangle Park, NC, 27709, USA 
d Medical Technology School and the Neuropsychology and Cognitive Neurosciences Research Center (CINPSI-Neurocog), Faculty of Health Sciences, Universidad 
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A B S T R A C T   

Stress-related disorders display differences at multiple levels according to sex. While most studies have been 
conducted in male rodents, less is known about comparable outcomes in females. In this study, we found that the 
chronic restraint stress model (2.5 h/day for 14 days) triggers different somatic responses in male and female 
adult rats. Chronic restraint produced a loss in sucrose preference and novel location preference in male rats. 
However, chronic restraint failed to produce loss of sucrose preference in females, while it improved spatial 
performance. We then characterized the molecular responses associated with these behaviors in the hippo
campus, comparing the dorsal and ventral poles. Notably, sex- and hippocampal pole-specific transcriptional 
signatures were observed, along with a significant concordance between the female ventral and male dorsal 
profiles. Functional enrichment analysis revealed both shared and specific terms associated with each pole and 
sex. By looking into signaling pathways that were associated with these terms, we found an ample array of sex 
differences in the dorsal and, to a lesser extent, in the ventral hippocampus. These differences were mainly 
present in synaptic TrkB signaling, Akt pathway, and glutamatergic receptors. Unexpectedly, the effects of stress 
on these pathways were rather minimal and mostly dissociated from the sex-specific behavioral outcomes. Our 
study suggests that female rats are resilient and males susceptible to the restraint stress exposure in the sucrose 
preference and object location tests, while the activity of canonical signaling pathways is primarily determined 
by sex rather than stress in the dorsal and ventral hippocampus.   

1. Introduction 

Several diseases display sex differences in their prevalence, onset, 
severity, and effectiveness of pharmacological treatments. For example, 

depressive and anxiety disorders are nearly twice as prevalent in fe
males, and are characterized by their association with stress, especially 
with psychosocial stress (Kessler et al., 1993; McCarthy, 2016). Despite 
the documented sex differences in the incidence of stress-related 
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neuropsychiatric disorders, there is not much basic research in animals 
that compares the effects of stress between male and female brains. 

Some reports have indicated that female rats and mice show less 
anxiety-like behavior than males under non-stressful behavioral tasks 
(Donner and Lowry, 2013). However, upon chronic stress exposure, 
anxiety-like behaviors consistently increase in male rats (Ulloa et al., 
2010); whereas the responses in female rats are more diverse, probably 
depending on the type of task employed, the stressor applied, and 
estrous cycle (ter Horst et al., 2012). Normally, male rats and mice learn 
faster in radial arm and Morris water mazes, but show impairments in 
spatial learning and memory after chronic stress; in contrast, chronically 
stressed females display improved spatial performance (Bowman et al., 
2001; Luine et al., 2017). Some reports using chronic stress models in 
male rodents have show altered behavior associated with dendritic 
retraction and reduction of spine density, both in glutamatergic neurons 
of the hippocampal CA region (Pittenger and Duman, 2008; Castaneda 
et al., 2015; Garcia-Rojo et al., 2017) (reviewed in (Qiao et al., 2016)). 
In contrast, chronically stressed female rats fail to show dendritic 
retraction at any estrous phase, and insted display an increase in mature 
spines in CA1 neurons (McLaughlin et al., 2010). Furthermore, 
long-term potentiation (LTP) –one of the main models of synaptic 
plasticity underlying learning and memory– is more difficult to induce in 
females than males (Woodburn et al., 2021), but is favored during 
proestrus (Warren et al., 1995). 

The differences in dendritic spine density and LTP detected between 
female and male sexes –both under basal conditions and chronic stress– 
may be associated with variations in the expression of different subtypes 
of glutamate receptors. A study in hippocampal extracts indicated that 
female rats have lower levels of metabotropic glutamate receptors 
(mGluR1 and mGluR2), but higher levels of the NMDA receptor 
(NMDAR) subunit GluN2B, compared with males (Ning et al., 2017). 
Furthemore, another study in whole hippocampal extracts found that 
chronic unpredictable mild stress (CUMS) induced a reduction in PSD95 
(a neuronal PDZ protein), and the NMDAR subunits GluN2A and GluN2B 
in female rats; while CUMS reduced the levels of GluN1 (the mandatory 
subunit of NMDARs) and increased GluN2B levels in males (Ning et al., 
2017). Importantly, one confounding variable rarely considered in 
molecular studies is the molecular and functional heterogeneity of the 
hippocampus along its longitudinal axis. Lesion studies in rats have 
indicated that the dorsal hippocampus (septal portion) is responsible for 
cognitive functions (learning, memory and spatial navigation); while the 
ventral hippocampus (temporal portion) participates in the control of 
hedonic and anxious behaviors, and negative regulation of the neuro
endocrine stress axis (Fanselow and Dong, 2010; Strange et al., 2014). 
However, most of the biochemical studies have mainly considered either 
whole hippocampus or DH and, subsequently, have not allowed the 
comparison between the two poles of the hippocampus. Furthermore, 
the effects of stress on signaling pathways relevant for neuroplasticity 
across the brain have been extensively described for males, but not for 
female rodents (Lin et al., 2009). 

Using the chronic restraint stress (CRS) model, we explored the 
interaction between sex as a biological variable and CRS on behavior, 
transcriptomic signatures by RNA sequencing (RNA-seq), and synaptic 
regulatory molecular pathways in the dorsal and ventral hippocampus, 
separately. We hypothesized that sex differences in the transcriptional 
profiles of the dorsal and ventral hippocampus, along with specific 
changes in signaling pathways, may correlate with the differences trig
gered by CRS in novel location and sucrose preference. Our findings 
unveiled that sex differences in CRS-induced behavior are related to 
both specific transcriptional signatures and neurotrophic signaling 
pathways in DH and VH. 

2. Material and methods 

2.1. Experimental design and animals 

Adult Sprague-Dawley rats were obtained from the animal facility of 
the Faculty of Chemical and Pharmaceutical Sciences of Universidad de 
Chile. Efforts were made to minimize the number of animals and their 
suffering. All procedures were performed according to the protocols 
established and approved by the Institutional Committee for Animal 
Care and Use (CICUA) of Universidad de Chile (CBE approval codes: 
CBE2018-04, CBE2019-01, 19309-CYQ-UCH, 20397-CYQ-UCH) and the 
Agencia Nacional de Investigación y Desarrollo (ANID), in compliance 
with the National Institutes of Health Guide for Care and Use of Labo
ratory Animals (NIH Publication, 8th Edition, 2011). Newborn rats were 
assigned to female or male sex according to external genitalia. Adult 
male and female Sprague-Dawley rats weighing 300–350 g and 
240–280 g at the beginning of the procedures, respectively, were housed 
in groups of 3–4 per cage (all assigned to the same experimental group). 
The rats were maintained in separate rooms by both sex and stress, with 
controlled temperature (22–23 ◦C), humidity (45%), and standard light: 
dark cycle (12 h:12 h). We employed a 2 × 2 between-subject factors 
design to explore the effects of sex (female or male) and stress (control or 
restraint). Three different cohort of rats were employed: one cohort was 
exclusively used for behavioral analysis (females: control = 10, stress =
10; males: control = 10, stress = 10); a second cohort for RNA-seq 
studies (females: control = 5, stress = 5; males: control = 5, stress =
5); and a third cohort for synaptoneurosome preparation and western 
blotting (females: control = 7, stress = 6; males: control = 7, stress = 9). 

Food (Prolab® RMH 3000, LabDiet, St. Louis, MO, USA) and filtered 
tap water were freely provided, except during restraint stress sessions. 
Food consumption was daily monitored per cage during all experimental 
procedures by placing 200 g of rat chow onto the food cage each 
morning and weighting the remaining food the next morning. The cage 
bedding was routinely changed every 4 days. All rats were weighed once 
per day for 15 days prior to and during the experimental procedures. In 
the case of female rats, vaginal smears were daily collected (8–10 a.m.) 
to determine the estrous cycle stage according to published guidelines 
(Cora et al., 2015). The procedure consisted in a gentle and quick re
straint of the rat, followed by applying 0.3 mL of filtered tap water into 
the vaginal canal using a plastic Pasteur pipette, and finally 2–3 flushing 
to collect cells. Then, a small amount of the cell suspension was added 
onto a microscope slide and immediately visualized under a light mi
croscope with 10X magnification. The estrous cycle stage was assigned 
by the abundance and types of cells present across several fields of the 
slide (Fig. S1). Female rats displaying regular 3–5 days estrous cycles 
only were used for subsequent experiments. 

