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Cumulative stress is known for its detrimental effects, including anxiety and stress-related disorders. However, the potential positive
or ‘hormetic’ outcomes of chronic unpredictable stress (CUS) remain vague. In our study using adult male Wistar rats subjected to a
14-day CUS model, we explored the implications of its cumulative effects. We focused on how CUS influenced anxiety-like behavior,
extinction memory, and the expression of specific receptors in the dorsal hippocampus (dHP). Our results indicated that CUS led to
increased anxiety-related behaviors and heightened basal corticosterone levels. Interestingly, while aversive memory retrieval in
CUS rats showed increased freezing, they exhibited enhanced memory extinction. This result suggests a compensatory mechanism
initiated by CUS, allowing the rats to overcome the adverse effects of heightened freezing during memory recall. Moreover, during
the extinction phase, there were notable changes in receptor expressions and neuronal activation in the dHP. Specifically, there was
an increase in glucocorticoid receptor expression and a decrease in glutamate and adrenergic receptor expression levels. This
altered receptor profile was linked to an overall rise in neuronal activity, albeit not immediate but cumulative. In summary, our
findings indicate that while CUS amplifies anxiety-like behaviors, it paradoxically enhances specific cognitive processes. The altered
receptor expression patterns in the dHP and increased neuronal activity suggest that CUS might provide individuals with improved
coping mechanisms against recurring stressful situations, revealing stress responses’ complex and sometimes beneficial nature.
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INTRODUCTION

Stress plays a crucial evolutionary role in modulating aversive memory
acquisition, retrieval, and extinction mechanisms. However, in the last
decades, mental disorders have become the most incapacitating
cause worldwide, mainly related to elevated, long-lasting daily stress
exposure [1]. Once the organism acquires and retrieves the aversive
memory, it can anticipate future challenges and display appropriate
behavioral coping strategies [2]. Stressful stimuli promote acute and
chronic physiological responses, directly influencing adaptation or
allostatic processes depending on the duration of stress [3]. This
response recruits specific brain structures such as the hypothalamic
paraventricular nucleus (PVN), septal-hippocampal complex, amygda-
loid nuclei, and prefrontal cortex, activating the hypothalamus-
pituitary-adrenal (HPA) axis, culminating with glucocorticoid (GC)
release [4, 5], mainly corticosterone (CORT) in rodents. Classically, GCs
bind to mineralocorticoid (MR) and/or glucocorticoid (GR) receptors
and the ligand-receptor complexes (GC-GR) translocate to the
nucleus, acting as transcription factors, modulating gene transcription
at the glucocorticoid response elements (GRE) [6-8].

Previous studies have shown that the adaptive role of GCs is
intimately related to anxiety-like behavior development, environ-
mental perception and exploration, arousal, and the establishment
of long-term memories related to aversive occasions [3, 9-11].

Concerning aversive memory formation, the hippocampus (HP) is
a crucial region for GC-GR stress signaling, an adaptive
phenomenon constantly modulated in a neuroendocrine manner
[12-14]. Additionally, the dorsal HP (dHP) is responsible for
contextual differential processing once the same engrams
activated during aversive conditioning are reactivated during
aversive memory retrieval [15, 16]. The dHP also assigns valence to
memories, distinguishing different stimuli as aversive or not, being
more recruited in response to negative situations such as aversive
conditioning, and switching memory valence, which is essential
for more adaptive stress responses [17, 18]. These roles reinforce
the importance of GC-GRs and dHP in aversive memory studies.
Furthermore, evidence highlights that AMPA glutamatergic
receptor and noradrenergic signaling within the dHP are essential
for regulating the aversive memory extinction processes [19-21].

Chronic unpredictable stress (CUS) is an efficient model for
producing cellular and molecular alterations accompanied by
behavioral outcomes. It consists of random exposure to various
stressors [22], better mimicking the recurrence of the daily stresses
in contemporary human life. Previous studies show that CUS leads
to HPA axis hyperactivity via suppression of auto-feedback
mechanisms and alters GR expression in the central amygdala
(CeA), bed nucleus of the stria terminalis (BST), lateral septal
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nucleus, and the PVN [4, 23]. However, the role of GCs and how
the hippocampal MR and GR signaling interfere with and impair
adaptive anxiety and memory behaviors are poorly understood.
Therefore, this study evaluated the CUS effects on HPA axis
autoregulation, anxiety-like behavior, contextual aversive memory
acquisition and extinction, and physiological and biochemical
modifications. We also investigated the relationship of these
changes with GR and MR and the involvement of glutamate and
noradrenaline signaling, particularly in the dHP.

MATERIALS AND METHODS

Animals

Ninety adult male Wistar rats (60 days old) from the SPF Rat Production
Unit of the Institute of Biomedical Sciences (ICB) Animal Facility Network at
the University of Sdo Paulo (USP) were used. They were housed at the
Pharmacology Department - Unity | — ICB Facility and acclimatized for at
least 1 week before the beginning of the experiments. All protocols and
procedures followed the ICB/USP Ethics Committee’s Animal Use standards
(CEUA-ICB 80/2014) and the Brazilian National Council for the Control of
Animal Experimentation (CONCEA) guidelines. Efforts were taken to
minimize animal suffering and reduce the number of animals used to
the minimum required for detecting statistically significant effects.

