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Abstract:

Background: Stress during adolescence is usually associated with psychopathology later in
life. However, under certain circumstances, developmental stress can promote an adaptive
phenotype, allowing individuals to cope better with adverse situations in adulthood,

thereby contributing to resilience.

Methods: Sprague Dawley rats (50 males, 48 females) were subjected to adolescent chronic
variable stress (adol CVS) for 2-weeks at PND45. At PND 85, a group was subjected

to single prolonged stress (SPS). After a week, animals were evaluated in an auditory-cued fear
conditioning paradigm and neuronal recruitment during reinstatement was assessed

by Fos expression. Patch clamp electrophysiology (17-35 cells/group) was performed in male

rats to examine physiological changes associated with resilience.

Results: Adol CVS blocked fear potentiation evoked by SPS. We observed that SPS

impaired extinction (males) and enhanced reinstatement (both sexes) of the

conditioned freezing response. Prior adol CVS prevented both effects. SPS effects were
associated with a reduction of infralimbic (IL) cortex neuronal recruitment after reinstatement
in males and increased engagement of the central amygdala in females, both also prevented
by adol CVS, suggesting different neurocircuits involved in generating

resilience between sexes. We explored the mechanism behind reduced

IL recruitment by studying the intrinsic excitability of IL pyramidal neurons. SPS reduced

excitability of IL neurons and prior adol CVS prevented this effect.

Conclusion: Our data indicate that adolescent stress can impart resilience to the effects of
traumatic stress on neuroplasticity and behavior. Our data provide a mechanistic link behind

developmental stress induced behavioral resilience and prefrontal (IL) cortical excitability.
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Introduction:

Understanding factors that affect the brain during adolescence has substantial health relevance
given the onset of numerous affective conditions (e.g., depression, anxiety disorders) during
this developmental period (1-3). In general, chronic stress during development is associated
with the emergence of pathology, particularly when occurring during early life (4—8). However,
mild to moderate stress during development period may promote an adaptive response to
adverse situations later in life, contributing to stress resilience (9—-13). While the mechanisms
implicated in developmental vulnerability to stress dysregulation are widely studied, resiliency

after stress is poorly understood.

Memories that are acquired under stressful situations are usually strongly consolidated and can
be retrieved more easily than those acquired in neutral situations (14). Prior exposure to stress
can further enhance the acquisition and/or expression of the fear related behaviors (15),
processes linked to the prelimbic (PL) and infralimbic (IL) divisions of the rodent medial
prefrontal cortex (16). Learned fear has an obvious adaptive value, increasing the chance of
survival in life threatening situations (16). However, traumatic experiences can lead to
exaggerated and prolonged fear responses, as seen in posttraumatic stress disorder (PTSD).
Here, individuals experience recurring episodes of involuntary memories associated with an
intense stress response, resulting in hyper alertness and avoidance of situations that remind
them of the traumatic event (15,17). The aberrent fear response in PTSD is iassociated with
ventromedial PFC (homolog to the rodent IL) hypoactivity and loss of top-down control over the

amygdala (18). Interestingly, although there is a high chance of experiencing trauma in the
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population, only about 7% of people develop PTSD (2,19,20), suggesting that resilience or
vulnerability to development of PTSD may be determined by experiential and/or genetic

factors.

Rodents are widely used to study how stress affects learned fear memories, and as a means of
gaining insight into possible mechanisms underlying PTSD. Stress-enhanced fear models usually
combine exposure to one or more stressors, with fear responses tested in a conditioning
paradigm (15). One of the most widely-used and reproduced models is the single-prolonged
stress protocol (SPS) developed by Liberzon (21,22). Exposure to SPS impairs extinction and
extinction recall of a fear conditioned response one week later (23—-25), comprising a late-
emerging enhancement of fear, as is characteristic of PTSD. SPS also reduces neuronal
activation in the IL, which may play a role in the abnormal fear extinction deficits associated

with SPS (26).