At the end of experimental procedures, animals not assayed in 
behavioral tests were euthanized by decapitation for brain dissection 
and a sample of trunk blood was immediately collected for analyzing 
serum corticosterone (CORT) levels. CORT levels were determined by 
ELISA (Enzo Life Sciences, NY, USA; Cat. ADI-900-097) following the 
manufacturer’s instructions. Additionally, bilateral adrenal glands were 
dissected, weighted, and the bilateral weight average was normalized to 
the animal weight at the endpoint. 

2.2. Experimental and restraint stress procedures 

In order to use samples for other studies that could include admin
istration of drugs, both control and stressed animals were daily injected 
subcutaneously with propylenglycol (1 μl/g of weight), prior to every 
stress session. During stress sessions, both female and male controls were 
left undisturbed in their homecages. The animals assigned to the stress 
groups were positioned into ventilated size-matched acrylic tubes to 
restrict their movement during 2.5 h per day (tube diameter: 80 mm 
diameter for males and 55 mm for females). Then, the tubes were hor
izontally placed in pairs inside a clean cage with the two animals 
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orientated back-to-back. Restraint sessions were conducted during the 
morning (between 9:00 a.m. and 12:00 p.m.) to avoid circadian rhythm 
influences. During restraint sessions, the animals did not have access to 
water and food, and were returned to their homecages immediately after 
the procedure. In the case of males, restraint sessions were performed 
every day for 14 consecutive days, as previously described (Castaneda 
et al., 2015). Considering that estrous cycling may influence the out
comes in females, we controlled for this variable by choosing the estrus 
stage as the endpoint, due to the low levels of circulating estrogens, 
hence minimizing the acute neuromodulatory effects of estrogens 
(reviewed in (Taxier et al., 2020)). In order to reproduce the 14 days 
chronic stress protocol in females –while also considering 4 days estrous 
cycles lengths in average– the start of the restraint protocol was per
formed during metestrus or diestrus, and was continued for 13–15 days 
(depending on individual cycle lengths). This timeline allowed a high 
probability of finding a proestrus in the day 14 of restraint and, there
fore, an estrus on day 15 (24 h after the last stress session). 

2.3. Fecal pellet output 

To assess the stress response to restraint sessions, the number of fecal 
pellets produced by each animal during the 2.5 h restraint interval was 
measured every stress session, and an average of all sessions was 
calculated per animal. In the case of control animals, and considering 
that individual housing may produce stress, the average number of 
pellets produced by grouped animals per cage was obtained at the end of 
a 2.5 h interval, everytime the bedding was changed (ie. every 4 days). 
Of note, the timing of these measurments in control animals was coin
cident with the 2.5 h of restraint sessions. Each time the measurement 
was performed was counted as a single datapoint; therefore, replicas 
represent distinct measurements. 

2.4. Behavioral studies 

To explore the effects of sex and chronic restraint on different be
haviors, we employed a battery of tests that allowed repeated testing in a 
single cohort of animals. The behavioral tests used were, in chronolog
ical order: open field test (OFT), sucrose preference test (SPT), and ob
ject location/novel object recognition tests (OLT/NORT). The timeline 
of testing is depicted in Fig. 2A. All tests were performed in the morning 
during the light phase of the photoperiod (9–14 h), 24 h after a stress 
session and prior to any restraint session, to avoid acute effects of stress. 
In males, OFT was performed on day 13, 24 h after the last stress session. 
On day 15, 24 h after the last restrain, males were probed for SPT, fol
lowed by OLT/NORT. In females, the day of testing depended on indi
vidual cycles lengths. Since estrus was selected as the endpoint, OFT was 
performed always in diestrus on day 12–14, and SPT followed by OLT/ 
NORT were performed always in estrus on day 14–16. 

2.4.1. Open field test (OFT) 
The first habituation session to the OLT/NORT arena was considered 

as an open field test. Each rat was placed inside a squared arena (60 ×
60 cm) facing one corner. The trajectory of the rat in the arena was 
recorded during 10 min and analyzed using the free software Tracker 
(https://physlets.org/tracker/). For quantification, the arena was 
divided in 9 equal squares of 20 × 20 cm: the central square was defined 
as the center, the 4 corner squares as the corners, and the remaining 4 
wall squares as the walls. 

2.4.2. Sucrose preference test 
To evaluate anhedonic-like behavior, we performed the sucrose 

preference test, which evaluates the preference for sweet-flavored water 
over tap water. Briefly, the rats were introduced to the sucrose solution 
by placing each rat in individual cages with two identical bottles con
taining 1% sucrose. All animals were trained for 3 h each day for 7 
consecutive days prior to the first stress session. In male rats, the test was 

performed at day 15, 24 h after the last stress session. In female rats, the 
test was performed in estrus on day 14–16, depending on cycle lengths. 
During the test, rats were given a free choice between two bottles, one 
filled with 1% sucrose and the other filled with tap water. The mass of 
the bottles was measured before and after the test, and the position of 
the bottles was randomly switched to prevent side preference in drink
ing behavior. Sucrose preference was calculated as a percentage of the 
total amount of liquid ingested. 

2.4.3. Object location task (OLT) and novel object recognition task 
(NORT) 

To assess the effect of stress on hippocampal-dependent memory, we 
performed the object location task (OLT), followed by the novel object 
recognition task (NORT) (Barker and Warburton, 2011; Vogel-Ciernia 
and Wood, 2014). Prior to the test day, animals were habituated to the 
arena (60 × 60 cm square) once daily for two consecutive days. The 
habituation sessions consisted in placing the rat in the arena facing the 
same corner each time, and allowing the animal to explore the arena for 
15 min. On the test day, rats were submitted to the training phase of 
OLT, in which two identical objects were located at adjacent corners of 
one side of the arena. Then, the rat was placed facing the same corner of 
this arena and was allowed to explore both objects for 5 min. After a 
delay of 5 min, the testing phase began by placing one of the two objects 
in the original position and the other one in a diagonal corner, allowing 
the rats to explore for 5 min. After a second delay of 5 min, the NORT 
phase began by placing the same object in the novel location of the OLT 
and a new different object in the OLT familiar location, allowing the rats 
to explore for 5 min. The position of the moved object and the entry 
corner were counterbalanced across rats. Each phase was videorecorded 
and then analyzed by two different observers blinded to the experi
mental groups. In male rats, the habituations were performed on days 13 
and 14, and the OLT/NORT test on day 15, 24 h after the last stress 
session. In female rats, the habituation sessions were conducted on 
diestrus on day 12–14 and day 13–15, followed by the OLT/NORT 
testing in estrus on day 14–16, depending on cycle lengths. Data were 
expressed as a discrimination index (DI) determined with the formula: 
DI = (time spent exploring the object in a novel location − time spent in 
exploring object in a familiar location)/(total exploration time) for OLT; 
and DI = (time spent in exploring the novel object − time spent in 
exploring the familiar object)/(total exploration time) for NORT. The DI 
values range between − 1 and 1; where a negative value indicates a 
preference for familiar location or object, and a positive value represents 
a preference for exploring either the object in a novel location or the new 
object. 

2.5. RNA sequencing (RNA-seq) and bioinformatic analyses 

For RNA sequencing studies, an independent cohort of animals was 
used. Twenty-four hours after the last stress session or procedure, 
bilateral dorsal and ventral hippocampi were dissected from rats quickly 
after decapitation using RNase-free implements at 4 ◦C. The dorsal and 
ventral portions of the hippocampus were defined by their position 
relative to dorsal-ventral and rostral-caudal axes. Whole hippocampi 
were quickly placed over an ice-cold Petri dish and dissected the top 2/6 
as dorsal hippocampus, the bottom 3/6 as ventral hippocampus, and the 
middle portion was discarded. The dissected hippocampi were flash- 
frozen in liquid nitrogen and kept at − 80 ◦C until processing. Then, 
RNAs were isolated from dorsal and ventral hippocampi as we have 
previously described (Castaneda et al., 2015), using the RNeasy Mini Kit 
(Qiagen, California, USA). Five biological replicates were obtained from 
each group: female control (FC), female chronic stress (FS), male control 
(MC), male chronic stress (MS). Only the fraction of RNAs longer than 
200 nucleotides was used for subsequent sequencing studies. The con
centration of the samples was assayed by Qubit™ RNA BR Assay Kit 
(Invitrogen). The samples held RNA Integrity Numbers (RIN) between 8 
and 10, as assessed by the Bioanalyzer system (Agilent Technologies). 
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Ribosomal RNA depletion, cDNA library generation and 150-bp paired 
end sequencing procedures were performed in the Beijing Genomics 
Institute (BGI) using the DNBseq platform. At least 40 million clean 
reads of sequencing depth were obtained for each sample. RNA-seq data 
was preprocessed using Trim Galore (http://www.bioinformatics.ba 
braham.ac.uk/projects/trim_galore/) to remove low-quality bases, and 
high-quality reads were aligned against the rat reference genome 
(UCSC/rn6) using Hisat2 (Kim et al., 2019). Then, reads assignment and 
counting were performed using FeatureCounts from the Subread pack
age (Liao et al., 2014). The resulting count matrices were processed 
using DESeq2 (Love et al., 2014) to obtain the differentially expressed 
genes by sex (female control vs male control; female stress vs male 
stress) and stress (females stress vs control; males stress vs control). 
Differentially expressed genes were defined as those whose p-values 
were less than 0.05. 