Experimental design

The experimental designs are depicted in Figs. 1A, 2A, 3A, and 4A. After
one week of acclimatization in the vivarium, the animals were randomly
allocated to the CUS group and stressed for 14 days, or the control group
(CTR), which remained undisturbed in their cages during the CUS period.
Blood was collected from the tail for corticosterone measurements at two
moments: basal (24 hours before the first CUS session) and day 15
(24 hours after the final CUS session) (Fig. 1A). Twenty-four hours after the
last stress session (day 15), randomly chosen animals were placed in the
elevated plus-maze (EPM) and evaluated for anxiety-like behavior (Fig. 2A).
Another portion of the rat sample was submitted to the paired or unpaired
aversive memory extinction protocol (Figs. 3A and 4A). For these animals,
tail blood was collected from paired animals to measure corticosterone
concentrations at two time points: day 15 (24 hours after the final CUS
session and 30-min after footshock during aversive conditioning protocol)
and day 21 (six days after the last CUS session and immediately after
termination of the extinction protocol) (Fig. 1A). All behavioral tests were
conducted between 9a.m. and 2p.m. and recorded using a webcam
(Logitech €920 HD Pro, Lausanne, Switzerland).

Chronic unpredictable stress

The CUS group was kept under a 12-h light/dark cycle with free access to
food (standard rat chow) and filtered water, except on specific protocol
days. As described previously, the animals were subjected to different
stressors for 14 days (SI Appendix, Table S1) [23].

Elevated plus-maze

The EPM test was conducted as described in [24]. Behavioral measure-
ments were performed using the X-Plo-Rat software [25]. The parameters
analyzed were spatiotemporal and risk assessments and exploratory
activity (see SI Appendix, Extended Methods 1.1 and 1.2).

Contextual aversive conditioning and extinction

The 7-day contextual aversive conditioning and extinction protocol (Fig.
2A, and described in SI Appendix, Extended Methods 1.3) was described in
[11, 21]. Briefly, two groups, paired and unpaired (memory protocol
control), were further subdivided into four groups: paired CTR and CUS and
unpaired CTR and CUS.

The percentage of freezing was used as a parameter for aversive
memory expression. We considered freezing to be the animal’s immobility,
including vibrissae and sniffing movements, except for respiration-related
signs [26]. In addition, an extinction gain ratio percentage (performed in
paired groups) or freezing absence ratio percentage (mathematically
similar to extinction gain, having another name because it is performed in
unpaired groups) analysis was performed (see SI Appendix, Extended
Methods 1.4). After each exposure, the arenas were cleaned with 5%
alcohol (v/v) to avoid olfactory cues.

SPRINGER NATURE

Brain structure dissection

Ninety minutes after the retrieval and extinction memory test, the animals
were anesthetized with isoflurane and decapitated by a guillotine (Insight,
EB 271, Ribeirao Preto, SP, Brazil). The brains were removed and immersed
in a phosphate-saline buffer solution (137 mM NaCl, 2.68 mM KCl, 1.27 mM
KH,PO,4, 8.06 mM Na,HPO,). Next, the dHP was bilaterally dissected on ice,
using a coronal matrix with 1-mm slice intervals (Zivic Laboratories Inc.,
Portersville, P.A., USA), frozen on liquid nitrogen, and stored at —80 °C.

Western blot

As described in the SI Appendix, Extended Methods 2, and Table S2,
protein expression and phosphorylated forms were analyzed by
Western blot.

Plasma corticosterone dosage

Serum corticosterone was measured using an enzyme-linked immunoas-
say (Enzo Life Sciences®, UK) following the manufacturer’s instructions.
Serum was obtained by centrifuging the tail and trunk blood at 3500 rpm
for 15 min and transferring the supernatant to tubes. The serum samples
were then diluted 1:30 in the assay buffer, and spectrophotometric
readings were recorded at 405nm using the Synergy HT Multi-Mode
Microplate Reader (Bio Tek, Winooski, VT, USA).

Statistical analysis

All results are expressed as the mean+SEM and were analyzed by
GraphPad Prism software (version 9.0) with outliers removed by the ROUT
method (Q=1%). Data were considered statistically significant when
p < 0.05. For weight gain, EPM, and part of the memory protocols analysis,
an unpaired Student’s t-test was performed. For corticosterone serum
levels and behavioral analysis (blinded analyses), we used two-way mixed-
effects ANOVA with stress (CTR or CUS) and days of the memory protocol
as factors. Post-hoc Tukey’s or Bonferroni’s multiple comparison tests were
used to compare within and intergroup differences. Statistical results are
summarized in Tables S3-7.

RESULTS

CUS impairs weight gain and increases basal CORT
concentration up to 24 hours after the last CUS session but
does not change CORT during conditioning and extinction
We have previously shown that CUS induces physical and
behavioral changes, such as adrenal gland hypertrophy, for up
to 24 hours after stress [4] and increased CORT release. Here, we
confirmed that CUS reduced body weight gain in both paired and
unpaired animals compared to the CTR group. This decrease
persisted throughout the extinction test (Fig. 1A-E). Next, we
analyzed CUS’s impact on CORT concentration during the
contextual aversive conditioning protocol. We confirmed that
CUS persistently increased CORT up to 24 hours after the last CUS
session when the stressed animals went to the EPM or contextual
conditioning compared to the basal period (pre-CUS) (Fig. 1F) or
the CTR group (during day 15, pre-US) (Fig. 1G). Nonetheless, CUS
did not sensitize the HPA axis activation to a second stressful
event (contextual conditioning) since, after CS, the rise in CORT
concentration was similar between CUS and CTR animals. When
analyzing CORT release on days 15, 16, and 21, the statistical tests
revealed a significant effect of time but not stress for both the CTR
and CUS groups. CORT release 48 hours after the last CUS session
(post-CS, day 16) was higher than the CORT concentration during
post-US conditioning (day 15) and the extinction test (post-CS, day
21) (Fig. 1H). The statistical analyses are detailed in the SI
Appendix, Table S3). Therefore, we corroborate a previous study
[4] reporting that stress decreased weight gain and increased
CORT concentration without sensitizing the HPA axis in a second
aversive challenge.

