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ARTICLE INFO ABSTRACT

Keywords: A growing body of evidence demonstrates that estrogen and corticosterone (CORT) impact on cognition and
Estradiol emotion. On the one hand, ovarian hormones may have beneficial effects on several neurophysiological pro-
Corticosterone cesses, including memory. On the other hand, chronic exposure to stressful conditions has negative effects on
I;re:;:ry aversive brain structures related to learning and memory. In the present study, we used the plus-maze discriminative

avoidance task (PMDAT) to evaluate the influence of endogenous variations of sex hormones and exposure to
different types of prolonged stressors on learning, memory, anxiety-like behavior and locomotion. Female Wistar
rats were submitted to seven consecutive days of restraint stress (4 h/day), overcrowding (18 h/day) or social
isolation (18 h/day) and tested in different phases of the estrous cycle. The main results showed that: (1) neither
stress conditions nor estrous cycle modified PMDAT acquisition; (2) restraint stress and social isolation induced
memory impairments; (3) this impairment was observed particularly in females in metestrus/diestrus; (4)
stressed females in estrus displayed less risk assessment behavior, suggesting reduced anxiety-like behavior; (5)
restraint stress and social isolation, but not overcrowding, elevated corticosterone levels. Taken together, our
findings suggest that the phase of the estrous cycle is an important modulatory factor of the cognitive processing
disrupted by stress in female rats. Negative effects were observed in metestrus/diestrus, indicating that the peak
of sex hormones may protect females against stress-induced memory impairment.

Estrous cycle

1. Introduction of stressors on memory performance may vary, so that enhancing or
impairing effects may be observed depending on the nature of the
stressor (i.e. type, intensity, duration), the type of memory being tested,

the animal's age, gender and status of gonadal hormones (Toufexis

In the last decades, numerous studies have shown that exposure to
different types of stressors leads to changes in cognitive processes such

as learning, memory and emotion (Roozendaal et al., 2009; Ulrich-Lai
and Herman, 2009; Herman et al., 2003), with the hippocampal for-
mation playing an integrative role on these processes (Izquierdo and
Medina, 1997; O'Reilly and McClelland, 1994). High expression of
glucocorticoid receptors (GR) in this structure suggests that adrenal
hormones act on the hippocampal formation, hence this area is sus-
ceptible to stress effects (Luine, 2014). Indeed, some studies report that
chronic stress alters hippocampal morphology and functionality by
producing atrophy of dendritic branching, thus decreasing synaptic
plasticity (Kim and Diamond, 2002), which is accompanied by deficits
in different behavioral tasks (Sauro et al., 2003). Conversely, the effects

et al., 2014; Rincon-Cortés et al., 2019).

In addition to the well-known role of gonadal hormones on re-
productive function, in females, these hormones also influence neu-
ronal activity and cognitive functions (Luine, 2014; Tabatadze et al.,
2015). The modulatory role of estrogen have been observed in brain
areas such as the prefrontal cortex, hippocampus and amygdala (Zeidan
et al., 2011; Mukai et al., 2010), such that either estradiol replacement
in ovariectomized rats or endogenous variation during the estrous cycle
in intact rats modulates growth of dendritic spines, synaptogenesis and
neurogenesis in the hippocampus (Scharfman et al., 2003; Li et al.,
2011; Arevalo et al., 2015; Tabatadze et al., 2015). Furthermore, there
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Fig. 1. Schematic representation of the experimental design.

is a crosstalk between the hypothalamic-pituitary-adrenal axis (HPA)
and the hypothalamic-pituitary-gonadal (HPG) axis, insofar as activa-
tion of the former can be modulated by the latter (Toufexis et al., 2014).
Oscillations in the levels of sex hormones across the estrous cycle may
also buffer deficits triggered by chronic stress exposure in female rats
(Pisu et al., 2016) inasmuch as stressful conditions fail to alter learning
and memory processes during proestrus and estrus phases (Conrad
et al., 2004). Besides their influence on cognitive processes, gluco-
corticoids and estrogens also affect anxiety-like behavior (see Maeng
and Milad, 2015 for review) and the animal's emotional state influences
its performance in memory tasks (Silva and Frussa-Filho, 2000). Thus,
we hypothesized that distinct stressors will differently influence the
performance of female rats in emotional context-dependent tasks and
that variation of physiological levels of gonadal hormones throughout
the estrous cycle will also influence their performance. The present
study aimed to investigate the effects of different types of prolonged
stressors (restraint, social isolation or overcrowding) on memory and
anxiety-like behaviors of female rats tested in different phases of the
estrous cycle. Learning and memory performance, anxiety-like behavior
and locomotor activity were simultaneously assessed in the plus-maze
discriminative avoidance task (PMDAT - Silva and Frussa-Filho, 2000).