Previous work from our lab shows that chronic variable stress (CVS) during adolescence can
evoke specific effects later in life which may determine either risk or resilience (27,28). In the
present study we assess the impact of adolescent CVS on stress vulnerability or resilience to
subsequent SPS in adulthood Our data indicate that the experience of stress during
adolescence blocks fear potentiation following SPS and prevents SPS-induced decreases in
excitability of IL pyramidal neurons, suggesting a a key role for this cortical region in conferring

resilience to traumatic stress
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Materials and Methods

Detailed methods described in supplemental material.

Animals: Male and female Sprague Dawley rats were bred in-house, with group assignments
controlled for litter. All procedures and care performed in the animals were approved by the
University of Cincinnati Institutional Animal Care and Use Committee.

Experimental design: Experiment 1: experimental groups were Control (No CVS — No SPS), Adol

CVS (only chronic stress in adolescence), SPS (only single prolonged stress in adulthood) and
CVS-SPS or double-hit group (adol CVS + SPS in adulthood) of both sexes. Experiment 2: Control
(No adol CVS) and adol CVS, both sexes. Experiment 3: Control, adol CVS, SPS and CVS-SPS, only
male rats.

Adolescent chronic variable stress (adol CVS): Rats were subjected to 14 days of CVS exposure

during late adolescence (Postnatal day (PND) 45 + 2). CVS consisted of a set of unpredictable
variable stressors applied twice daily (AM and PM). Following CVS, animals were allowed to
recover for 4 weeks to be then subjected to the single prolonged stress (SPS) protocol
evaluated during adulthood. Timeline shown in Fig. 1.

Single prolonged stress (SPS): 4 weeks after recovering from adol CVS, half of the CVS and

Control animals were subjected to SPS following Liberzon’s protocol (24) consisting of 2h
restraint, 20 minute swim (25 + 2°C) and ether anesthesia until loss of consciousness. The other

half served as controls (no SPS).

Cued Fear Conditioning Paradigm: A week after SPS animals were subjected to an auditory tone

cued fear conditioning protocol to evaluate the performance during the conditioning,
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extinction, and reinstatement sessions. The conditioned response evaluated was freezing
behavior, considered as general absence of movement, which was scored using a video tracking

system (EthovisionXT-Noldus).

Context fear conditioning test: As a way of quantifying the conditioned response to the context,

we evaluated the initial freezing response exerted every day of the extinction procedure before

the first tone was presented and analyzed the progression of this response over 3 days.

Immunohistochemistry: 90 minutes after reinstatement, rats were euthanized to obtain their

brains for immunodetection of Fos, a marker of neuronal activation. We quantified the number
of Fos positive nuclei/unit area in the IL and PL subdivisions of the mPFC, the basolateral
amygdala complex (BLA) and the central lateral (Cel) and central medial (CeM) divisions of the

central amygdala (CeA).

Cognitive function assessment: Following the same timeline for CVS onset, duration, and age of

testing, control and adol CVS animals coming from the same litters used in the previous
experiment were subjected to the novel object recognition (NOR) test and then the Morris

water maze (MWM) a week later.

Electrophysiology: Following the same timeline as the behavioral studies, whole-cell patch

clamp recordings were obtained from layer V pyramidal neurons in the IL PFC. A warm slicing

protocol was used to prepare healthy adult rat brain slices as previously described (30). All
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measurements of intrinsic membrane excitability were taken from the resting membrane
potential (RMP) in the current clamp mode approximately 1 min after whole-cell configuration

was established.

Statistical analysis

Fear conditioning data were analyzed by repeated measurements ANOVA (adol CVS x SPS x Sex
x time), with a level of significance of p < 0.05. Novel object recognition and Morris water maze
data were analyzed by 2x2 ANOVA (Adol CVS x Sex). Fos data were analyzed by a 2-way ANOVA
(2x2 design: adol CVS x SPS) within each sex with a level of significance p <0.05.
Electrophysiology data were analyzed by 2x2 ANOVA (adol CVS x SPS). Details of number of cells
used for electrophysiology data analysis are outlined in Table 1. In the cases where significant
differences and interactions were found, the Bonferroni test was used for post hoc analysis. In
the case there were only main effects of the factors but no significant interaction between
them, we performed planned comparisons to evaluate individual differences. Data were
analyzed using STATISTICA 7.0 (Statsoft, Inc.,Tulsa, USA) and Prism 8 (GraphPad Software, La
Jolla California USA). Data not following a normal distribution were log transformed for analysis.