CUS promotes immediate anxiety-like behavior

CUS-evoked anxiety-like behavior was evaluated using the EPM
24 hours after the last stress session. Statistical tests revealed a
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Fig. 1 CUS decreased weight gain and increased basal CORT concentration up to 24 h after the last stress session without changing CORT
after conditioning (post-US) and extinction. Schematic representation of the experimental design (A). The control group (CTR) is always
represented in green tones, and the stressed group (CUS) in pink tones. CUS had less weight gain compared to CTR, as shown by the
percentage of weight gain 24 h after the last CUS session (conditioning, day 15) and extinction test (day 21), both in paired (B and C) and
unpaired animals (D and E). Twenty-four hours after CUS, the CORT concentration increased when compared to the basal period (before CUS)
(F) or CTR group in pre-US (conditioning) (G). The CORT release of the CUS group during retrieval (day 16, 48 h after the last CUS session) was
more significant than the CORT concentration during post-US conditioning (day 15) or extinction test (day 21), analyzed 30 min after tests (H).
Results are represented as mean + SEM (n = 6-14 animals/group in B and C; n =32 animals/group in E; n =9-14 animals/group in F; n = 6-9
animals/group in G; n=8-14 animals/group in H). In B and D, * (p <0.05) vs CTR group. ** (p <0.01) vs. CTR group in C and E. In F, ***
(p<0.001) vs. basal. In G, * (p <0.05) vs CTR group. In H, * and ** (p < 0.05 and p < 0.01) vs. their respective group during retrieval.

significant stress effect on decreasing the percentage of open arms
time (%OAT) (Fig. 2C) and percentage of open arm entries (%OAE)
(Fig. 2E). In addition, no significant effect for the closed arm entries
was observed, suggesting no stress-induced changes in locomotor
activity (Fig. 2G). The anxiety index revealed a higher anxiety-like
pattern for the CUS group (Fig. 2I) (statistical analyses are detailed in
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the SI Appendix, Table S4). Concerning total stretched-attend
postures (SAPs), there was a CUS-induced increase in risk assessment
(Fig. 2D) that was not detected in the protected SAPs (Fig. 2J).
Although stressed animals maintain a similar risk assessment
proportion in the protected area, they have a higher frequency in
total SAP when compared to the CTR group. Furthermore, no

SPRINGER NATURE
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changes in total rearing (Fig. 2F), protected rearing percentage (Fig. analysis, statistical tests showed that stress significantly affects open

2K), total head-dipping (Fig. 2H), or protected head-dipping arm activity over time. The CUS group showed an exploratory profile
percentage (Fig. 2L) were observed (statistical analyses are detailed with a lower %OAT and closed arm entries that remained stable
in SI Appendix, Table S4). Concerning minute-by-minute exploratory throughout the test (Fig. 2C’' and G'). However, they had a higher %
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Fig.2 CUS promotes anxiety-like behavior by decreasing open-arm exploration but increases risk assessment behaviors on the elevated
plus-maze (EPM). Schematic representation of the experimental design (A). The control group (CTR) is always represented in green, and the
stressed group (CUS) in pink. Representation of total exploratory activity in the EPM with CUS (right) exhibiting anxiety-like behavior by
assessing and spending less time in open arms compared to CTR (left) (B). Percentage of open arm time: entire test (C) and minute-by-minute
(C’). CUS performs more risk assessment behavior as represented on the total stretched-attend postures (SAP) occurrences (D) and its
percentage minute-by-minute (D’) graphs. Percentage of open arms entries: entire test (E) and minute-by-minute (E’). Total rearing
occurrences (F) and its percentage minute-by-minute (F’). No locomotor activity deficits were observed, as shown by the number of closed-
arm entries: entire test (G) and minute-by-minute (G’). Number of total head-dipping occurrences (H) and percentage per minute (H’). The
anxiety-like behavior due to CUS is evidenced by the anxiety index (score from 0-1, with 1 representing the maximum anxious state), which
unites both open and closed arms time and entries data (l). Percentage of risk assessment occurring in protected areas (closed arm and central
area): SAP (J), rearing (K), and head-dipping (L). Results are represented as mean+SEM (n=8-10 animals/group). Student’s t-test
(C, D, E, F, G, H, I-L) and two-way ANOVA with post hoc Tukey’s test (C, D; E, F, G, H') were done. In C-E and |, * and ** (p < 0.05 and p < 0.01,
respectively) vs. CTR group. In C'-E" and H; *, **, *** ***¥* (5 < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively) CTR or CUS group during the

fifth minute vs. their respective group during the first minute. # (p < 0.05) vs. their respective CTR group in C' and D.