2. Material and methods
2.1. Animals

Adult female Wistar rats (200-250 g) were kept in groups (4-5 an-
imals per cage) under conditions of acoustic isolation, controlled air-
flow and temperature (25 + 1°C) and a 12h light/12h dark cycle
(lights on 06:30 a.m.). Food and water were provided ad libitum. The
animals were handled according to the Brazilian law for the use of
animals in scientific research (Law Number 11.794) and all procedures
were approved by the local ethical committee (CEUA/UFRN Protocol
#055/2011). All efforts were made to minimize the animals' pain,
suffering or discomfort and to reduce the number of animals. Before the
onset of any experimental protocol, all animals were gently handled for
5 min/day during 3 days.

2.2. Estrous cycle

The estrous cycle was monitored by daily collection of vaginal
smears during the whole experimental protocol. Briefly, the tip of a
plastic pipette filled with 100 uL of distilled water was gently in-
troduced into the rat's vagina, the bulb of the pipette was slightly
pressured and the vaginal fluid collected. This material was placed on
glass slides, dyed with methylene blue and examined under light mi-
croscope. The rat's estrous cycle was identified according to cytological
features: metestrus (or early diestrus) - similar proportion of nucleated
cells, leucocytes and cornified cells; diestrus - predominance of leuco-
cytes; proestrus - predominance of epithelial nucleated cells; and estrus
- predominance of cornified cells. To ensure that all females were cy-
cling regularly, the estrous cycle was determined for, at least, 10 days
before the beginning of the experimental procedures. Metestrus and
diestrus phases were pooled together for analysis, based on evidence of
similar estradiol profile (Spornitz et al., 1999; Paccola et al., 2013).

2.3. General procedures and stress conditions

All animals were randomly assigned to one of four groups: control
(n = 27), restraint (n = 22), social isolation (n = 21) and overcrowding
(n = 23).

Control rats remained in their home cage (42 cm length, 34 cm
width and 18 cm height; n = 4-5 animals per cage). Rats submitted to
the different stress conditions were transferred to a separate room and
exposed to one of the stressors for seven consecutive days.

In the restraint stress condition, animals were exposed to a 4h
period of restraint (2:00 to 6:00 p.m.); each animal was placed in a
transparent plastic cylinder (18 cm length and 9 cm width), with a
0.3 cm hole at one extremity of the tube where the animal's head was
positioned for breathing. After each restraint session, rats were returned
to the home cages with their cage-mates.

In the social isolation stress condition, the animals were housed in
individual cages (42 cm length, 34 cm width and 18 cm height) during
18h (8:00 p.m. to 12:00 p.m.) for seven consecutive days. The in-
dividual cages were placed in isolated environments (different rooms)
to prevent communication among animals.

Animals in the overcrowding condition were kept in groups of five
animals in a small cage (31 cm in length X 20 cm wide X 22 cm high)
during 18 h (from 8:00 p.m. to 14:00 a.m.) for seven consecutive days.
In this group, two animals were excluded from the analysis due to
technical problems in the video recording. Accommodation of un-
familiar subjects in a small space directly affects their social organiza-
tion within the group and resembles the stress condition of high po-
pulation density (Bartolomucci et al., 2005; Uarquin et al., 2016).

The experimental timeline is presented in Fig. 1.