Differentially expressed genes in each dataset were subsequently 
uploaded to the Ingenuity Pathway Analysis (IPA) software (QIAGEN 
Digital Insights). The IPA software was used for its ability to analyze 
mRNA data in the context of known biological response and regulatory 
networks. IPA returns a score for each network using a p-value based on 
Fisher’s exact test. The software determines the probability that each 
biological function assigned to that data set was due to chance alone. 

2.6. Rank-rank hypergeometric overlap (RRHO) 

We compared the stress-induced transcriptional signatures of the 
dorsal and ventral hippocampus within- and between-sexes using the 
RRHO2 package (Plaisier et al., 2010; Cahill et al., 2018). We used. the 
threshold-free expression datasets obtained from DEseq2, contrasting 
stress vs control for each sex and pole. The RRHO pipeline allows the 
visualization of overlap heatmaps, where pixels are plotted in one of 
four quadrants in order to determine the concordance and directional 
overlap between datasets. Heatmaps generated using RRHO2 have 
top-right (both decreasing) and bottom-left (both increasing) quadrants, 
representing the concordant mRNA changes, while the top-left and 
bottom-right quadrants represent discordant overlaps (opposite direc
tional overlap between datasets). For each comparison, the stratified 
RRHO method was used on -log (p-values) with the default step size for 
each quadrant, and adjusted Benjamini-Yekuteli p-values were calcu
lated to determine significant concordant and discordant overlaps. 

2.7. Western blot of synaptoneurosome-enriched and whole homogenate 
fractions from rat hippocampus 

Animals of a third independent cohort not tested for behavioral an
alyses were euthanized 24 h after the last stress session or procedure and 
bilateral dorsal and ventral hippocampi were obtained as described 
above for RNA-seq studies. The hippocampi were processed to obtain 
protein extracts from hippocampal whole homogenates and 
synaptoneurosome-enriched fractions (Fig. S2), as we have reported 
(Aguayo et al., 2018a, 2018b; Roman-Albasini et al., 2020). Western 
blot was performed as we have previously described (Aguayo et al., 
2018a, 2018b; Roman-Albasini et al., 2020). Briefly, 30 μg or 15 μg of 
protein of whole hippocampal homogenates or synaptoneurosomes, 
respectively, were resolved in 10% SDS-polyacrylamide gels. Proteins 
were then electroblotted onto 0.2 μm nitrocellulose membranes. Mem
branes were finally processed for Western blot, according to the condi
tions depicted in Table S1. Blots were then incubated with the 
appropriate HRP-conjugated secondary antibody: anti-rabbit IgG (Invi
trogen, cat #31460) or anti-mouse IgG (Invitrogen, cat #31460). 
Membranes were developed by incubation with enhanced chemilumi
nescent substrate (Clarity Western ECL Substrate, Bio-rad, USA) and 
imaged with Syngene (Cambridge, UK). To determine the phosphory
lation status of target proteins, blots incubated and developed with 
phospho-specific antibodies were stripped and reprobed for total target 
levels. Bands were quantified with the ImageJ software (https://imagej. 

nih.gov/ij), and normalized to β-actin immunoreactivity as a loading 
control, or to total target immunoreactivity in the case of phosphopro
teins. To maximize the yield of protein samples, gels were often cut at 
different molecular weights and each blot fragment was probed indi
vidually with an antibody. Therefore, β-actin blots were often shared 
between different protein targets. To provide full transparency and 
avoid repetitive actin blots in the main figures, we included represen
tative actin blots for each SDS-PAGE run in the supplement, where we 
indicate which targets in the main text figures were utilized as their 
respective loading controls (Fig. S3). 

2.8. Statistical analysis 

For most physiological, behavioral and Western blot data, two-way 
ANOVA (2 × 2) was utilized to explore the effects of sex, stress, and 
their interaction (sex × stress). Planned comparisons (female control vs 
male control; female control vs female stress; male control vs male 
stress; and female stress vs male stress) were performed with Fisher’s 
test, whenever a significant main effect or interaction was detected. All 
the computed F- and p-values of two-way ANOVA are reported in the 
supplementary material (Table S2), while key significant effects are also 
reported in the main text and figures. For each determination, outliers 
were defined as those exceeding the mean ± two standard deviations. To 
determine the effect of restraint stress in the length of the estrous cycle, 
the non-parametric Mann-Whitney test was used. The statistical soft
ware GraphPad Prism (GraphPad Software Incorporated, V. 8.0.2) was 
used for all analyses. 

3. Results 

3.1. Females and males are sensitive to chronic stress according to 
physiological parameters 

First, we validated the stress exposure in both female and male rats 
by assessing physiological parameters. During the stress response, cen
trally produced corticotropin-releasing hormone triggers an activation 
of colonic motility, increasing the fecal pellet output (Tache and Million, 
2015). Accordingly, we determined the mean value of feces evacuated in 
2.5 h during the 14 days of stress treatment. In comparison to control 
animals, stressed animals displayed increased fecal pellet output (stress: 
F(1,73) = 52.78, p < 0.0001; Fig. 1A). Additionally, stressed females 
defecated more pellets that males (sex: F(1,73) = 4.499, p = 0.0373). 
Chronic stress exposure is known to diminish weight gain in male ro
dents. To get a global effect of the stress response, we compared the body 
weight changes at the treatment endpoint, expressed as the percentage 
of baseline for each rat. We noted that males gained more weight than 
females (sex: F(1,79) = 50.45, p < 0.0001; Fig. 1B). Furthermore, we 
observed that chronic stress reduced weight gain in males, but not in 
females (sex × stress: F(1,79) = 9.789, p = 0.0025; Fig. 1B). Next, we 
evaluated the cumulative 24 h food consumption during the 14 days of 
procedures. Food consumption during treatments was significantly 
higher in male than female rats (sex: F(1,28) = 49.55, p < 0.0001; 
Fig. 1C). Moreover, only stressed females displayed a reduction in food 
consumption, compared to sex-matched controls (stress: F(1,28) = 9.065, 
p = 0.0055; Fig. 1C). Interestingly, the reduced weight gain observed in 
stressed males compared to controls was not related to decreased food 
consumption, and probably responds to a stress-induced metabolic ab
normality (triggered, for instance, by corticosterone). Additionally, we 
did not observe stress-induced variations in estrous cycling (Man
n-Whitney U = 215, two-tailed p = 0.3951; Fig. 1D). To evaluate HPA 
axis changes produced by chronic stress, we determined both adrenal 
gland weights and unstimulated corticosterone levels. We found that the 
normalized adrenal weight was higher in females than males (sex: F(1,41) 
= 115.7, p < 0.0001; Fig. 1E), and was increased by chronic stress only 
in females (stress: F(1,41) = 4.479, p = 0.0404; Fig. 1E). Finally, the 
corticosterone serum levels were not affected neither by stress nor sex 
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(Fig. 1F). Altogether, these results show that the fecal pellet output is 
increased by chronic stress in both females and males, but only stressed 
males show a body weight gain variation under stress. Moreover, ad
renal gland weight and food consumption are basally determined by sex 
and only stressed females displayed variations in these parameters. 

3.2. Sex-dependent changes in sucrose preference, memory and anxiety- 
like behaviors following two weeks of restraint stress 

We have previously reported that CRS produces depressive- and 
anxiety-like behaviors in male rats (Bravo et al., 2006; Ulloa et al., 2010; 
Castaneda et al., 2015; Garcia-Rojo et al., 2017), accompanied by a loss 
in novel location preference in the OLT (Roman-Albasini et al., 2020). 
To determine whether female rats displayed the same behavioral sus
ceptibility to this stress paradigm, we conducted a battery of behavioral 
test in both female and male rats (Fig. 2A). The sucrose preference test 
was used as a readout of anhedonic-like behavior at the treatment 
endpoint (Fig. 2A and B). We observed a strong sex-dependent effect of 
stress on sucrose preference 24 h after the last stress session (sex × stress: 
F(1,33) = 15.85, p = 0.0004; Fig. 2B). Notably, while both female and 
male controls showed sucrose preference (~80%), chronic stress ablated 
sucrose preference in male rats (~30%), while sucrose preference was 
unaffected by CRS in female rats (Fig. 2B). These results show that 
chronic restraint stress induces loss of sucrose preference only in male 
rats. 