OAE in the first two minutes of the test that abruptly decreased,
unlike the CTR rats, which exhibited a progressive decrease in
exploration over time (Fig. 2E'). For the risk assessment and
exploratory activity, CUS induced stable and high expressions of
the total SAP and rearing during the entire period in the EPM (Fig.
2D" and 2F’). In contrast, the CTR exhibited a progressive decrease in
exploration over time for total SAP and total head-dipping (Fig. 2D’
and 2H’) but a high and constant total rearing percentage (Fig. 2F)
(statistical analyses are summarized in SI Appendix Table S4). These
results suggest that CUS induces greater emotional arousal and a
decision-making strategy based on avoidance instead of a risk-
exposure approach.

CUS induces hyperresponsiveness in memory retrieval tests
without affecting extinction memory

As illustrated in Figs. 3A and 4A, paired and unpaired stressed rats
were submitted to the contextual aversive conditioning and the
extinction protocol to investigate the CUS-induced changes in
aversive memory. Statistical tests revealed a significant stress
effect on the percentage of freezing observed throughout the
contextual aversive conditioning and the extinction protocol. The
CUS and CTR groups displayed increased freezing after footshock
(during the post-US period) and during the retrieval test. These
findings suggest that both groups displayed defensive behavior
and formed long-term memory. During the retrieval test, CUS
animals exhibited higher freezing than the CTR group, suggesting
higher stress-induced contextual responsiveness. This behavior
did not reflect changes in extinction since, during the extinction
test, CUS animals displayed a similar level of extinction as the CTR
from the third extinction session, maintained until the extinction
test (day 6) (Fig. 3B). Similar effects were observed when
comparing freezing separately on the retrieval test or extinction
test between the experimental groups (Fig. 3B" and B”) (statistical
analyses are detailed in SI Appendix, Table S5). Our findings
suggest that CUS heightened contextual responsiveness specifi-
cally increases freezing during the retrieval test while not affecting
aversive memory acquisition or extinction.

Regarding the unpaired groups, the statistical test demon-
strated a significant time effect on the percentage of freezing. The
unpaired CTR and CUS groups increased freezing during the post-
US period compared to the pre-US period. During the unpaired
arena sessions (first to fifth), there was a significant decrease in
freezing, indicating that the defensive behavior was context-
dependent, and the animals did not generalize aversive memory
(Fig. 4B). However, unpaired CUS animals exhibited more freezing
when compared to CTR on day 1 or extinction test in the paired
arena. These findings were confirmed by paired comparisons of
the first unpaired arena session and extinction test, which
revealed a CUS-induced increase in freezing during both periods
(Fig. 4B’ and B"). Furthermore, when both unpaired groups were
placed in the paired arena during the extinction test, they

Translational Psychiatry (2025)15:508

exhibited an increase in freezing compared to their respective
period in the unpaired arena.

Nonetheless, the CTR group had less freezing than the post-US
period. Additionally, unpaired CUS animals also displayed
decreased freezing during the extinction sessions compared to
their respective group in post-US. However, this decrease was
smaller than that of the unpaired CTR group throughout the
unpaired arena sessions (Fig. 4B™) (statistical analyses are
summarized in SI Appendix, Table S6). These results suggest that
the freezing reduction is associated with successive re-exposures
to the paired arena, despite the time lapse between conditioning
and extinction test having a negligible effect.

Supporting the higher freezing response in CUS animals than
CTR ones during the retrieval test, which gradually decreased
during the extinction sessions, statistical analysis regarding the
freezing gain ratio revealed a significant stress effect over time.
This effect was reflected by a decreased freezing gain ratio during
the retrieval test compared to the post-US period, which gradually
recovered throughout the extinction sessions (Fig. 3C). During the
extinction test, the freezing gain ratio in CUS animals was similar
to the CTR group (Fig. 3C). Furthermore, despite post hoc analysis
not indicating a significant difference in the freezing gain ratio for
the CTR group between the retrieval test and extinction test (Fig.
30), a separate analysis comparing the retrieval and extinction
tests revealed an elevated freezing gain ratio in the extinction test
for both the CTR and CUS groups (Fig. 3C"' and C") (statistical
analyses are summarized in SI Appendix, Table S5). For the CTR
and CUS unpaired groups, we observed an elevated freezing
absence ratio during all sessions in the non-paired arena and a
reduced freezing absence ratio during the extinction test (Fig. 4C).
Further analysis of the retrieval and extinction tests validated
these observations (Fig. 4C' and C") (statistical analyses are
summarized in SI Appendix, Table S6).

Therefore, although CUS does not interfere with the acquisition
and extinction of aversive memory, it causes greater responsive-
ness to the paired context by increasing freezing during the
retrieval test. Additionally, while CUS does not induce general-
ization, it sensitizes the defensive response in an unpaired context,
and exposure to the paired context is fundamental for the animal
to extinguish this memory.

CUS behavioral effects are concomitant to increased GC
signaling and excitatory pathway modulation

Considering the importance of GCs in stress response, hippocam-
pal neuronal activation, and defensive behaviors, as well as the
involvement of excitatory pathways mediated by AMPA glutama-
tergic receptor (in particular the glutamate subunit 1, GluA1) and
adrenergic receptors in hippocampal plasticity [19, 27, 28], we
sought to examine the phosphorylation state as an indication of
function gain and the expression of key HP-related proteins in
control and CUS animals by Western blot.