2.4. Plus-magze discriminative avoidance task (PMDAT)

Twenty-four hours after the last day of stress exposure the animals
were submitted to the training session in the PMDAT. The wood-made
apparatus used is a modified version of the conventional elevated plus-
maze. The maze contains two enclosed arms (50 cm in length X 15cm
wide X 40 cm high): one aversive enclosed arm (AV) and one non-
aversive enclosed arm (NAV) opposite to two open arms (OA; 50 cm in
length X 15cm wide). The PMDAT was conducted in two sessions:
training and test, each session lasting 10 min. In both sessions, the
animals were individually placed in the center of apparatus facing one
of the open arms. In the training session, the aversive stimuli were
turned on each time the animal entered with the whole body in the
aversive enclosed arm, and turned off when the animal left the arm. The
aversive stimuli were an 80 dB noise and a 100 W light produced by
speakers and lamp, respectively, placed over the AV arm. Memory ac-
quisition was measured during the training session. In the test session
(24 h later), the animals were placed again in the central segment and
allowed to explored the apparatus without presentation of the aversive
stimulation (see Fig. 1) for evaluation of memory retrieval. Learning
and memory were evaluated by the percentage of time spent in the
aversive arm [%TAV = time in AV /(time in NAV + AV) X 100]
throughout the sessions (in three blocks of 200 s each), and comparing
the total time spent in the AV in relation to the NAV (during 300s) in
the training and test sessions, respectively.

All behavioral experiments were performed between 1:00 p.m. and
5:00 p.m. The sessions were recorded by a digital camera placed above
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the apparatus and the behavioral parameters were registered by a
video-tracking software (Anymaze, Stoelting, USA). Anxiety-like beha-
vior was evaluated by the percentage of time spent in the open arms
[%TOA = time in OA / (time in NAV + AV + OA) X 100], so that the
lesser time spent in the open arms reflected higher levels of anxiety-like
behavior, and by the time spent in risk assessment behaviors (stretched-
attend posture — SAP and head dipping), so that the higher the SAP the
greater the anxiety-like profile. SAP was recorded when the animal
stretched forward and then retracted to the original position without
doing any forward locomotion (Rodgers and Cole, 1993). Head dipping
behavior was recorded when the animal oriented the head over the side
of the maze and was classified in two categories: protected head dip-
ping (PHD) - when the animals displayed this behavior being in the
central area (relatively secure area) and unprotected head dipping
(UPHD) - when animals displayed it in the open arms (relatively unsafe
area). We only considered the training session for evaluation of anxiety-
like behavior because exploration of open arms is absent in a second
exposure to the plus maze apparatus (Pereira et al., 1999). Locomotion
was measured by the distance travelled in the apparatus. At the end of
each behavioral session, the apparatus was cleaned with a 5% alcohol
solution.

2.5. Determination of the corticosterone levels

Immediately after the PMDAT test session, animals were decapi-
tated and trunk blood samples were collected in EDTA-containing
tubes. Samples were centrifuged at 3000 rpm for 10 min. Plasma was
collected and stored at —20 °C until the assays. Plasma corticosterone
concentrations were determined by radioimmunoassay with a com-
mercial kit (ImmuChem Double Antibody Corticosterone RIA, MP
Biomedicals, Orangeburg, NY, USA) and run in standard duplicates. The
detailed procedure was conducted according to the manufacturer's in-
structions.

2.6. Statistical analysis

Analysis was carried out by effects of the different stressors con-
sidering the estrous cycle phases. All data were checked for normality
with Kolmogorov-Smirnov test. Three-way ANOVA with repeated
measures was run for the %TAV in time blocks across training and test
sessions for the different stress conditions and estrous cycle phases.
Pairwise comparisons between time spent in AV and NAV arms were
performed using paired-samples Student's t-test. Two-way ANOVA
(stress condition and cycle phase) was performed for %TAV in the first
time block, %TOA, corticosterone levels and risk assessment para-
meters, as well as distance travelled in the apparatus. Analysis of cov-
ariance (ANCOVA) was performed to determine the independence of
changes observed in the apparatus during test session, comparing an-
xiety and retrieval memory. Tukey post-hoc test for unequal group was
applied (if necessary) to all parameters. Lastly, effect sizes were cal-
culated for ANOVA and paired-samples Student's t-tests using eta
squared (n2) and d Cohen's (Cohen, 1988), respectively, in site http://
www.campbellcollaboration.org/escalc/html/EffectSizeCalculator-SMD28.
php. According to Cohen (1988), an effect size of 0.20 can be classified
as small, 0.50 can be classified as moderate, and 0.80 can be classified
as large. All results were considered significant at p < 0.05.