Outliers were detected using the Grubbs’ test (GraphPad Software) and removed from analysis.

Results:

Experiment 1: Cued conditioned response: Fig. 1.C-F illustrates the conditioned freezing

response throughout the different sessions of the fear conditioning paradigm in animals that

were submitted to chronic variable stress during adolescence (adol CVS) and later subjected to
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single prolonged stress (SPS) in adulthood. Animals were submitted to a tone-conditioned
paradigm as shown in Fig 1.B. Fig 1.C shows the effects for each phase of paradigm evaluated.
None of the treatments had effects on the conditioning phase, although male rats showed
higher freezing than females in general. When assessing extinction over 3 days, SPS groups
exhibited higher freezing, with no effect of sex. When analyzing within sex effects, we observed
a significant impairment of extinction learning after SPS in males (but not females). This effect
was blocked in the SPS group subjected to prior adol CVS. These results also contrast with the
mild deficit on extinction learning following adolescent CVS alone. This paradoxical effect
observed in the group subjected to the double-hit of CVS and SPS lead us to posit that the adol
CVS prevented the effects of SPS, generating a resilient phenotype. The levels of extinction
attained were stable for both sexes as tested in the recall phase. In this case, five days after
extinction, animals received a brief extra extinction session (3 tones) to test for possible
spontaneous recovery of the conditioned response and to corroborate that the levels of
freezing in all the groups were equal before reinstatement. Lastly, we submitted the animals to
a reinstatement procedure and observed enhanced reinstatement of the freezing response to
the tone in both males and females exposed to SPS. Enhanced reinstatement was not observed
in males or female exposed to both adolescent CVS and SPS, again suggesting a possible

beneficial effect of developmental stress exposure in fear processing.

Context conditioned response: To quantify the conditioned response to the conditioning

context, we evaluated the freezing response evoked every day of the extinction procedure

before the first tone was presented and analyzed the progression over 3 days (Fig 1.E). We
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observed that, during presentation of the tone, SPS groups exhibited higher freezing in general.
In the case of male rats, the group that was subjected to prior adol CVS did not show enhanced

freezing to the context on any of the days evaluated.

Fos expression after reinstatement: Figure 2 shows the Fos immunoreactivity (Fos-ir) in the

mPFC and amygdala of the animals, tested in response to the reinstatement trial (90 min after
the onset of the session). In the case of males, SPS decreased Fos induction only in the IL cortex
(Fig 2.A), while the other groups remained at control levels. Effects of SPS on IL Fos were not
observed in animals exposed to CVS in adolescence. Conversely, in females, effects of adol CVS
and SPS were only observed in the central nucleus of the amygdala, particularly in lateral

portion (Cel), and this was also prevented in the double-hit group (Fig 2.B).

Experiment 2: Cognitive effects of adolescent CVS: With the purpose of detecting the possible

impact of adolescent CVS on learning or mnemonic processes, which could confound the
interpretation of the results observed in the double-hit experiment, we subjected a cohort of
littermates to alternative behavioral tests to assess the integrity of cognitive functions (Fig 3).
In this case we only observed effects of adol CVS on the MWM probe test, with no effects
during the training phase. Exposure to stress in adolescence enhanced recall of platform

location, indicated by increased time spent on the target quadrant, regardless of sex.