SPRINGER NATURE
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experimental design (A). The control group (CTR) is always represented in green, and the stressed group (CUS) is depicted in pink. The entire
learning curve (B) shows that CUS animals retrieve more of the aversive memory (B’) but extinguish it as CTR during the same time course (B”).
CUS presents a lower extinction gain ratio (%) at the first extinction protocol day, which is already compensated from the second extinction
day (C); moreover, CTR animals showed a higher extinction gain ratio during the extinction test (C’) similarly to the CUS group (C”). Results are
represented as mean + SEM (n = 14-24 animals/group in B, B' and B”; n = 13-16 animals/group in C, C’ and C"). In B, **** (p < 0.0001) vs. their
respective group in the retrieval test, # (p <0.05) vs. CTR group, $ (p < 0.05) vs. their respective group in post-US. In B, ** (p <0.01) vs. CTR
group. In C, **** (p < 0.0001) vs. their respective group in the retrieval test, # (p < 0.05) vs. CTR group. In C, *** (p < 0.001) vs CTR group in first.

In C) *** (p <0.001) vs CUS group in first.

Statistical analyses showed a significant stress effect on cell
signaling proteins. During the retrieval test, the CUS group
displayed increased MR translocation, nuclear and cytosolic GR
expression, and decreased P-glycoprotein expression (Fig. 5.1C-E
and G), indicating an increase in MR and GR activation probably
due to a rise in intracellular GC availability. Additionally, there is a
tendency towards an increase in glutamatergic signaling and a
decrease in cumulative, but not acute, neuronal activation,
measured by phosphoGluA1Rserg45) and FosB, respectively, with-
out changing Egr1 expression (Fig. 5.2B, 5.3B, and 5.3A). In
contrast, during the extinction test, there was an increase in
cytosolic GR and FosB and a decrease in GIUA1R, phospho-
GluA1Rsergas), and 32-adrenergic receptor, without any effects on
Egr1 expression (Fig. 5.1E, 5.2A-C, 5.3B and 5.3A) (statistical
analyses are summarized in S| Appendix, Table S7). Therefore, our
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results suggest that the 14-day CUS is associated with concomi-
tant changes in the expression of relevant proteins for dHP
plasticity during retrieval or extinction tests.

DISCUSSION

Our findings demonstrate that 14-day CUS induces behavioral,
biochemical, and molecular changes, resulting in greater chronic
stress-induced alertness when challenged with an aversive
situation (e.g., EPM and retrieval test). These changes shift the
animal’s behavioral strategies to a defensive one, activating
compensatory mechanisms related to the aversive memory that
allow them to overcome the disadvantageous stress effects
associated with this highly aroused state, evidenced by higher
freezing.
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Fig. 4 Absence of CUS-induced generalization and the importance of contextual stimulus during extinction in context-unpaired rats.
Schematic representation of the experimental design (A). The control group (CTR) is always represented in green tones, and the stressed
group (CUS) in pink tones. The unpaired protocol (B) demonstrates that the defensive response of unpaired CTR and CUS was context-
dependent, as low freezing rates occurred in the neutral arena (NA); however, the unpaired CUS group showed higher freezing than the CTR
group during the retrieval test (B’), extinction test (B”) and extinction sessions (B"’). Face to returning to the conditioning arena (CA) during
the extinction test, unpaired CTR and CUS showed higher freezing, indicating that the extinction depends on successive re-exposures to the
paired arena, although the time-lapse also had a negligible effect. CUS animals presented an increased freezing absence ratio (%) on the first
extinction protocol day similar CTR group (C); moreover, CTR and CUS groups showed higher freezing absence ratio (%) during extinction test
(C" and C”). Results are represented as mean = SEM (n = 5-6 animals/group in B, B; B’ B”; n = 6-8 animals/group in C, C; C"). In B, * (p < 0.05) vs.
their respective group in the post-US period, and # (p < 0.05) vs. their respective group in the pre-US period. In B, * (p < 0.05) vs. CTR group. In
B’ ** (p<0.01) vs. CTR group. In B, #, ## and ### (p <0.05, p<0.01 and p <0.001, respectively) vs. their respective CTR group. In C, ****
(p < 0.0001) vs. their respective group in first. In C, *** (p <0.001) vs. CTR group in first. In C; **** (p < 0.0001) vs. CUS group in first.

CUS increased anxiety-like behavior and induced a behavioral
profile characterized by low open-arm exploration and a higher
and constant frequency of unprotected risk assessment over time
[29], suggesting that the stressed animals were better habituated
to the novelty than the non-stressed ones. This behavior was more
evident in the aversive conditioning because CUS caused greater
responsiveness to the contextual aversive stimuli, facilitating the
increased expression of freezing during the retrieval test.
Interestingly, increased arousal in the retrieval test was not due
to better acquisition and did not improve extinction. Our results
demonstrate that the higher freezing in the retrieval test was
overcome during the extinction sessions with high extinction gain,
resulting in an aversive memory extinction similar to the CTR

Translational Psychiatry (2025)15:508

group. Additionally, we showed that these CUS effects on aversive
memory were unrelated to memory generalization in other
contexts. Thus, CUS induced new behavioral responses and were
insufficient to render an allostatic breakdown, producing protec-
tive hormetic effects that could improve the organism’s perfor-
mance in an aversive situation.