3. Results
3.1. Learning and memory

In the training session, three-way ANOVA with repeated measures
for %TAV showed time effect [F5162) = 46.47; p < 0.05, eta
squared = 0.39]. All animals spent less time in the AV arm in the third
than in the first block, regardless of stress and estrous phase, indicating
that they learned the task (Fig. 2). Furthermore, total %TAV was not
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affected by stress condition [F(3,81) = 0,43; p > 0.05], phase [F
(2,81) =1,62; p > 0.05] and condition X phase interaction [F
(6,81) = 1,68; p > 0.05], indicating that neither phase nor type of
stress prevented the acquisition of the task. In addition, all groups spent
less time in AV than in NAV arm, and a large effect (d) also observed:
Control [MET/DIE t(13) = 8,93; p < 0.05, Cohen's d = 6.31, effect
size = 0.98; PRO t(7) = 8,46; p < 0.05, Cohen's d =5,98. effect
size = 0.94; EST t(8) = 2.33; p < 0.05, Cohen's d = 2.37, effect
size = 0.76]; Restraint [MET/DIE t(9) = 6.74; p < 0.05, Cohen's
d = 4.76, effect size = 0.92; PRO t(7) = 10.10; p < 0.05, Cohen's
d =7.14, effect size = 0.96; EST t(6) = 3.33; p < 0.05, Cohen's
d = 3.84, effect size = 0.88]; Social Isolation [MET/DIE t(7) = 4.34;
p < 0.05, Cohen's d = 5.02, effect size = 0.92; PRO t(7) = 6.83;
p < 0.05, Cohen's d=7.89, effect size =0.96; EST t(6) = 3.23;
p < 0.05, Cohen's d = 3.73, effect size = 0.88]; Overcrowding [MET/
DIE t(8) = 6.74; p < 0.05, Cohen's d = 7.93, effect size = 0.96; PRO t
(8) =7.26; p < 0.05, Cohen's d = 8.38, effect size = 0.97; EST t
(7) = 5.17, p < 0.05, Cohen's d = 5.97, effect size = 0.94], suggesting
acquisition of the task (Table 1).

For %TAV in the test session, there was a time X stress condi-
tion X cycle phase interaction [Fg2160) = 2.05; p < 0.05, eta
squared = 0.36]. Restraint and social isolation stressed-females in me-
testrus/diestrus explored more the aversive arm than the respective
control group during the first time block (Fig. 3B and C). Moreover,
control females in proestrus explored more the aversive arm in the last
time block (p < 0.05), indicating extinction of the aversive memory
(Fig. 3A). In addition, the two-way ANOVA showed an effect of phase [F
(2,81) = 5,85; p < 0.05, eta squared = 0.71] and condition X phase
interaction [F(6,81) = 2,71; p < 0,05, eta squared = 0.66], but not of
stress condition [F(3,81) = 0,526; p > 0.05], and restraint reduced
%TAV in PRO and EST (p < 0.05) compared with MET/DIE rats.
Overcrowding reduced this parameter only in EST (p < 0.05), whereas
social isolation had the same effect in PRO (p < 0.05) compared with
MET/DIE rats. The pairwise comparison showed that in the test session,
only control and overcrowding rats in all phases preferred to stay in the
NAV than in the AV arm. For restraint and social isolation conditions
preference for NAV was observed only in PRO and EST phases, with
large effects (d); Control [MET/DIE t(13) = 4.01, p < 0.05, Cohen's
d = 2.53, effect size =0.75; PRO t(7) = 3.65, p < 0.05, Cohen's
d = 2.98, effect size = 0.83; EST t(8) =2.56, p < 0.05, Cohen's
d =1.93, effect size =0.69]; Restraint [MET/DIE t(9) = 0.02,
p > 0.05, Cohen's d = 0.02, effect size =0.1; PRO t(7) = 5.44,
p < 0.05, Cohen's d = 4.44, effect size =0.91; EST t(6) = 3.05,
p < 0.05, Cohen's d = 2.73, effect size = 0.80]; Social isolation
[MET/DIE t(7) = 0,49, p > 0.05, Cohen's d = 0.40, effect size = 0.19;
PRO t(7) = 2.60, p < 0.05, Cohen's d = 2.12, effect size = 0.72; EST t
(6) = 3.94, p < 0.05, Cohen's d = 3.53, effect size = 0.87]; and Over-
crowding [MET/DIE t(8) = 2.22, p < 0.05, Cohen's d = 1.68, effect
size = 0.64; PRO t(8) = 2.78, p < 0.05, Cohen's d = 2.78, effect
size = 0.72; EST t(7) = 4.44, p < 0.05, Cohen's d = 3.356, effect
size = 0.87]. Further, ANCOVA showed that %TAV during the test
session was not influenced by %TOA, suggesting that the differences
found in memory retrieval were not related to the level of anxiety-like
behavior [Control: F(; 57y = 0.006; p > 0.05; Restraint: F(; 52y = 3.52,
p > 0.05; Social isolation: F (;3 = 0.64, p > 0.05; and Over-
crowding = F 23y = 2.66, p > 0.05].