Next, to evaluate the effects of chronic stress on contextual memory, 
we submitted rats to the object location task (OLT), which strongly 

depends on the dorsal hippocampus (Barker and Warburton, 2011); 
followed by the novel object recognition task (NORT), which relies on 
the perirhinal cortex (Barker and Warburton, 2011). In the OLT, female 
controls displayed a lower DI than male controls (Fig. 2C). Furthermore, 
we observed a sex-divergent effect of stress on the OLT discrimination 
index (sex × stress: F(1,33) = 14.48, p = 0.0006; Fig. 2C). Indeed, while 
stress increased the discrimination index in females, it decreased the 
discrimination index in males (Fig. 2C). Additionally, the total explo
ration time was comparable between groups. In the NORT, we observed 
that female and male controls could identify a novel object similarly, 
without any effect of stress (Fig. 2D). These results indicate that, while 
female controls do not discriminate in the OLT, stressed females display 
preferred exploration of the novel location over the familiar one. 
Conversely, CRS triggers a loss of this spatial ability in males. These 
observations suggest that chronic stress triggers an enhancement and 
detriment of spatial memory in female and male rats, respectively. In 
contrast, novel object recognition is insensitive to restraint stress and 
both female and male rats perform similarly. 

Since a first introduction to the OLT/NORT arena is required prior to 
these tests, we considered this instance as an opportunity to measure 
open field test parameters. Representative trajectories from each group 
are shown in Fig. 2E. Time spent at the center of the arena did not 
display significant differences (Fig. 2F). On the other hand, the number 
of crossings through the center of the arena was larger in female than 
male controls (sex: F(1,36) = 9.746, p = 0.0035; Fig. 2G). Additionally, 
the path length was also larger in female than male controls (sex: F(1,37) 
= 9.011, p = 0.0048; Fig. 2H). However, no effect of stress was observed 

Fig. 1. Female and male rats are sensitive to chronic restraint stress. (A) Fecal output was determined in control cages (2.5 h) and stressed animals during the 
stress session. Restraint stress increased fecal output in both males and females (n = 16–23 rats per group). (B) Variation of body weight at the end of the 14-day 
treatment. Chronic stress decreases weight gain only in males (n = 19–23 rats per group). (C) Cumulative food consumption. Males exhibited higher food intake than 
females regardless of the experimental condition, while stress decreased food intake only in females (n = 7–9 cages per group). (D) Effect of chronic restraint stress on 
the estrous cycle. Vaginal smears were taken to determine the progression of the estrous cycle during the treatments (n = 21–24 rats per group). (E) Adrenal gland 
weight of control and stressed animals were normalized to body weight. This ratio was higher in females than males, despite the experimental condition. Stress 
decreased this ratio in females (n = 10–12 rats per group). (F) Serum corticosterone levels (8 a.m.) in control and stressed animals (n = 10–12 rats per group). All 
graphs show individual datapoints, and bars represent the mean ± SEM. Data in A, B, C, E and F were analyzed by two-way ANOVA, followed by Fischer’s test (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Full statistical details are shown in Table S2. In D, conditions were compared by the Mann-Whitney test (ns). 
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in both parameters (Fig. 2G and H). These open field parameters suggest 
that neither stress nor sex influence anxiety-like behavior. Of note, 
further tests aimed at assessing anxiety-like behaviors should help 
establish a more robust conclusion. 

Overall, these results suggest that female rats are resilient against 
chronic restraint stress in terms of sucrose preference and spatial 
memory; whereas male rats display a susceptible endophenotype. 

3.3. Chronic restraint stress triggers sex-dependent transcriptional profiles 
in the dorsal and ventral hippocampus 

Considering that chronic restraint stress produced rather distinct 
behavioral outcomes in female and male rats, we next sought to unveil 
molecular correlates that could explain these differences. Moreover, 
these behavioral tests may involve either directly or indirectly the dorsal 
(spatial memory) and ventral (anhedonic-like behavior) hippocampal 
formation (Fanselow and Dong, 2010; Strange et al., 2014). Thus, we 
utilized RNA-seq to determine the transcriptomic profiles that result 
from chronic restraint in the dorsal and ventral hippocampus, sepa
rately, in both female and male rats (Fig. 3A). An independent cohort of 
animals not submitted to behavioral test was used (Fig. 3A). We 
observed a notable sex-specific transcriptional profiles of 

stress-responsive genes in both the dorsal and ventral hippocampus 
(Fig. 3B and C, respectively). In the dorsal hippocampus, we detected 
1315 and 442 unique stress-sensitive genes in female and male rats, 
respectively, with only 37 (~2%) differentially expressed genes shared 
between female and male rats (Fig. 3B, right). When stress-sensitive 
genes were ordered by fold change for either sex, rather discordant 
distributions of the gene sets were observed (Fig. 3B, left). When 
considering fold change direction, females displayed a larger set of 
upregulated (689) than downregulated (663) stress-sensitive genes in 
the dorsal hippocampus. Similarly, males had a greater number of 
upregulated (254) than downregulated (225) genes. Notably, of the 37 
shared stress-sensitive genes between the female and male dorsal hip
pocampus, 24 were in the same change direction (8 downregulated and 
18 upregulated). 

Similar sex asymmetries were observed for the stress-responsive 
genes in the ventral hippocampus (Fig. 3C). Indeed, 300 and 480 
unique genes were differentially expressed in the female and male 
ventral hippocampus, respectively, and only 19 (~2.4%) were over
lapped between females and males (Fig. 3C, Venn diagram). The com
parison by fold change also indicated striking sex-specific 
transcriptional profiles (Fig. 3C, heatmaps). Moreover, the transcrip
tional profile of females was shifted toward upregulation vs 

Fig. 2. Anhedonic-, anxiety-like behaviors and 
memory performance following chronic stress 
exposure. (A) The timeline shows the day in which 
the behavioral tests were performed. (B) Sucrose 
consumption test. Bar graphs indicate the preference 
for 1% sucrose instead of drinking water, as a per
centage of the total fluid intake in control and 
stressed animals. A decrease in sucrose preference 
was observed only in stressed males compared to 
controls. n = 9–10 rats per group. (C) Object location 
and (D) Object recognition tests are related to novelty 
discrimination. The data are represented as a 
discrimination index. Chronic stress decreased the 
discrimination index of object location in males, and 
increased it in females. n = 9–10 rats per group. (E) 
The open field test was conducted to evaluate 
anxiety-like behaviors. Representation of animal tra
jectory of controls and stressed animals in an arena. 
(F) Quantitative analysis of animal behavior in the 
arena, represented as time spent at center, (G) num
ber of crossings and (H) path length (n = 9–12 rats 
per group). Basally, females exhibited fewer crosses 
and a shorter path length than males. All graphs show 
individual datapoints, and bars represent the mean ±
SEM. Data were analyzed by two-way ANOVA, fol
lowed by Fischer’s test (*p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001). Full statistical details are 
shown in Table S2.   
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downregulation (176 vs. 143). Conversely, the stress-sensitive genes of 
the male ventral hippocampus were trended toward downregulation vs 
upregulation (252 vs. 247). Lastly, of the 19 genes sensitive to chronic 
stress in both the female and male ventral hippocampus, 12 exhibited 
concordant change directions (7 upregulated and 5 downregulated). 
Overall, these results evidence a rather specific transcriptional response 

to chronic restraint stress according to sex in both the dorsal and ventral 
hippocampus. 