Several studies showed that chronic stress can initiate adaptive
mechanisms that modify physiological functions [30], enabling
individuals to cope with stressful situations or future threats.
Increased GC secretion from an activated HPA axis is crucial in
these responses. However, excessive GC secretion diminishes its
benefits, ultimately leading to maladaptive consequences, such as
HPA axis hyperactivity, a risk factor for systemic, neuropsychiatric

SPRINGER NATURE



K.A. Albernaz-Mariano et al.

1A 1B 1C *
8
=
53 23 ® 23
T o oD 8 (=)
- . . Q@ c 25 S <
Retrieval Extinction R 28 4 o &
co 3o (= 5}
CRT CRT CUS CUS CRT CRT CUS CUS x>z x2 So
=g s x
MR nuclear s s &5 W 0 ww v = =
B-actin - ————  — ———— ; Q ]
CTR CUS CTR CUS CTR CUS CTR CUS CTR CUS CTR CUS
MR cytosolic e s = - Retrieval  Extinction Retrieval  Extinction Retrieval  Extinction
B-actin  E———— ——————
1D * 1F
GRnuclear I I N &S & ’ *
B-actin B EEED T EDEDEDE . o~ o _ga
5 g8 ge
. S o
GRcytosolic Wl i S S e EmEmsw 3S° g2 o RS
O o
i x o = So
B-actin &5 xs Ze
= =3 %

P-Glycoprotein
Gapdh

CTR CUS CTR CUS

CTR CUS CTR CUS

CTR CUS CTR CUS

Retrieval  Extinction Retrieval  Extinction Retrieval  Extinction

(7}

P-Glycoprotein cytosolic =
(fold change)

CTR CUS CTR CUS

Retrieval  Extinction

N
>
N
W
N
(g)

GIUATR e e s s e o =
Gapdh < ap i e = ——caea

PhosSphOGIUATR(ser845) wee w= @i w1 S 8 05

B-actin = — — -

GluA1R cytosolic
(fold change)
(fold change)

.07 : *k
o
o
o

CTR CUS CTR CUS " CTR CUS CTR CUS

B2-adrenergic cytosolic
(fold change)

B2-adrenergic = w s w0 S e

phosphoGIUA1R (seg4s) Cytosolic

. 1) — — — — .
B-actin s w— —-— CTR CUS CTR CUS

Retrieval  Extinction Retrieval  Extinction Retrieval  Extinction

07 %
i o
o
8

: 0
CTR CUS CTR CUS CTR CUS CTR CUS

Egr1 L8 3 _JETET § g

B-actin

—— -
FosB oo
e

B-actin e e —— ————

w

Egr1
(fold change)
FosB cytosolic
(fold change)
N

-

Retrieval  Extinction Refrieval  Extinction

Fig. 5 CUS-induced changes in GCs signaling, excitatory pathway, and neuronal activation. The control group (CTR) is always represented
in green, and the stressed group (CUS) in pink. Regarding GC signaling, CUS causes no effect on nuclear MR (1A) and cytosolic MR (1B) in the
retrieval and extinction test but increases MR translocation in the retrieval period (1C). Moreover, it caused an increase in nuclear GR (1D)
during retrieval and an increase in cytosolic GR (1E) during the retrieval and extinction test, with no effect on translocation (1F). An increase in
P-Glycoprotein was also observed during retrieval (1G). For excitatory signaling, there was a cytosolic decrease of GIUATR (2A),
phosphoGIUATRsersas) (2B), and p2-adrenergic (2C) during extinction. CUS caused no effect on Egr1 (3A) but increased cytosolic FosB during
the extinction test (3B). Results are represented as mean + SEM (n = 4-7 animals/group in 1A-G, n =4-7 animals/group in 2A-C, and n =3-6
animals/group in 3A and B). In 1C, 1D, 1E, 1G, 2B, 2C and 3B, *, ** and *** (p < 0.05, p < 0.01 and p < 0.001) vs. their respective group CTR group.
In 2B and 3B, a statistical trend is observed (p = 0.07) vs. their respective group CTR group.

SPRINGER NATURE Translational Psychiatry (2025)15:508



diseases and cognitive deficits [31-35]. Anxiety- and depression-
like behaviors, fear, and cognition deficits have been reported
after CUS [4, 36-38]. In our 14-day study, the basal serum CORT
concentration was elevated 24 hours after the last CUS session
during the EPM test or pre-US period, corroborating previous
studies [4, 39]. The CUS-induced CORT increase is frequently linked
to impaired HPA axis negative feedback control, leading to
excessive GC release and allostasis disruption, culminating in an
ineffective allostatic response and exhaustion of the organism
[40]. Despite basal CORT concentration (24 hours after the last
stress) being more elevated in CUS animals than non-CUS animals,
CORT concentration during conditioning (30 minutes post-US) did
not change in either group. After the retrieval test (30 minutes
post-CS), when the animals returned to the same conditioning
arena context without the US, CORT concentration increased
equally in stressed and non-stressed animals, highlighting that the
context was aversive enough to activate the HPA axis, regardless
of the previous, transitory HPA axis activation in CUS animals.
During the extinction test, the CORT concentration was similar to
the basal one.

Previous studies showed that after the conditioning period
(post-US), the increase in CORT concentration is dependent on the
footshock intensity, with a positive correlation between the
augment in CORT concentration and freezing behavior following
the conditioning period [26, 41, 42]. However, these studies
considered the US itself a stressful event and presented limited
responses to this stimulus without considering the influence of
previous stressors. Our experimental protocol involved a single
0.5 mA footshock for 1s, whereas the other studies conditioned
the animals with three footshocks (0.2-1 mA) [41, 42]. Moreover,
we previously exposed the animals to a 14-day CUS, transiently
increasing basal CORT concentrations, which was still insufficient
to elicit sustained CORT release alterations (i.e, HPA axis
sensitization during a second aversive challenge (i.e., condition-
ing) or extinction test.