3.2. Anxiety-like behavior and locomotor activity

During the training session, %TOA was not influenced by cycle or
stress condition, but the time in SAP was influenced by an interaction
between the factors [F g1y = 4.526; p < 0.05, eta squared = 0.33].
Restraint and social isolation stressed-females in EST displayed less SAP
than their in PRO counterparts and than control-females in EST
(Table 1). Furthermore, a stress condition X estrous cycle phase inter-
action was revealed [F( g1y = 3.66; p < 0.05, eta squared = 0.29] for
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Fig. 2. Effects of stress conditions (A-D: control, re-
straint, social isolation and overcrowding) on
learning of female rats submitted to the plus-maze

A Control B Restraint discriminative avoidance task (PMDAT) in different
50- 50- estrous cycle phases (control: metestrus/diestrus,
n = 13; proestrus n = 6; and estrus, n = 8; restraint:
404 40 metestrus/diestrus, n = 8; proestrus, n = 9; and es-
trus, n =>5; Social isolation: metestrus/diestrus,
> 304 ~ 304 n=28; proestrus, n=7; and estrus, n=6;
& s Overcrowding: metestrus/diestrus, n = 8; proestrus,
X 20 = 20 i n = 8; and estrus, n = 7). Mean = SE for the per-
* centage of time spent in aversive enclosed arm
104 104 (%TAV) in 200s time blocks during the training
session. *p < 0.05 compared to the first block
0 T T T 0 T T T (three-way ANOVA with repeated measures followed
200s 400s 600s 200s 400s 600s by Tukey's post hoc test).
Cc Social isolation D Overcrowding
501 501
40 40+
> 304 > 304
< <
= =
X 204 & 20-
*
*
104 & 104
0 T T T 0 T T T
200s 400s 600s 200s 400s 600s
-o- Metestrus/diestrus & Proestrus -+ Estrus
Table 1

Effects of the estrous cycle [metestrus/diestrus (M/D), proestrus (P) and estrus (E)] and stress conditions on the aversive memory, anxiety-like behavior and
locomotion in rats submitted to plus-maze discriminative avoidance task (PMDAT). Mean * SD for the time spend in the aversive enclosed arm (AV) and non-
aversive enclosed arm (NAV), percentage of time spent in open arms (% TOA), stretched-attend posture (SAP), protected head dipping (PHD), unprotected head

dipping (UPHD) and distance travelled (m) in the training session.

Groups Phase N Learning Memory Anxiety-like behaviors Locomotion
AV (s) NAV (s) AV (s) NAV (s) %TOA SAP (s) PHD (s) UPHD (s) Distance (m)

Control M/D 13 21.3 * 14.9° 4287 + 158.3 85.7 + 107.2° 195.2 + 173.3 4.4 = 29 59 + 1.8 8.3 + 3.6 81 + 2.4 51 = 0.9
P 6 25.7 £ 6.9° 266.2 * 65.1 82.7 + 75.6° 167.8 + 60.9 89 + 1.8 8.7 + 3.3 9.7 + 32 122 + 25 2.0 = 0.1

E 8 227 + 13.8° 371.8 = 100.2 93.6 + 77.1° 191.7 = 129.5 6.6 = 4.6 112 £ 21 89 * 26 6.5 = 1.4 57 £ 0.8

Restraint M/D 8 303 £ 29.3° 361.8 + 129.1 110.2 + 184.6 167.0 + 1258 4.4 + 9.3 6.8 £ 4.3 9.3 £ 32 105 = 7.0 39 =05
P 9 283 % 31.2° 3945 + 759 52.5 + 68.3° 224.8 + 87.0 6.6 £ 6.7 114 =+ 28 86 *= 35 7.8 + 3.2 109 = 0.1