Fig. 3. Female and male rats express different transcriptional responses in the dorsal and ventral hippocampus after chronic stress. (A) Timeline repre
senting the endpoint for RNA-seq studies and the relationship between the hippocampal poles with behavioral analyses. (B) Heatmap and Venn diagram of genes 
differentially regulated by chronic stress in the dorsal female hippocampus, compared with genes differentially expressed in males. (C) Heatmap and Venn diagram of 
genes differentially regulated by chronic stress in the ventral male hippocampus, compared with genes differentially expressed in males. RNA-seq was performed on 
n = 5 rats of each sex and group. Differentially expressed RNAs were defined as those with p < 0.05. 
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3.4. Identification of statistically significant overlaps between gene 
expression signatures of the dorsal and ventral hippocampus 

To identify putative significant overlaps of the transcriptional sig
natures produced by chronic restraint stress between the dorsal and 
ventral hippocampus for each sex, we conducted a rank-rank hyper
geometric overlap (RRHO) test. In females, we detected a significant 
coherence of co-upregulated and co-downregulated genes between the 
hippocampal poles (Fig. 4A, left). In contrast, in males, a significant 
overlap was detected in downregulated genes between the dorsal and 
ventral hippocampus (Fig. 4A, right). These within-sex overlaps suggest 
that only genes that are concordant between the dorsal and ventral 
hippocampus display significant overlap. Next, we used RRHO to 
compare the gene expression patterns produced by chronic stress, 

according to both sex and hippocampal region (Fig. 4B). Notably, only a 
major overlap was observed between upregulated genes in the female 
ventral and male dorsal hippocampus (Fig. 4B, bottom right), while the 
other comparisons revealed little or no overlap. These between-sexes 
analyses evidence that significant overlaps only occur between co- 
expressed genes of the female ventral and male dorsal hippocampus, 
while the rest of the stress-induced transcriptional profiles are specific 
for each sex and hippocampal pole. 

3.5. The sex-specific transcriptional signatures produced by chronic stress 
in the rat dorsal and ventral hippocampus are related to distinct 
physiological functions 

In order to discover putative functional roles of the chronic stress- 

Fig. 4. Rank-rank hypergeometric overlap 
(RRHO) of the dorsal and ventral hippocampal 
transcriptional signatures induced by chronic re
straint. The transcriptional profiles induced by 
chronic restraint were compared (A) within each sex 
and (B) between hippocampal poles and sexes, to 
identify concordant and discordant significant over
laps of gene expression in a threshold-free manner. 
Each pixel represents the degree of overlap according 
to a hypergeometric test, where the adjusted p-value 
is determined by the color (warmer colors indicate 
increased significance). Higher overlaps were 
observed for concordant changes between the female 
dorsal and ventral hippocampus, and co- 
downregulated signatures between the male dorsal 
and ventral hippocampus. The between-sexes com
parisons revealed a significant overlap between the 
co-upregulated profiles of the female ventral and 
male dorsal hippocampus. RRHO analysis was per
formed on RNA-seq samples (n = 5 rats of each sex 
and group). (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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induced sex-specific transcriptional signatures in both the dorsal and 
ventral hippocampus, we analyzed differentially expressed genes by 
means of the Ingenuity Pathway Analysis (IPA, Fig. 5). Enrichment an
alyses of DEGs revealed important signaling pathways that may be 
significantly influenced by chronic stress, mostly in a sex- and hippo
campal pole-specific manner. 

In the dorsal hippocampus, the female top canonical pathways 
included Huntington’s disease and the initiation of translation by eIF2 
signaling. On the other hand, the top pathways of the male dataset were 
related to axonal guidance, neuroinflammation and circadian rhythm. 
Furthermore, among the top predicted upstream regulators, BDNF and 
the mTOR inhibitor Torin-1 (Audet-Walsh et al., 2017) were found for 

Fig. 5. Summary of canonical pathways, upstream regulators, related diseases, and physiological function of the sex-specific transcriptional signatures of 
chronic stress. The functional enrichment analysis was conducted using the Ingenuity Pathway Analysis™ software. p-values for the overlap between differentially 
expressed genes and each term geneset was calculated by the Fisher’s exact test. Where applicable, the numbers along each bubble represent the number of overlaps. 
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the stress-responsive genes of the female dorsal hippocampus; whereas 
dexamethasone (a glucocorticoid receptor agonist) and beta-estradiol 
were enriched for the male dataset. When gene sets were categorized 
according to various ontologies, the female set contained genes enriched 
for gene expression, nervous system development and function, and 
neurological diseases (Fig. 5). In contrast, the stress-sensitive genes of 
the male dorsal hippocampus were related to cell growth and prolifer
ation, cell death and survival, tissue morphology, and neurological 
diseases (Fig. 5). 

Furthermore, the IPA analysis conducted with the stress-responsive 
genes of the ventral hippocampus also revealed interesting sex differ
ences and similarities. Within the top canonical pathways, the female 
dataset was enriched for aldosterone signaling, circadian rhythm and 
synaptic long-term depression; whereas axonal guidance signaling was 
enriched in males (Fig. 5). Notably, glucocorticoids may be putative 
upstream regulators for both female and male stress-induced genes in 
the ventral hippocampus, given the enrichment of the dexamethasone 
geneset in both female and male datasets. Furthermore, among the 
enriched functional ontologies, cell death and survival was detected in 
both females and males. In contrast, other enriched ontologies were 
specific for each sex. For instance, nervous system development and 

function, and neurological diseases were enriched for the stress- 
responsive genes in the female ventral hippocampus, while the 
behavior geneset was enriched in males. 

When contrasting enriched terms between the dorsal and ventral 
poles for each sex, some terms were overlapped. For example, devel
opment and function of the nervous system, along with neurological 
disease, were shared between the female dorsal and ventral enriched 
terms. On the other hand, a larger number of shared terms between the 
dorsal and ventral hippocampus was found for males (e.g., axonal 
guidance, dexamethasone, beta-estradiol, and cell death and survival). 
Despite these similarities, our results globally indicate specific func
tional enrichments according to sex and the hippocampal pole. 

3.6. Sex and stress determine TrkB signaling in the dorsal, but not ventral 
hippocampus of rats 

Considering that one of the upstream regulators suggested by IPA 
was BDNF, we evaluated changes in TrkB signaling in synaptoneur
osomes isolated from the dorsal and ventral hippocampus (Fig. 6). In the 
dorsal hippocampus, phosphorylation of the full-length (FL) TrkB re
ceptor at Tyr817 was increased by stress only in males (sex: F(1,18) =

Fig. 6. Sex and stress determine TrkB signaling in the dorsal, but not ventral hippocampus. Representative Western blots of targets evaluated in synapto
neurosomes from the (A) dorsal and (G) ventral poles. pTyr817-TrKB relative to full-length (FL) TrkB in (B) dorsal and (H) ventral hippocampus. Restraint stress 
increased TrKB phosphorylation only in the male dorsal hippocampus. (C, I) Males exhibited lower FL-TrkB levels than females in the dorsal hippocampus, regardless 
of the experimental condition. (D, J) A decrease in truncated (T)-TrkB was observed in both dorsal and ventral hippocampal poles of stressed males, compared to 
controls. (E, K) CaMKIIα phosphorylation at Thr286 increased in the dorsal hippocampus of stressed males, compared to controls. (F, L) CaMKIIα levels decreased in 
the ventral hippocampus of stressed males, compared to controls. In females, both CaMKIIα phosphorylation and total levels were insensitive to stress. Total protein 
levels were normalized using β-Actin (TrkB: run 1; CaMKIIα: run2; Fig. S3). All graphs show individual datapoints, and bars represent the mean ± SEM. Data were 
analyzed by two-way ANOVA, followed by Fischer’s test (*p < 0.05, **p < 0.01, ****p < 0.0001). Full statistical details are shown in Table S2 n = 5–6 per group. 
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13.74, p = 0.0016; Fig. 6B). Notably, the levels of FL-TrkB were signif
icantly higher in the dorsal hippocampus of females compared to males, 
irrespective of stress (sex: F(1,19) = 38.04, p < 0.0001; Fig. 6C). More
over, the levels of a truncated form of TrkB (T-TrkB) were reduced by 
stress in the male but not female dorsal hippocampus (sex × stress: 
F(1,18) = 5.302, p = 0.0334; Fig. 6D). We also evaluated the phosphor
ylation status of calcium/calmodulin-dependent protein kinase type II 
subunit α (CaMKIIα), a downstream effector of TrkB. Phosphorylation of 
CaMKIIα at Thr286 (an autophosphorylation site, which renders a 
constitutively active kinase) was increased in the dorsal region only in 
stressed males compared to male controls (stress: F(1,18) = 8.009, p =
0.0111; Fig. 6E); whereas CaMKIIα total levels were unaffected (Fig. 6F). 
These results suggest an overall reduced activity of TrkB-CaMKIIα 
signaling in the male dorsal hippocampus compared to females, inde
pendently of stress. However, this pathway seems to be activated by 
chronic stress in the male dorsal hippocampus, perhaps caused by 
reduced levels of the signaling-incompetent truncated form of TrkB. 