Experiment 3: Electrophysiology: We next investigated the potential cellular mechanisms

underlying how adolescent stress can prevent SPS-induced changes in fear behavior and Fos
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activation in IL in male rats. We measured the intrinsic membrane properties and firing
frequency of IL pyramidal neurons in layer V, the major source of subcortical output from the IL
(29). We found that prior experience of adol CVS prevented SPS-mediated changes in intrinsic
excitability of IL pyramidal neurons. Specifically, we observed that SPS increased rheobase and
decreased membrane resistance, whereas prior experience of adol CVS was able to prevent
these effects ( Fig 4D & 4E respectively). Additionally, SPS increased the threshold for action
potential (AP) firing and decreased AP amplitude, both of which were prevented by prior adol
CVS ( Fig 4F and 4G respectively). SPS also reduced the duration of AP (AP 50), which was also
blocked by prior adol CVS. It should be noted that adol CVS alone increased AP duration (Fig
4H). Finally, adol CVS was also able to attenuate the reduction in peak firing frequency
observed following SPS (Fig 4K). Together these data indicate that prior experience of
adolescent stress is able to prevent the reduction in intrinsic excitability and firing rate of IL
layer V pyramidal neurons following SPS. We did not observe changes in membrane

capacitance (Fig 4J), indicating that treatments likely did not affect cell size.

Discussion

Our results strongly suggest that prior experience with stress during adolescence evokes a
resilient phenotype in the adult, characterized by the prevention of the effects of SPS in a fear
conditioning paradigm and on IL pyramidal cell excitability. Our data indicate that the
adaptations resulting from exposure to chronic stress during adolescence buffer the behavioral
impact of a model of traumatic stress in adulthood, blocking known effects of SPS on

subsequent fear potentiation. This was accompanied by reversal of SPS-induced IL hypoactivity
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(males) and Cel recruitment (females) following reinstatement of the conditioned response.
The IL plays a major role in promoting extinction of conditioned fear, whereas the CeA is
involved in expression of fear behaviors: either may drive pathological fear responses, albeit by
different mechanisms. Subsequent electrophysiological analysis indicates that SPS induces a
profound hypoactivity of layer V pyramidal cells in the IL that was blocked by prior adolescent
CVS, suggesting that altered excitability of IL glutamatergic pyramidal neurons may explain

resilience to the behavioral effects of SPS, at least in male rats (Figure 5).

Stress during development is generally thought to evoke negative behavioral effects later in life
(27,28,30-35). However, prior studies also support the ability of adolescent stress to confer
stress resilience in adulthood, using a number of stress models (reviewed in 11,36,37). Salutary
effects of adolescent stress on subsequent severe stress reactivity may be related to stressor
modality, timing or duration. For instance, intermittent predator stress from PND 33 to PND 56
increases active coping two weeks after the stress (38). Predictable chronic mild stress (PCMS)
encompassing all adolescence improves outcomes related to anhedonia, coping and anxiety,
and prevents behavioral effects after chronic unpredictable stress (CUS) in adulthood (39).
Adolescent PCMS also enhances extinction and prevents reinstatement and spontaneous
recovery in a fear conditioning model evaluated immediately and one week following PCMS
(40). In combination with our observation of stress resilience 4 weeks following CVS exposure,
these studies suggest that adolescent stress effects enhancing the mechanisms for resilience

endure for several weeks, if not persisting throughout life. It is notable that the impact of
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adolescent stress differs from that imposed earlier in life, where the data generally report

detrimental effects of stress (41-45).

Although some authors proposed that the resilient phenotype is promoted by the predictability
of the stressors (40), the unpredictable nature of CVS suggests that the resilience mechanism
might be independent of response habituation. Timing combined with stressor modality seem
to be an important factor as well. In this sense, prior work indicates adult resilience even after a
single intense stressor protocol at PND37 or following 3 days of predator related stressors at
PND33-35 (46). In contrast, a 3-day pre-pubertal exposure to variate stressors failed to
attenuate exaggeration of fear responses in adulthood, indicating that developmental timing is

critical for establishment of resilience.

Stress modality may also play a role in the development of resilience. Forinstance, complete
social isolation during adolescence increases anxiety-like behavior, acoustic startle and
impaired extinction in adulthood (47), whereas social instability (PND 30-45), that entails poor
social structure but no isolation, evokes a reduction of conditioned fear expression in adulthood
(48). The same protocol of social instability proved to be less effective in female rats (49),
pointing to possible sex-dependent mechanisms for the programming of the long-term effects

of adolescent stress, consistent with our observed sex differences.