Although the HPA axis presents similar responses, during the
retrieval test, some changes in CUS-associated protein expression
were evident in the dHP, suggesting increased intracellular GC
availability (via decreased P-glycoprotein) from MR and GR
expression, but not for glutamate and norepinephrine receptors
or acute and cumulative neuronal activation. Nevertheless, a net
increase in cytosolic GR expression was maintained until the
extinction test, the glutamate and norepinephrine receptors were
decreased, and a cumulative, not immediate, neuronal activation
was observed. Previous results demonstrate that CORT and
norepinephrine interact to rapidly regulate hippocampal AMPA
receptor function, in which the co-administration of CORT and the
-adrenergic receptor agonist isoproterenol increases the phos-
phorylation of the AMPAR subunit GIUA1Rsersas). Furthermore, the
association of isoproterenol and CORT enhanced miniature
excitatory postsynaptic currents (mEPSC) frequency [43]. In
general, acquiring aversive memory leads to an increased
insertion of AMPA receptors containing the GluA1 subunit into
the synaptic membrane. In contrast, the internalization of these
receptors points out memory extinction [44, 45]. Our previous
work demonstrated that elevated hippocampal GIUATRsers4s) is
linked to late impairments in acute stress-induced aversive
memory extinction. Additionally, in the dHP CA1 area and the
dentate gyrus, the B-adrenergic excitability facilitation is markedly
attenuated by CORT pretreatment via a slow and presumably
gene-mediated pathway [28]. Gray [46] suggests that following
the detection of novel or unexpected events, the pivotal
hippocampal function is to augment the levels of arousal and
attentional processing, increasing contextual investigation. In this
sense, the dHP appears to be essential in modulating the
attentional intensity or perceived salience of stimulus representa-
tions [47]. Our findings reinforce these previous results, indicating
that 14-day CUS alters dHP-GC cellular machinery, and the
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glutamatergic and norepinephrine receptors contribute to adap-
tative behavioral outcomes during aversive situations, adding
importance to the perceptual learning promoted by dHP for the
retrieval and extinction memory process.

Several studies indicate that increased GC concentrations
modulate the animals’ behavioral and cognitive responses to
challenging situations, including attention, perception, memory,
and emotional processing. Furthermore, studies suggest that the
dHP influences the adaptive responses of GCs, potentially altering
anxiety [48-54]. Our results demonstrated that 24 hours after the
last stress session, 14-day CUS rats displayed increased alertness,
characterized by decreased EPM open-arm exploration [55].
However, although the stressed animals spent less time in the
open arm, ethological measures of SAP and head-dipping
behaviors did not change regarding their percentage in the
protected area. Less time spent in the open arm did not cause a
decrease in the risk assessment profile over time; instead, it
caused a constantly high expression throughout the EPM test.
These results suggest a compensatory shift in risk assessment
strategy over time, where the animal increases the constancy of
behavior due to decreased exploration. Contrary to our findings,
previous studies demonstrated that chronic ultra-mild stress
(CUMS) in mice increased exploratory activity and attention
deficit, impairing decision-making [56], and 28 days of chronic
mild stress (CMS) elevated risk assessment behavior in mice [57].
Others showed an anxiolytic-like profile [58] or ambiguous
anxiety-like behavior in rats [59]. Indeed, different forms of
chronic stress (e.g., immobilization and electric shock for 14 days)
produce aberrant choices and high-risk/high-reward conditions,
resembling non-optimal decision-making under conflict [60].
Based on our findings, we hypothesize that when animals
experience minimal stress—exposure to various mild stressors—
over a short duration, they tend to adopt conservative strategies
to ensure their safety.

Furthermore, in our previous study, we did not observe a CUS-
induced anxiety-like effect [4], and this difference can be
explained by the alteration in the aversiveness of the EPM
employed in this study. For example, using lower luminosity (10
lux in both open and closed arms) enabled us to detect disparities
in anxiety-like behavior. Other studies report that even subtle EPM
modifications can influence an animal’s anxiety responses [61, 62]
Additionally, rats show greater open arm exploration under low
(01 lux) than under high luminosity [25, 63]. (e.g., difference in
luminosity between the open and closed arms is indeed
anxiogenic [64]). Importantly, variations in CUS protocols, such
as type of stressor(s), frequency per day, duration, rat or mouse
strains, animal genders and even home cage distribution, can alter
ethological parameters.

It has been reported that the temporality and intensity of the
stressor can influence mnemonic processes [65] and the
individual's alertness. Multiple studies demonstrate that escalating
the footshock intensity or frequency facilitates mnemonic
processes, leading to a greater manifestation of defensive
behavior in rats [66-68]. Recent research examining the impact
of previous acute or chronic stress on subsequent stressful
challenges has revealed that the preceding allostatic processes
can modulate the mnemonic effects induced by the following
challenges [11, 21, 69]. Chronic stress before conditioning sessions
resulted in elevated startle responses, increased freezing, and
impaired extinction memory, even after a subsequent stress-free
retrieval period [70, 71]. Similarly, in our study, CUS animals
exhibited higher freezing after conditioning than their respective
group in the post-US period or the CTR in the retrieval test.
Although the initial increase in freezing can predict maladaptive
changes regarding the extinction of an aversive memory [70], we
observed a compensatory mechanism associated with increased
extinction. During the initial three extinction sessions, the CUS
animals maintained a significant extinction gain until the
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extinction test. Thus, CUS-induced increased freezing during
retrieval does not implicate impairment of aversive memory
extinction in rats. We hypothesize that this effect occurs because
CUS increases the arousal (alertness) and surveillance of the
environment (context), improving decision-making and strategic
behaviors, possibly due to enhanced environmental information
processing.