Similar determinations were conducted in synaptoneurosomes from 
the ventral hippocampus (Fig. 6G-L). While neither phosphorylation nor 
the total levels of the FL-TrkB receptor experienced variations (Fig. 6H 
and I), the levels of T-TrkB were reduced by chronic stress in the male 
but not female ventral hippocampus (sex × stress: F(1,19) = 4.687, p =
0.0433; Fig. 6J). On the other hand, CaMKIIα levels –but not its phos
phorylation– were reduced by stress in the ventral hippocampus only in 
males (sex: F(1,18) = 6.505, p = 0.0201; Fig. 6L). These observations 
suggest that TrkB-CaMKIIα signaling may be more sensitive to sex and 
stress effects in the dorsal but not ventral hippocampus. 

3.7. Akt signaling axis differs between the ventral and dorsal 
hippocampus of female and male rats 

TrkB may also signal through the PI3K-Akt pathway. Members of this 
pathway also participate in numerous enriched pathways and processes 
according to IPA (for instance; eIF2 signaling, cell growth, proliferation, 
survival and death; Fig. 5). Thus, we next evaluated whether sex and 
stress modulate the Akt pathway in synaptoneurosomes of the dorsal 
and ventral hippocampus (Fig. 7). Upstream of Akt, the protein and lipid 
phosphatase PTEN acts as a negative regulator of the pathway, and its 
phosphorylation at Ser380 leads to an inhibition of its phosphatase ac
tivity. In the dorsal hippocampus, PTEN phosphorylation and total 
levels, along with Akt full-activity phosphorylation (Ser473) and total 
levels, were unaffected by sex and stress (Fig. 7B–E). Nonetheless, the 
Akt-mediated phosphorylation of GSK3β at Ser9 was higher in the dorsal 
hippocampus of females vs male controls (sex: F(1,18) = 10.00, p =
0.0054; Fig. 7F). On the other hand, GSK3β total levels were signifi
cantly higher in stressed males compared to stressed females (F(1,19) =

5.063, p = 0.0365; Fig. 7G). Another important downstream effector of 
the Akt pathway is the mTOR complex 1 (mTORC1), which is activated 
by phosphorylation of mTOR at Ser2448. The phosphorylation levels of 
mTOR variated according to sex and stress (sex × stress: F(1,17) = 10.26, 
p = 0.0052; Fig. 7H); whereby control females showed higher phos
phorylation levels than control males, while stress triggered a reduction 
only in females (Fig. 7H). Moreover, mTOR total levels were higher in 
the dorsal hippocampus of stressed females than stressed males (sex ×
stress: F(1,19) = 7.894, p = 0.0112; Fig. 7I). However, mTORC1-mediated 
phosphorylation of the eukaryotic translation initiation factor 4E-bind
ing protein (4E-BP1) at Thr37/46 and its total protein levels were 
insensitive to sex and stress (Fig. 7J–K). These results suggest that the 
Akt pathway may be more active in female than male controls, whereas 
chronic restraint effects seem negligible in the dorsal hippocampus. 

In the ventral hippocampus (Fig. 7L–V), phosphorylation of PTEN 
was not affected by sex nor stress (Fig. 7M). However, total PTEN levels 
were higher in male than female controls (sex: F(1,20) = 10.73, p =
0.0038; Fig. 7N). Neither Akt phosphorylation at Ser473 nor its total 
levels were influenced by sex or stress in synaptoneurosomes of the 
ventral hippocampus (Fig. 7O and P), although GSK3β phosphorylation 

was increased in females by chronic stress (stress: F(1,20) = 4.546, p =
0.0456; Fig. 7Q). Furthermore, total GSK3β levels were higher in 
stressed males compared to females (sex: F(1,20) = 5.812, p = 0.0257; 
Fig. 7R). Conversely, mTOR phosphorylation and its total levels, along 
with 4E-BP1 phosphorylation, were insensitive to sex and stress (Fig. 7S- 
U). Nonetheless, total 4E-BP1 levels were higher in control males than 
females (sex: F(1,19) = 5.860, p = 0.0257; Fig. 7V), and stress triggered a 
rise in its levels only in females (stress: F(1,19) = 7.023, p = 0.0158; 
Fig. 7V). Altogether, these data suggest that –in contrast to the dorsal 
hippocampus– the Akt pathway seems similarly active between female 
and male controls. However, the increase in GSK3β inhibitory phos
phorylation is suggestive of a neuroprotective response to chronic stress 
in the female ventral hippocampus. 

3.8. ERK-CREB signaling differs by sex in the dorsal and ventral 
hippocampus 

Besides the PI3K-Akt pathway, the TrkB receptor also signals 
downstream via the ERK-CREB axis. Thus, we evaluated the phosphor
ylation status of ERK and CREB in whole hippocampal homogenates. In 
the dorsal hippocampus, the activating phosphorylations of ERK1-2 in 
Thr185/Tyr187 were higher in female controls than males (sex: F(1,20) =

13.54, p = 0.0015; Fig. 8B). On the other hand, total ERK1-2 levels were 
not affected by sex nor stress (Fig. 8C). Regarding CREB, we observed 
the same profile as ERKs; where CREB phosphorylation at Ser133 was 
higher in females than males, irrespective of stress (sex: F(1,19) = 12.89, 
p = 0.0019; Fig. 8D), and its total levels were similar across groups 
(Fig. 8E). In the ventral hippocampus, ERKs phosphorylation was 
insensitive to sex and stress, but its total levels were higher in female 
control than in males (sex: F(1,20) = 6.912, p = 0.0161; Fig. 8H). Simi
larly to the dorsal region, CREB phosphorylation was consistently higher 
in females than males in the ventral hippocampus (sex: F(1,20) = 32.68, p 
< 0.0001; Fig. 8I); however, this CREB phosphorylation profile was 
discordant with ERKs phosphorylation in the ventral hippocampus. 
These differences may be related to the lower total CREB levels in female 
than male controls (sex: F(1,20) = 4.573, p = 0.0450; Fig. 8J). As a whole, 
these data indicate that females express higher levels of pCREB in both 
hippocampal poles, suggesting a neuroprotective effect that was insen
sitive to stress. 

3.9. AMPA and NMDA glutamate receptors subunits are modulated by 
sex mainly in the dorsal hippocampus of rats 

Until now, we have described that sex, stress and the hippocampal 
pole act in concert upon the activity of signaling pathways relevant to 
synaptic plasticity. In an effort to evaluate changes that could impact 
glutamatergic neurotransmission, we determined the levels of glutamate 
AMPA and NMDA receptor subunits in synaptoneurosomes. The AMPA 
receptor subunit GluA1 may be phosphorylated at Ser831 by CaMKII 
and PKC, increasing its conductance. In the dorsal hippocampus, 
pSer831-GluA1 displayed a strong interaction between sex and stress 
(sex × stress: F(1,18) = 16.75, p = 0.0007; Fig. 9B); where females 
experienced a reduction in GluA1 phosphorylation by stress, but the 
opposite effect was observed in males (Fig. 9B). Regarding total GluA1 
levels, male controls displayed lower levels than females, which were 
further reduced by chronic stress only in males (sex × stress: F(1,17) =

5.105, p = 0.0373; Fig. 9C). This difference in GluA1 levels may explain 
the increased phosphorylation status in males, but the lower phos
phorylation levels in females, and may be attributed to diminished up
stream kinase activity. Additionally, synaptic GluA2 levels were 
significantly higher in females compared to males in the dorsal hippo
campus (sex: F(1,17) = 61.25, p < 0.0001; Fig. 9D). Furthermore, the 
levels of the mandatory NMDA receptor subunit –GluN1– were also 
higher in females than males (sex: F(1,19) = 98.97, p < 0.0001; Fig. 9E), 
and were slightly but significantly increased by stress only in females. 
The levels of the auxiliary NMDA receptor subunit GluN2A were also 
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Fig. 7. The Akt signaling axis differs between the ventral and dorsal hippocampus of female and male rats. Western blot analyses from hippocampal syn
aptoneurosomes. Representative Western blots of (A) dorsal and (L) ventral hippocampal poles. (B, M) PTEN phosphorylation at Ser380. (C, N) Total PTEN levels. 
Basally, males exhibited higher levels of total PTEN than females in the ventral hippocampus. (D, O) AKT phosphorylation at Ser473. (E, P) Total Akt levels. (F, Q) 
GSK-3β Ser9 phosphorylation. Basally, females showed lower p-GSK-3β levels than males in the dorsal hippocampus. In the ventral pole, stress increased p-GSK-3β 
levels only in females. (G, R) Total GSK-3β. (H, S) mTOR phosphorylation at Ser2448. Basally, females showed higher p-mTOR levels than males in the dorsal 
hippocampus; however, restraint stress reduced this ratio only in females. (I, T) Total mTOR levels. (J, U) 4E-BP1 Thr37/46 phosphorylation. (K, V) Total 4E-BP1 
levels. Basally, females showed lower 4E-BP1 levels than males in the ventral hippocampus; however, chronic stress increased 4E-BP1 levels only in females. Total 
protein levels were normalized using β-Actin (PTEN: run 3; Akt: run 4; mTOR: run 2; GSK and 4E-BP1: run 5; Fig. S3). All graphs show individual datapoints, and bars 
represent the mean ± SEM. Data were analyzed by two-way ANOVA, followed by Fischer’s test (*p < 0.05, **p < 0.01, ****p < 0.0001). Full statistical details are 
shown in Table S2 n = 5–6 per group. 
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higher in the female than male dorsal hippocampus (sex: F(1,20) = 34.34, 
p < 0.0001; Fig. 9F); whereas GluN2B levels were similar across groups 
(Fig. 9G). These results suggest that higher levels of GluA1-and GluA2- 
containig AMPA receptors, along with GluN2A-containing NMDA re
ceptors, are present in synaptoneurosomes of the dorsal hippocampus of 
females compared to males. 