Morris water maze and novel object recognition tests were used to assess whether adolescent
CVS causes lasting cognitive deficits that could explain poor retention of the conditioned

memory or faster extinction of the fear response. Our data indicate that general cognitive
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function was not negatively affected in the animals with prior CVS, confirming specificity of the
resilience phenotype to fear-related memories. Interestingly, adol CVS improved the retention
of spatial memory in both sexes in the MWM, an effect reported in other models of juvenile
stress (50,51). However, CVS encompassing the whole duration of adolescence decreased the
time on the target platform of the Morris water maze when tested after 3 weeks of recovery
from CVS (52), pointing again to the importance of timing, duration and intensity of

adolescence stress for resilience.

Hypoactivity of the medial PFC is observed in several mental health disorders, including PTSD
(53). Results from our group and others indicate that stress during adolescence reduces
neuronal recruitment (Fos expression) to adult stressors in the mPFC (27,28,54). In humans,
PTSD has been associated with a reduction in prefrontal drive, leading to abnormal extinction of
conditioned fear (18,55-57). Similarly, reduced IL mPFC activity following SPS in male rats may
underlie abnormal extinction of fear responses (26). Consistent with these data, our results
indicate reduced IL recruitment following SPS in male rats accompanied by higher freezing
during extinction and reinstatement. The reduced engagement of the IL after SPS in response to
conditioned cues during the reinstatement procedure also suggests a possible reduction of IL
activity occurring during the extinction procedure, which would explain the impairment of
extinction learning previously observed in the same group. Remarkably, in the case of the
female rats, Fos expression was only affected by SPS in the CelL division of the central amygdala
(with no changes in the PFC) and this area also exhibited resilience in the double-hit group. Cel

is associated with expression of conditioned fear responses (58,59). Our data indicate that SPS
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females exhibit enhanced freezing expression during reinstatement with minimal effect during
extinction (consistent with 60), further aligning with the involvement of Cel and lack of

involvement of the IL in the resilient effect in female rats. These results indicate sex differences
in response to stress and fear related behaviors and highlight involvement of sex-specific brain
regions, particularly the IL in males and CelL in females, in evoking a resilient phenotype (Figure

5).

Our electrophysiology studies indicate that adolescent CVS counteracts the inhibitory effects of
SPS on intrinsic excitability of layer V pyramidal neurons in the IL (Figure 5). Our data also align
with our fear conditioning findings (Figure 1), where robust resilience effects are only observed
following the double-hit of both stressors. Our results suggest that plastic changes in the PFC
following adol CVS may serve to prime the PFC to prevent the decrements in excitability
observed with SPS, which eventually leads to the behavioral resilience observed in fear

conditioning.

Neurons in the mPFC are specifically activated during stressful situations and modulate their
responses to subsequent exposure to the same stressor experience (61), thus playing a critical
role in eliciting adaptive responses to aversive stimuli (62). Modification of PFC responses to the
same stimulus can be mediated through altered glutamatergic or dopaminergic drive onto the
mPFC projection neurons (63,64). Adolescent social defeat decreases adult NMDA receptor
expression in the IL PFC, and also reduces freezing to fear conditioning (65). Thus, the enhanced

excitability we observed in SPS rats with prior history of adol CVS might be a long-term
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adaptation to the reduced excitatory drive that may occur following adol CVS. Our data indicate
that the intrinsic excitability changes do not manifest at baseline conditions under adol CVS
alone. Consistent with our findings, resilient mice show control level firing activity (66,67). Thus
it is possible that prior adol CVS may serve to prime the pyramidal cells to react appropriately
when faced with the second hit of SPS by modulating their responses to buffer the reduction in

excitability associated with SPS.