E 5 348 + 252° 2222 + 1223 414 + 57.2° 152.0 + 270.2 145 + 10.3 1.1 + 0.3*® 84 + 3.9 14.0 * 1.6° 31 +03

Social Isolation M/D 8  33.0 = 21.4° 334.6 + 123.4 154.6 = 115.2 110.6 £ 951 124 = 11.3 9.5 = 34 11.7 + 0.7 115 * 2.9 9.1 1.9
P 7 11.3 = 31.1° 4119 = 152.4 73.4 + 96.3° 2082 * 1489 25 * 1.2 12.0 = 0.8 105 £ 46 9.0 = 4.0 59 =14

E 6 30.3 + 31.1° 360.2 + 223.6 86.6 + 49.2° 188.4 + 109.5 155 + 16.1 1.5 + 0.9 6.9 + 3.2 14.3 * 3.3° 6.7 = 1.5

Overcrowding M/D 8 37.9 + 28.1° 3786 + 130.9 72.6 * 43.3° 205.7 + 82.1 9.8 = 8.6 6.7 = 1.1 44 = 1.6 8.7 = 0.9 82 *+ 1.4
P 8 17,8 = 12.6° 407.1 * 146 79.1 + 85.7° 193.2 = 1127 54 = 5.1 89 1.7 9.9 + 3.6 8.6 + 4.7 54 = 1.1

E 7 16.2 = 5.3° 343.0 £ 170.1 19.4 = 49.9° 2239 + 1185 9.8 + 1.2 41 = 0.8 6.0 = 1.8 109 * 39 7.4 =15

# p < 0.05 compared to estrus control.

> p < 0.05 compared to stress-matched in proestrus phase (two-way ANOVA followed by Tukey's post hoc test).

¢ p < 0.05 AV vs NAV (paired samples t-student test).

UPHD and restraint and social isolation stressed-females in EST spent
more time in UPHD than the control group (Table 1). No significant
effects for PHD behavior or distance travelled were found (Table 1).

3.3. Corticosterone levels

There was only an effect of stress condition [F(pg1y = 12.40,
p < 0.05, eta squared = 0.39], with increased corticosterone levels
found in restraint and social isolation groups compared to control fe-
males, regardless of the phase of the cycle (Fig. 4).

4. Discussion

The main results showed that exposure to chronic restraint and
social isolation, but not overcrowding, impaired retrieval of the aver-
sive memory, despite the lack of effect on task acquisition. In addition,
the phase of the estrous cycle had a modulatory effect on stress-induced
memory impairment, inasmuch as only stressed female rats in metes-
trus/diestrus were susceptible to the memory deficits induced by pro-
longed stress, even though corticosterone levels were elevated in all
restraint and isolated females. Regarding anxiety-like behavior, the
stressors induced an anxiolytic profile specifically in EST females,
whereas none of the groups displayed locomotor changes. Interestingly,
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Fig. 3. Effects of stress conditions (A-D: control, re-
straint, social
memory of female rats submitted to the plus-maze

isolation and overcrowding) on

A Control B Restraint discriminative avoidance task (PMDAT) in different
100- 100- estrous cycle phases (Control: metestrus/diestrus,
* n = 13; proestrus n = 6; and estrus, n = 8; Restraint:
80+ 804 metestrus/diestrus, n = 8; proestrus, n = 9; and es-
# trus, n =>5; Social isolation: metestrus/diestrus,
i 604 > 604 n=28; proestrus, n=7; and estrus, n=6;
= |<£ Overcrowding: metestrus/diestrus, n = 8; proestrus,
X 40 X 404 n = 8; and estrus, n = 7). Mean = SE for the per-
centage of time spent in aversive enclosed arm
20+ 204 (%TAV) in time 200s time blocks and in the first
block of the test session (E). #p < 0.05 compared to
0 y v ¥ 0 v Y ¥ the first block. *
. *p < 0.05 compared to proestrus
20 4 0
os s 8008 o £00s L (three-way ANOVA with repeated measures followed
o ) by Tukey's post hoc test).
C Social isolation D Overcrowding
100+ 100+
*
80+ 804
> 604 > 604
= s
X 40 X 40+
204 204
0 T T T 0 T T
200s 400s 600s 200s 400s 600s
-~ Metestrus/diestrus & Proestrus -+ Estrus

there was a dissociation between the stress effects on memory perfor-
mance and emotional response, suggesting that prolonged stress-in-
duced changes on memory processing in the PMDAT may be in-
dependent of alterations in emotional states.