In the ventral hippocampus, on the other hand, neither GluA1 
phosphorylation nor its total levels were affected by sex and stress 
(Fig. 9I and J). However, similarly to the dorsal region, GluA2 and 
GluN1 were higher in females than males (sex: F(1,17) = 29.40, p <
0.0001; sex: F(1,19) = 17.80, p = 0.0005; Fig. 9K and L). Notably, there 
was a trend toward significance in a reduction of GluA2 levels (Fig. 9K), 
and a significant reduction in GluN1 levels, both in stressed males 
compared to sex-matched controls (Fig. 9L). Conversely, both GluN2A 
and GluN2B were insensitive to stress irrespective of sex (Fig. 9M and 
N). These data support the notion that similar effects of sex are observed 
for GluA2 and GluN1 in both hippocampal regions, although males 
display more sensitivity to stress in the ventral, but not the dorsal 
hippocampus. 

4. Discussion 

Our study demonstrates that female and male rats exposed to chronic 
restraint stress show different behavioral responses, particular tran
scriptional signatures, and differential patterns in signaling pathways 
relevant for neuroplasticity in both the dorsal and ventral hippocampus. 

In our study, chronic restraint produced effective stress responses in 
both female and male rats according to fecal pellets output. However, 
females decreased their food consumption with no variations in body 
weight; but males decreased their body weight gain, independently of 
food consumption. Interestingly, chronic restraint plus cold stress 
reduced food intake in both female and male rats; however, this effect 
was lost after five days of stress in males, while females showed a more 
delayed recovery (Pare et al., 1999). Similarly, the reduction in body 
weight gain triggered by subchronic restraint was lesser in female than 
male rats (Vieira et al., 2018). Together, these observations suggest that 
both specific and shared somatic alterations are produced by chronic 
restraint in both female and male adult rats. 

Fig. 8. ERK-CREB signaling in dorsal and ventral female and male hippocampus evaluated in whole homogenates. Representative Western blots of phos
phorylated and total ERK1-2 and CREB levels in (A) dorsal and (F) ventral hippocampus. (B, G) ERK1-2 phosphorylation at Thr185/Tyr187. Females exhibited higher 
basal p-ERK1-2 levels than males in the dorsal hippocampus, and this ratio was insensitive to stress. (C, H) Total ERK1-2 levels. Females showed higher total ERKs 
levels in the ventral hippocampus than male controls. (D, I) p-Ser133-CREB. Females showed a higher p-CREB/total CREB ratio than males in the dorsal and ventral 
hippocampus, irrespective of the experimental condition. (E, J) Total CREB levels. Females exhibited higher basal CREB levels than males in the ventral hippo
campus, irrespective of stress. Total protein levels were normalized using β-Actin (PTEN: run 3; Akt: run 4; mTOR: run 2; GSK and 4E-BP1: run 5; Fig. S3). All graphs 
show individual datapoints, and bars represent the mean ± SEM. Data were analyzed by two-way ANOVA, followed by Fischer’s test (*p < 0.05, **p < 0.01, ****p <
0.0001). Full statistical details are shown in Table S2 n = 5–6 per group. 
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4.1. Sex-specific effects of chronic restraint stress in sucrose preference 
and spatial memory 

Sucrose preference behavior is the most frequently used test to 
evaluate pleasure experience and seems to depend on sex and stress 
exposure (Willner et al., 1987; Figueroa et al., 2015; Willner, 2017). 
Some evidence indicate that the estrous cycle may influence the 
behavioral outcome in this test (Liang et al., 2008). For instance, naïve 

females in estrus show an increase in sucrose preference compared to 
rats in metestrus or diestrus (Liang et al., 2008). Although the homotypic 
stress exposure produced changes in somatic parameters in both female 
and male rats, we observed a loss in sucrose preference only in males. In 
agreement with our results, several chronic stress models consistently 
decrease sucrose preference in males (Ma et al., 2019), but not in fe
males under chronic restraint stress for 4 weeks (Zhu et al., 2014). In 
contrast, unpredictable chronic mild stress (Zhu et al., 2014) and 

Fig. 9. Sex and stress determine the levels of both AMPA and NMDA receptor subunits in the hippocampal synaptoneurosome fraction. Representative 
Western blots of synaptoneurosomal fractions of (A) dorsal and (H) ventral hippocampal poles. (B, I) p-Ser831 GluA1. In the dorsal hippocampus, restraint stress 
decreased p-GluA1/GluA1 ratio in females and increased it in males. In the ventral hippocampus, p-GluA1/GluA1 ratio was insensitive to stress in both females and 
males. (C, J) Total GluA1 levels. In the dorsal hippocampus, females showed higher GluA1 basal levels, and restraint stress decreased GluA1 levels only in males. In 
the ventral hippocampus, GluA1 levels were insensitive to stress in both females and males. (D, K) GluA2 levels. Females exhibited higher GluA2 levels than males in 
both the dorsal and ventral hippocampus, regardless of stress. (E, L) GluN1 levels. In the dorsal hippocampus, females showed higher GluN1 levels than males, and 
chronic stress increased GluN1 levels only in females. In the ventral hippocampus, chronic stress decreased GluN1 levels only in males. (F, M) GluN2A levels. In the 
dorsal hippocampus, females exhibited higher levels of GluN2A than males, despite chronic restraint. (G, N) GluN2B levels. Total protein levels were normalized 
using β-Actin (GluA1: run 5; GluA2 and GluN1: run 8; GluN2A: run 2; GluN2B: run 4; Fig. S3). All graphs show individual datapoints, and bars represent the mean ±
SEM. Data were analyzed by two-way ANOVA, followed by Fischer’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Full statistical details are presented 
in Table S2 n = 5–6 per group. 
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subchronic variable stress (SCVS) produces a reduced sucrose preference 
in females (Hodes et al., 2015; Williams et al., 2020). However, while we 
conducted the SPT in estrus, it is important to note that these studies did 
not mention if the behavioral studies were evaluated in a particular 
estrous cycle stage. 

Importantly, the ventral hippocampus integrates the cortico- 
mesolimbic circuitry of reward and heightened ventral hippocampal- 
nucleus accumbens activity mediates SCVS-induced reduction in su
crose preference in females (Williams et al., 2020) which can be linked 
to anhedonia-like behavior (Willner et al., 1987; Figueroa et al., 2015; 
Willner, 2017). Therefore, chronic restraint may trigger abnormal hy
peractivity of the male ventral hippocampus, while females may be more 
resistant to show variations in neuronal activity related to this pole. 
Other behavioral test should be used in the future to demonstrate that 
females are resilient to stress-induced anhedonic behavior. 

In addition, the ventral hippocampus is a component of the anxiety 
circuit (Parfitt et al., 2017). In the elevated plus maze, chronic restraint 
increases anxiety-like behavior in males (Ulloa et al., 2010). However, in 
our study, the time spent at the center of an open field did not differ 
neither by sex nor stress. Hence, anxiety-like behavior may depend on 
the evaluating task. Besides, female rodents show less anxiety-like 
behavior than males under non-stressful behavioral tasks (Donner and 
Lowry, 2013). Moreover, these behavioral responses are more diverse in 
females, probably depending on the type of task, stressor, and estrous 
cycle (ter Horst et al., 2012). 