Prior work indicates that resilience or vulnerability to stress-induced emotional dysregulation
may be modulated by changes in intrinsic excitability of prefrontal neurons (68—70). Intrinsic
membrane properties play a critical part in determining the prefrontal excitatory/inhibitory
balance, as they directly shape neuronal output by influencing the probability of a neuron firing
an action potential in response to excitatory synaptic inputs and modulate firing capacity.
Animals resilient to social defeat display increased neural activity in the mPFC and optogenetic
drive of the mPFC can promote resilience (71). However, the cell type (GABAerigc versus
glutamatergic) exhibiting this hyperactivity is not known (71,72). Similar studies exploring the
role of mPFC glutamatergic pyramidal neurons in other models of psychiatric disorders have
been inconsistent (73—75). Our findings provide significant addition to the resilience literature
by indicating that alteration in intrinsic excitability of IL mPFC glutamatergic pyramidal neurons

might promote a resilient phenotype following adolescent stress.
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The exact mechanism underlying the altered excitability of IL pyramidal neurons observed in
our study is yet to be determined. Alterations in ion channels can influence the excitability of
neurons. For example, G protein-gated inwardly rectifying K+ channels (GIRKs) play a crucial
role in maintaining the excitability of layer V/VI pyramidal neurons in the prelimbic cortex
(76,77). Other studies have implicated the role of hyperpolarization-activated cyclic nucleotide—
gated (HCN) channels in modulating the intrinsic membrane excitability of cortical neurons (78).
Further work is needed to identify the specific ionic mechanisms by which adolescent stress can

protect against future stressors during adulthood. (79)

Conclusion:

Our results support the idea that certain combinations of stressful situations during
adolescence can be beneficial, evoking resilience to stress in adult life. We propose that, in
rats, chronic variable stress during late adolescence determines differential activation or
recruitment of the IL in response to intense stress in adulthood. This rearrangement of
prefrontal activity results in a phenotype that is resilient to stress-enhanced fear learning,
reducing contextual response, facilitating extinction and preventing reinstatement of the fear
conditioned response, following trauma, which is of potential translational value for the study
of PTSD. Furthermore, our data indicate sex specific effects in behavioral resilience following
adolescent stress and identifies sex differences in stress reactive brain regions. It would be
important to determine which stressor type might result in a positive emotional valence and
whether that ultimately evokes a resilience response. For example, the exercise (swim) or social

component (crowding) of the adolescent CVS regimen might help individuals cope with
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subsequent stress in adulthood (80,81). The next challenge is to find the most efficient
developmental triggers for the generation of resilience to the effects of adult stress, possibly
including positive developmental interventions, with the goal of reducing the incidence of

stress-related affect conditions, including PTSD.
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Figure legends:

Figure 1: A) Experimental timeline. B) Fear conditioning paradigm C, D) Previous adolescent
stress enhanced extinction in male rats and prevented reinstatement of tone-conditioned
freezing after SPS in both male and female rats. Conditioning: There was an

interaction adol CVS x SPS (F(1,79)= 5.075, p=0.027) but no individual differences in the
Bonferroni test. The significant effect of time(F s 395)= 469.308, p<0.0001) confirmed the
conditioning of the response. There was main effect of sex (F(1,79)= 7.724, p=0.007), with
Bonferroni comparisons indicating a general higher expression of freezing in male rats (¢). 3-

day extinction: there were significant effects of SPS (F(1,76)= 6.698, p=0.012),
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interaction adol CVS x SPS (F(1,76)= 7.414, p= 0.008) and time (F(2,152)= 475,661 , p<0.0001), with
no effect of sex. The CVSxSPS post hoc analysis over confirmed that, in general, SPS groups had
higher freezing levels compared to controls over the whole extinction procedure regardless of
sex. When performing planned comparisons by sex, only male rats showed statistical effects,
the SPS group had higher freezing than the control group on all three days (p<0.05 *) while the
CVS only group had enhanced freezing only on day 2 (p<0.05 *). Prior adol CVS prevented the
SPS effects, as the double-hit group remained at control levels on all testing days and had
significantly less freezing than the SPS group on day 2 (p<0.05 #). Only on day 3 we observed
sex differences, SPS evoked higher freezing in male rats (p<0.05 ¢). Recall: We observed a main
effect of sex (F(1,76)=7.958, p=0.006) with males expressing more freezing in general (¢), and a
triple interaction sex x adol CVS x SPS (F1,76)=4.792, p=0.032) with no difference for any