The reduction in %TAV throughout the training session, suggests
that the stressors did not disrupt learning. Previous studies using re-
peated restraint stress (6h/21 days) show that acquisition of spatial
memory in the radial arm maze is spared in female rats (Bowman et al.,
2001). Similarly, social isolation does not alter acquisition of spatial
memory tasks in male (Wongwitdecha and Marsden, 1996) and female
rats (Sandstrom, 2005). The inverted-U shape hypothesis of stress-in-
duced learning deficits states that either low or high arousal levels re-
sult in poor behavioral performance. Thus, optimal stress and arousal
levels are necessary for adequate attention, working memory and other
cognitive mechanisms required for learning (Akirav et al., 2004; Salehi
et al., 2010). In response to the PMDAT stressed females secreted al-
most twice as much corticosterone as control ones, which is expected in
response to the elevated plus maze (Barbosa et al., 2012).

It is worth mentioning that the use of overcrowding stress to study
learning is scarce. However, progesterone-treated male rats submitted
to overcrowding display a deficit in the acquisition of the Morris water
maze (MWM, Diaz-Burke et al., 2010). Young male rats (24-26 days
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old) reared in overcrowding conditions were also unable to learn either
appetitive or aversive tasks (Goeckner et al., 1973), whereas adults
showed facilitated acquisition of complex tasks (Wood and Greenough,
1974). To the best of our knowledge, this is the first report in the lit-
erature about unaltered learning process after overcrowding stress in
female rats. Taken together, these findings suggest that the influence of
different types of stressors on learning process depends on the type of
the task, the period when the stressor is applied and the sex of the
animal.

In the PMDAT training session, the animals showed the same pat-
tern of avoidance of the aversive arm and exhibited similar acquisition
slopes, regardless of the phase of the cycle and stress condition. In line
with our results, Sava and Markus (2005) reported that the estrous
cycle did not affect learning in the MWM task. In contrast, restraint-
stressed females submitted to Y-maze task displayed a phase-dependent
acquisition performance (Conrad et al., 2004). However, unstressed
females in EST (Frye and Sturgis, 1995) or PRO (Rubinow et al., 2004)
take longer to reach the platform in the MWM, suggesting that this
outcome is due to the stressful experience of swimming. It is worth
mentioning that the results of control females in the PMDAT training
session replicated a previous report (Ribeiro et al., 2010). Most studies
showing the beneficial effects of estrogen on acquisition are conducted

Fig. 4. Effects of stress conditions (control, restraint, so-
cial isolation, and overcrowding) on the corticosterone
levels of female rats in different estrous cycle phases
(control: metestrus/diestrus, n = 13; proestrus n = 6;
and estrus, n = 8; restraint: metestrus/diestrus, n = 8;
proestrus, n = 9; and estrus, n = 5; social isolation: me-
testrus/diestrus, n = 8; proestrus, n =7; and estrus,
n = 6; overcrowding: metestrus/diestrus, n = 8; proes-
trus, n = 8; and estrus, n = 7). Mean * SE for the cor-
ticosterone levels [ng/ml]. *p < 0.05 compared with
control group analyzed by two-way ANOVA followed by
Tukey's post hoc test.
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in ovariectomized-estrogen replaced animals. In this respect, the use of
supraphysiological levels may not be representative of the endogenous
hormonal milieu in rodents (Beach et al., 1983). The present study
contributes to the literature by showing that different prolonged
stressors do not impair task acquisition during the normal fluctuation of
the hormonal levels throughout the estrous cycle.

The PMDAT is based on aversive association and is dependent on
amygdala function (Ribeiro et al., 2010) and hippocampal integrity
(Leao et al., 2016). The hippocampal formation is an important target
of glucocorticoid action and interaction between the stress response and
cognition has been demonstrated (Conrad, 2008). From this standpoint,
the literature on chronic stress and memory has extensively considered
hippocampal glucocorticoid receptors (GRs) to be a core feature of
stress-induced memory impairment (Frick et al., 2015). Activation of
these receptors reduces glutamate transmission and release (Popoli
et al.,, 2012), long-term potentiation (LTP) at CA3 and CAl fields
(Pavlides et al., 1993; Conrad et al., 2007; Chen et al., 2008; Kumar,
2011; Popoli et al., 2012) and dendritic spine branching (McEwen et al.,
2016). Furthermore, it is well established that exposure to chronic
stress decreases expression of neurotrophins in the hippocampus
(Duman et al., 1999; Pittenger and Duman, 2008; Calabrese et al.,
2009). Therefore, restraint- and social isolation-induced corticosterone
levels may explain the observed deficits and may be related to func-
tional abnormalities in the hippocampus. Many species, including
nonhuman primates, cope with stress using social support, an essential
mechanism for maintaining physical and psychological health (Meyer
and Hamel, 2014). Female rodents are more sensitive to social stressors
than males (for review, see Beery and Kaufer, 2015) and, therefore, the
absence of social support during restraint and social isolation could be
powerful stressors for females, whereas overcrowding does not seem to
be detrimental.