In contrast to the ventral region, the dorsal hippocampus integrates 
critical networks for spatial learning and memory (Strange et al., 2014). 
Some reports have described the effects of sex and estrous cycle over 
different spatial memory tasks. For instance, there were not any sex 
differences in latencies to reach a hidden platform in a Morris water 
maze but, females in estrus exhibited a slower learning time (Healy 
et al., 1999). In contrast, both in a modified version of Morris water 
maze (in which the learning to locate a hidden platform was conducted 
in a single session) (Berry et al., 1997) and in the radial arm maze test 
(Stackman et al., 1997), there were not any significant influence of 
estrous cycle. 

Certain studies indicated no influences of the estrous cycle in the 
performance of rats (Liang et al., 2008) or mice (Spencer et al., 2008) in 
the OLT (a dorsal hippocampus-dependent task). In contrast, other 
studies have described that rats in either estrus or proestrus have larger 
exploration times for novel features –compared to rats in diestrus– in 
both the OLT (Frye et al., 2007; Paris and Frye, 2008) and NORT (per
irhinal cortex-dependent contextual memory) (Paris and Frye, 2008). 
Furthermore, another report found that chronic restraint stress 
enhanced the performance of females rats in the radial arm maze 
compared to controls when performed on diestrus; but both control and 
stressed rats had impaired acquisition during proestrus (Bowman et al., 
2001). Nonetheless, there is not much information about the effects of 
stress, male and female sex, and estrous cycle on OLT and NORT. We 
described that chronic restraint differentially impacts males and females 
in the OLT; but not in the novel object recognition test, which is 
hippocampus-independent at short retention times (Cohen and Stack
man, 2015). In the OLT, males lost their preference for the novel location 
after chronic restraint. Similarly, chronic stress impairs spatial memory 
in males by various tasks: radial arm maze (Luine et al., 1994), Y-maze 
(Conrad et al., 2003), water maze (Kitraki et al., 2004) and object 
placement (Beck and Luine, 2002; Luine et al., 2017) Thus, stress im
pairs the ability of males to perform spatial memory tasks, but females 
have greater difficulty in performing spatial memory tasks at baseline 
(Luine, 2016). Females show greater cognitive resilience against chronic 
stress, outperforming naïve females at the object placement task (Beck 
and Luine, 2002; Bisagno et al., 2003); nonetheless, these studies did not 
consider the estrous cycle as a variable. These findings agree with our 
observations conducted in estrus; i.e., stressed females exhibit a similar 
profile to control males, but different from control females and stressed 
males. 

4.2. Sex and chronic restraint shape the molecular signature of the dorsal 
and ventral hippocampus 

Considering the heterogeneous role of the hippocampal longitudinal 
axis in object location memory and reward, our results support the hy
pothesis that chronic restraint produce impairments in the male dorsal 
and ventral hippocampus, while females show remarkable resilience 
against the loss of sucrose preference, and improved performance on the 
OLT. Several studies have addressed the heterogeneity of the rodent 
hippocampus along its dorsal-ventral axis by microarray (Leonardo 
et al., 2006) and RNA-seq (Cembrowski et al., 2016). Notably, acute 
stress in male mice induces distinct transcriptional and proteomic 
changes between the hippocampal poles, with the ventral hippocampus 
being more sensitive (Floriou-Servou et al., 2018). By considering both 
the sex and hippocampal poles, our study revealed sex-specific tran
scriptional signatures of the rat dorsal and ventral hippocampus in 
response to chronic restraint, which agrees with vast findings from both 
depressed patients and animal models of chronic stress across the brain 
(Bagot et al., 2015; Labonte et al., 2017; Seney et al., 2018; Rowson 
et al., 2019; Brivio et al., 2020; Paden et al., 2020). We also noted an 
overlap in co-upregulated genes by chronic restraint between the female 
ventral and male dorsal hippocampus, suggesting a molecular conver
gence between the opposite poles and sex under stress. In the IPA 
analysis, several terms were overlapped between the female ventral and 
male dorsal hippocampus. Thus, it is plausible that part of the stress 
transcriptional signature in the male dorsal hippocampus impairs spatial 
performance, while promotes resilience in the female ventral hippo
campus. Such convergent effects require further investigation. 

Few reports have explored differences in signaling pathways be
tween the female and male brains under baseline or stress conditions. 
We detected a large number of sex differences in the dorsal hippocam
pus, irrespective of stress. These molecular differences correlated with 
the stinkingly different performance of unstressed females and males in 
the OLT. We detected that the FL-TrkB receptor is more abundant in the 
female dorsal hippocampus, in contrast to males, suggesting a height
ened availability of the receptor to signal at the synapse. Similarly, the 
activity of the Akt pathway –assessed by its downstream targets GSK3β 
and mTOR– seems larger in synaptic fractions of the female dorsal 
hippocampus, in contrast to males. Likewise, a recent study showed that 
Akt, GSK3β and p70S6K phosphoprotein levels were higher in the female 
dorsal dentate gyrus compared to males, and these differences do not 
depend on estradiol (Sheppard et al., 2021). Additionally, we detected 
that phosphorylations of ERK and CREB were also higher in the female 
dorsal hippocampus relative to males. However, considering the hip
pocampal subareas, it was reported that ERK phosphorylation is higher 
in the male dorsal dentate gyrus, while no differences were observed in 
CA1 area (Sheppard et al., 2021). Considering the known role of these 
pathways, our observations support the notion that the female dorsal 
hippocampus exhibits a molecular phenotype that may be associated 
with neuroprotection. Interestingly, the activity of these pathways may 
regulate glutamatergic neurotransmission and impact behavioral out
comes in a sex-biased manner (Wickens et al., 2018). We detected higher 
synaptic GluA1 and GluA2 levels in the dorsal hippocampus of females 
in contrast to males, in agreement with a previous report (Monfort et al., 
2015). Accordingly, CA1 AMPA excitatory potentials were reported to 
be larger in females than males (Monfort et al., 2015). Moreover, we 
detected higher GluN1 and GluN2A subunit levels in synaptoneur
osomes of the female dorsal hippocampus, in contrast to males. This was 
similar to a previous report, which showed that females have more levels 
of GluN1 and GluN2B in the whole hippocampus (Wang et al., 2015); 
however, we detected that synaptic GluN2B levels were similar between 
female and male controls. These results suggest a higher glutamatergic 
excitability in the female dorsal hippocampus that is insensitive to 
chronic restraint and dissociated from OLT performance. 

We noted that the ventral hippocampus showed more similarities 
between the sexes in signaling pathways. However, the transcriptional 
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signatures between the female and male ventral hippocampus were 
highly dissociated; hence, they may converge in functional pathways by 
different mechanisms. Among the differences, we noted higher PTEN 
levels in the male ventral hippocampus, compared to females. PTEN 
levels have been reported to increase upon chronic stress exposure in the 
prefrontal cortex of male mice (Wang et al., 2021). Thus, higher PTEN 
basal levels may be associated with stress susceptibility. As in the dorsal 
region, CREB phosphorylation was also higher in the ventral hippo
campus of females, relative to males. Of note, this effect was dissociated 
from ERK phosphorylation, suggesting the participation of other up
stream regulators (Ehrlich and Josselyn, 2016). Overall, at baseline, the 
dorsal pole seems less comparable between the sexes than the ventral 
hippocampus. 

Unexpectedly, we detected few effects of stress on the activity of 
canonical pathways in the dorsal and ventral hippocampus of both 
sexes. For instance, the truncated TrkB receptor was reduced by stress in 
the dorsal hippocampus of males, which was accompanied by an in
crease in the phosphorylations of both the full-length receptor and its 
downstream effector, CaMKIIα. Furthermore, the phosphorylation of 
GluA1 at Ser831 –mediated by CaMKIIα or PKC– was also increased in 
the male dorsal hippocampus by stress. Considering the impairment of 
stressed males on spatial tasks, further studies should address whether 
the TrkB-CaMKIIα-GluA1 axis activation in the male dorsal hippocam
pus plays a compensatory or facilitating role on this cognitive decline. 
On the other hand, stress reduced the phosphorylation of Ser831-GluA1 
in the female dorsal hippocampus; suggesting that this synaptic phe
nomenon may be related to enhanced spatial performance, although 
probably more dependent on PKC than CaMKIIα activity. 

5. Conclusions 

Overall, our findings highlight the importance of evaluating stress 
responses not only by sex, but also by segregating the dorsal and ventral 
hippocampus. The nature and extent of these differences may provide 
relevant insights for understanding the molecular events that may define 
a pro-resilient or pro-susceptible phenotype to stress-related diseases. 
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