individual Bonferroni comparison. Reinstatement: : We observed a significant adol CVS x SPS

interaction F(1,76= 11.8095, p=0.001. Planned comparisons regardless of sex showed that both
SPS and CVS groups expressed higher freezing than the control group (p<0.05 respectively),
while the double-hit group prevented the effect of SPS, remaining at control freezing levels and
expressing significantly less freezing time than the SPS group (p<0.05). When analyzing the
individual responses by sex, we observed that in female rats, only the SPS group differed from
control (p<0.05*). In the case of male rats, the SPS group had higher freezing than control

(p<0.05*) and the adol CVS-SPS group (p<0.05#). Context conditioned response: Tested as

freezing during the 2 minutes prior to the first tone each day of the extinction procedure. We
observed a main effect of adol CVS F(1,76)=4.097, p=0.046 and significant adol CVS x SPS

interaction F(1,76=11.729, p=0.001. The posthoc analyses indicated that animals subjected to
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SPS expressed higher freezing when re-exposed to the conditioning context compared to all the
other groups (p<0.05 respectively). There was a sex effect F(1,76)=6.971, p=0.01, with male rats
having more freezing time (p<0.05 ¢). There was also an effect of time F2,152)=172.946,
p<0.00001, indicating reduction of freezing to subsequent exposure. Finally, there was an
interaction of time x sex x SPS F(2,152)=9.253, p=0.0005. Planned comparisons showed that male
rats subjected to the SPS model expressed higher freezing than the control group on day

2 (*) while the group subjected do the double-hit model of stress had less context freezing
compared to all the other groups on day 1 (p<0.05 respectively). This difference was
maintained against the SPS group on the rest of the days tested (P<0.05 respectively #). In the
case of females, SPS group had higher freezing to the context than all the other groups on day 1
(p<0.05 respectively °) and the adol CVS-SPS group also had more freezing compared to
controls on that day (p<0.05 *).

Data represented as Mean+SEM. Image created with BioRender.com

Figure 2 : Fos immunoreactivity (Fos-ir) in the medial prefrontal cortex (A) and amygdala (B) of
the animals 90 min after reinstatement (see timeline figure 1.B). In the case of males, we
observed a significant effect of SPS in the infralimbic (IL) cortex of male rats, F1, 16)=7.706,
p=0.0135. Planned comparisons confirmed that the SPS groups had significantly less Fos-ir than
the control and CVS animals (p<0.05 *), while the other groups did not differ from controls. In
females, effects of adol CVS and SPS were only observed in the central nucleus of the amygdala,
particularly, in lateral portion (Cel) and not on the central medial division (CeM)

(SPS F(1,23)= 5.945, p=0.0229, adol CVS x SPS F (1, 23) = 7.241, p=0.0130). Bonferroni’s test
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confirmed that SPS significantly increased neuronal recruitment (p<0.05 *) and this was

prevented in the double-hit group (p<0.05 #). Data as Mean+SEM.

Figure 3: Previous adolescent stress does not affect novel object recognition nor locomotion in

both sexes. Novel object Recognition: There were no effects of adolescent CVS on the

discrimination ratio (A) between novel and familiar object in both sexes. There was a main
effect of sex F(1,29=6.170, p=0.0192 indicating that recognition memory is enhanced in females
(p<0.05 *). Importantly, there were no differences in locomotion (B) caused by adol CVS,
although the main effect of sex F(1,28=11.96, p=0.0018, confirmed that females had increased
locomotion (p<0.05 *).

Morris Water maze: there were no effects of adol CVS nor sex during training (C). Adol CVS had

a main effect on test day (D) F(1, 27=16.80, p=0.0003. Planned comparisons showed that CVS
group of both sexes had better retention of the location of the platform during the probe test
(p<0.05 respectively *). Data as Mean+SEM.