Stress-induced memory deficits in females have been reported (for
review, see ter Horst et al., 2012). This was also observed in the present
study, but only when stressed females were in metestrus/diestrus. Be-
cause high levels of endogenous sex hormones are seen in both PRO and
EST, but not in metestrus/diestrus, we propose that the hormonal
milieu during these phases prevented the detrimental impact of chronic
stressful conditions on memory. Accordingly, studies demonstrate the
protective role of estradiol in stressed rats during the transition between
PRO and EST (Mohammadkhani et al., 2015) or in estrogen-replaced
ovariectomized rats (Mclaughlin et al., 2010; Takuma et al., 2007). A
possible explanation is that estradiol would act as a natural buffer of the
negative effects of chronic stress, that could be related to the long
lasting genomic effect of estradiol on LTP-mediated neuroplasticity,
dendritic sprouting and hippocampal neuronal growth (Woolley et al.,
1990; Scharfman et al., 2003; Finocchi and Ferrari, 2011; Smith and
McMahon, 2006; Gould et al., 1990; Smejkalova and Woolley, 2010;
Frick et al., 2015; Mclaughlin et al., 2010) and enhancement of neu-
rotrophic factors, such as BDNF (see Luine and Frankfurt, 2013).

The present results also indicated that memory extinction was re-
lated to the estrous cycle, insofar as higher %TAV in the last time block,
compared to the first, was observed only control females in proestrus, in
agreement with Milad et al. (2009). Interestingly, in our study this ef-
fect was absent in all other estrous phases and stress conditions, sug-
gesting that stress interfered with extinction of the aversive memory in
a phase-independent manner.

The animal's emotional state influences fear and motivation to ex-
plore the plus-maze in the PMDAT task (Silva and Frussa-Filho, 2000).
Anxiety levels were not influenced by the phase of the estrous cycle in
control rats, but restrained and socially isolated females in EST dis-
played less SAP and more UPHD, suggesting lower anxiety-like profile.
No changes in anxiety-like behavior were observed in mete/diestrus
phase, indicating phase-specific influence of the estrous cycle on emo-
tional processing in stressed female rats. These effects could be related
to progesterone levels, insofar as secretion of this hormone reaches the
highest levels in the first hours of the estrus phase (Lovick, 2012).
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Previous studies report a potent neuromodulatory action of activated
progesterone on GABAergic neurotransmission (Auger and Forbes-
Lorman, 2008; Maguire and Mody, 2007) including the non-genomic
effects mediated by its metabolite allopregnanolone (Bitran et al., 1995;
Darbra and Pallares, 2012). Allopregnanolone is a positive allosteric
modulator of GABA, receptors, with an inverted-U shaped anxiolytic
effects in different animal models (Schule et al., 2014). Notwith-
standing, withdrawal from progesterone (and hence allopregnanolone),
which occurs during the late diestrus phase, triggers alterations in
GABA, receptors subunit expression (Griffiths and Lovick, 2005; Lovick
et al., 2005) producing an anxiogenic effect (Lovick, 2012). Interest-
ingly, the effects of stress on anxiety-like behavior were dissociated
from those on memory, because these effects occurred in rats that were
in different phases, thus reinforcing the specific stress effects on
memory processes independent of the animals' emotional state.

In conclusion, the results suggested a modulatory role of the estrous
cycle on stress-induced memory impairment in PMDAT. Specifically,
restraint and social isolation stressed female rats displayed memory
impairment when tested in metestrus/diestrus. Although corticosterone
levels endorsed stress-induced behavioral alterations, it was not altered
by the estrous cycle. Moreover, the alterations produced by stress were
memory-specific and dissociated from any interference of the emotional
status or locomotion. Our data support the hypothesis that elevation of
sex hormones in proestrus and estrus could counteract the cognitive
deficits produced by chronic stress. Further investigations should clarify
the mechanisms by which sex hormones prevented memory deficits.
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