It is unclear why the CUS effects on freezing responsiveness are
associated with increased basal CORT, which should be explored in
future studies. CORT sensitization of extra-HPA axis structures, such
as the dHP, amygdala, and prefrontal cortex, regulates memory
processes and defensive behaviors through MR and GR activation
[9, 72]. We observed increases in MR translocation into the cytosol
(i.e., activation) and GR nuclear expression (i.e., higher activation)
and a decrease in P-glycoprotein expression. The latter is a
transmembrane unidirectional efflux pump, densely expressed in
the blood-brain barrier and has a high affinity for GCs [73-75]. The
attenuated P-glycoprotein expression in CUS animals suggests that
more intracellular GCs are available to bind to their receptors in the
dHP. Given that CORT cannot fully account for the facilitation of
memory formation and retrieval processes following chronic stress
[76], it is plausible that norepinephrine signaling sensitization in
the dHP influences the aversive memory retrieval process.

Previous studies have demonstrated the potential of catecho-
lamines to modulate memory processes [77-79], and effects on
catecholaminergic pathways have been observed in animals
submitted to CUS [4]. We observed increased alertness and
vigilance driven by heightened anxiety, counterbalanced by
cognitive improvement. Moreover, it only required a few re-
exposures to the aversive context to facilitate appropriate
adaptation through efficient aversive memory extinction, ulti-
mately decreasing freezing in CUS animals. This ‘advantageous’
effect does not negatively affect the animal in other areas, such as
a possible increase in the generalization of aversive memory.
Accurately assessing a threat necessitates the capability to
effectively distinguish between the information associated with
security and the danger and precisely discriminate the possibility
that a prediction will occur [80]. An increase in aversive memory
generalization could trigger aberrant defensive behaviors
in situations unrelated to their original occurrence [81, 82]. Studies
indicate that emotional arousal induced by stress or anxiety
significantly impacts memory systems, primarily involving the HP
and dorsal striatum. For example, when subjected to a learning
strategy test, mice and humans can activate GC-dependent
mechanisms to shift behavioral strategies from HP-dependent
spatial learning to the dorsal striatum-dependent stimulus-
response pathway [83-86]. Another aspect to be considered is
the stress impact on aversive memory generalization, an
important characteristic associated with PTSD and anxiety
[87, 88], where random or subjective stimuli can trigger the
symptoms of these disorders in situations unrelated to the
traumatic events in their original occurrence. When we analyzed
the generalization in the unpaired groups, CTR and CUS exhibited
increased freezing compared to their respective groups in the
post-US period. However, when exposed to the unpaired context
during the extinction sessions, both groups displayed reduced
freezing behavior, indicating the absence of generalization.
Indeed, the degree of generalization has been linked to the
intensity of the stress. For example, memory retention induced by
a 1 or 3mA footshock exhibited significant generalization to
different contexts after training, whereas 0.6 mA footshocks did
not produce this effect [42, 89]. Additionally, when CUS or CTR
animals were exposed to the paired arena during the extinction
test, there was an increase in freezing behavior, confirming that
context is necessary for extinction to occur [11, 21, 90]. Evidence
indicates that the dHP plays a vital role in contextual discrimina-
tion by restricting the generalization of aversive memory [91-93].
Interestingly, while the CTR and CUS groups did not demonstrate
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generalization when analyzing the extinction sessions separately,
we observed that the CUS animals exhibited higher freezing levels
than the CTR. However, we found no significant difference when
comparing the extinction gain between the unpaired groups. In
this case, the 14-day CUS may modify emotional arousal in
unpaired contexts, enhancing the animals’ responsiveness but to a
degree that remains adaptive without leading to generalization.

It is important to note that the current study’s focus on males is
a limitation, as the effects of CUS on aversive memory processing
may differ between sexes. Previous research indicates that male
and female brains may utilize distinct neuronal pathways for
processing aversive memories, which can have implications for
understanding various neuropsychiatric disorders, including PTSD
[94, 95]. Therefore, future research should prioritize the inclusion
of female subjects to elucidate these potential differences and
gain a comprehensive understanding of how stress influences
memory in both sexes.

Collectively, our results point to CUS having a hormetic effect
on anxiety and memory processes. Herein, the 14-day CUS
protocol better adapts animals to novelty, augmenting contextual
arousal (alertness). These changes were accompanied by altera-
tions in the expression of receptors and proteins involved in
glutamatergic and norepinephrine signaling and differential MR
nuclear translocation in the dHP. These responses could trigger a
switch from maladaptive to coping mechanisms, allowing animals
to express heightened defensive behavior and avoid compromis-
ing allostatic responses. Understanding these complexities is
pivotal, and new avenues for nuanced therapeutic interventions
could reshape our perspective on stress resilience.
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