D: The panel displays the collapsed heat maps for the probe test by group. The arrow indicates

the position of platform during the training phase of the test.

Figure 4: Adolescent CVS prevents SPS effects on membrane properties and intrinsic excitability
of IL pyramidal neurons. (A) Experimental timeline; (B) Schematic of coronal brain sections
through PFC where recordings were performed, blue boxes indicate infralimbic region of the
PFC;( C) Pyramidal neurons were identified based on somal morphology, presence of prominent

apical dendrite and capacitance within the range of 70-90pF. Arrows indicate pyramidal
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neurons; (D) There was a significant main effect of SPS (F(1,99= 32.3, p<0.00012 (Sup-table 1)) gn g
adol CVS (F(1,99= 8.5, p=0.0052) on rheobase. SPS significantly increased rheobase compared to
the control group (p<0.05), which was prevented by prior adol CVS (p<0.05 compared to SPS);
(E) There was a significant main effect of SPS (F(1,08)= 41.96, p<0.0001°), adol CVS (F(1,08)= 21.7,
p=0.0002°) and a significant adol CVS X SPS interaction (F(1,08)= 6.7, p=0.01°) on membrane
resistance. Bonferroni’s test indicated that SPS significantly decreased membrane resistance
(p<0.05), which was prevented by prior adol CVS (p<0.05 compared to SPS). Statistical analysis
for membrane resistance was performed on log transformed data. (F) There were significant
main effects of SPS (F(1,92=19, p<0.0001¢), adol CVS (F(1,92=14.3, p=0.0003¢) and a significant
adol CVS x SPS interaction (F(1,92=5.0, p=0.02€) on action potential (AP) threshold. Bonferroni’s
test indicated that SPS significantly increased AP threshold compared to controls (p<0.05), with
prior adol CVS preventing the effect (p<0.05 compared to SPS); (G) There were main effects of
SPS (F(1,97)=20, p<0.0019), adol CVS (F(1,67=25.9, p<0.00019) and significant adol CVS x SPS
interaction (F(1,07)= 6.5, p=0.019) on action potential amplitude. Bonferroni’s test indicated that
SPS significantly lowered AP amplitude compared to controls (p<0.05), and prior experience
adol CVS prevented it (p<0.05 compared to SPS); (H) There was a significant effect of SPS
(F(1,97)=8.3, p=0.005¢) and adol CVS (F(1,97)= 42.2, p<0.0001¢) on AP50. Planned comparisons
indicated a decrease in AP50 following SPS compared to control (p<0.05) and prior adol CVS
prevented that effect (p<0.05 compared to SPS). Increase in AP50 was also observed following
adol CVS only (p<0.05 compared to control). Statistical analysis for AP50 were performed on log
transformed data. (I) Resting membrane potential was unaltered among the groups. 2 way

ANOVA revealed no significant main effect of SPS (F(1,95)=1.3, p=0.3), adol CVS (F(1,95)=0.02,


https://doi.org/10.1101/2021.03.16.435691
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435691; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

p=0.9) or SPSx adol CVS interaction (F(1,95=0.1, p=0.7); (J) Membrane capacitance was unaltered
among groups. 2 way ANOVA revealed no significant main effect of SPS (F(1,97)-1.8, p=0.2), Adol
CVS (F(1,97)=-3.6, p=0.06) or SPSx adol CVS interaction (F(1,97)-2.9, p=0.09); (K) Analysis of peak
firing frequency revealed a significant main effect of SPS (F(1,36)=13.4, p=0.0008"). Planned
comparisons indicated that SPS significantly reduced peak firing frequency compared to
controls (p<0.05), whereas the prior adol CVS+SPS group did not differ from the control group;
(L) representative traces of action potentials evoked by 20pA current injection for the
respective groups; For D,H,K * and # represents planned comparison effects compared with
control and SPS respectively. For E, F and G* and # represents post hoc Bonferroni effects

compared with control and SPS respectively. Data represented as Mean+SEM.
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Figure 3
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Figure 5
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