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Abstract

Peripuberty is a significant period of neurodevelopment with long-lasting effects on the brain
and behavior. Blocking type 1 corticotropin-releasing factor receptors (CRFR1) in neonatal
and peripubertal rats attenuates detrimental effects of early-life stress on neural plasticity,
behavior, and stress hormone action, long after exposure to the drug has ended. CRFR1
antagonism can also impact neural and behavioral development in the absence of stressful
stimuli, suggesting sustained alterations under baseline conditions. To investigate this
further, we administered a CRFR1 antagonist (CRFR1a), R121919, to young adolescent male
and female rats across 4 days. Following each treatment, rats were tested for locomotion,
social behavior, mechanical allodynia, or PPI of the acoustic startle reflex. Acute CRFR1
blockade immediately reduced PPI in peripubertal males, but not females. In adulthood, each
assay was repeated without CRFR1a exposure to test for long-term effects of the adolescent
treatment, with males continuing to experience deficits in PPl, while females displayed
altered locomotion, PPI, and social behavior. The amygdala was collected to measure long-
term effects on gene expression in pathways related to neural plasticity and
neurodevelopmental disorders. Relative expression of cannabinoid type 1 receptors (CB1R),
which mediate sensorimotor and HPA function, was also measured. In the adult amygdala,
peripubertal CRFR1a induced alterations in pathways related to neural plasticity and stress in
males and lower expression of CB1R protein in females. Understanding how acute exposure
to neuropharmacological agents can have sustained impacts on brain and behavior, in the
absence of further exposures, has important clinical implications for adolescent psychiatric
treatment protocols.
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Introduction

Corticotropin-releasing factor (CRF) is a major regulator of the stress response through its
actions on the hypothalamic-pituitary-adrenal (HPA) axis and its associated receptors
(CRFR) type 1 and 2 (Binder and Nemeroff, 2010). CRF works in brain regions such as the
amygdala and hippocampus to alter neural plasticity, learning and memory, and future
responses to stressors (Vandael et al., 2021). Stress exposure during sensitive periods of early
development can have long-lasting effects, including the upregulation of associated CRF
receptors in the brain (Veenit et al., 2014; NGfiez Estevez et al., 2020; Zhao et al., 2021).
Other effects include an increased risk of developing cognitive deficits and
psychopathologies, such as anxiety disorder and schizophrenia in humans (Carr et al., 2013;
Smith and Pollak, 2020) and associated symptoms in other animals (Fenoglio et al., 2005;
Wang et al., 2012; Toth et al., 2015; Veenit et al., 2014; Hu et al., 2020; Nufiez Estevez et al.,
2020; Zhao et al., 2021). Treatment with CRFR1 antagonists (CRFR1a) at sensitive periods,
such as during neonatal development or in peripuberty, can reduce neural and behavioral
impairments in animal models of early life stress (Ivy et al., 2010; Short et al., 2020; Veenit
et al., 2014). In these studies, a week-long exposure to the drug attenuated hippocampal
deficits in long-term potentiation (LTP), prevented hippocampal increases in CRF, and
mitigated associated changes in social, affective, and cognitive functioning in male rodents.
Notably, these rescue effects were observed months after treatment exposure. Moreover,
peripubertal CRFR1 blockade alone, in the absence of a negative experience also affected the
stress response in later life (Veenit et al., 2014). This highlights that CRFR1 deficiency, and
not only upregulation, can shape behavioral and cognitive functioning. Together, these data
are suggestive of sustained changes in neural- and behavioral plasticity following alterations
to CRFR1 functioning that occur during discrete developmental periods such as puberty.

The short- and long-term behavioral changes brought on by exposure to new experiences
and environments are the result of neuroplasticity, which occurs when the brain changes how
it functions in response to these novel experiences. Stress-related brain systems are
particularly sensitive to these changes in synaptic function and plasticity (Chen et al., 2012;
Dos-Santos et al., 2023). For example, CRF acting in the amygdala has been shown to
enhance excitability of CRFR1 neurons and trigger changes in neural signaling, leading to
long-lasting changes in sensorimotor gating, anxiety-like behavior, and fear discrimination
(Rajbhandari et al., 2015; Rainnie et al., 2004; Sanford et al., 2017). Neural and behavioral

alterations are facilitated by expression changes in genes related to plasticity, such as those
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encoding for Eph receptor A4 and adenosine receptor A2a (Ephad Deininger et al., 2008;
Adora2a; Simdes et al., 2016), as well as genes associated with neurodevelopmental
disorders (glial fibrillary acidic protein, gfap; teashirt zinc finger homeobox, Tshz3; Herrero
et al., 2020; Caubit et al., 2016) and stress (CRF receptors Crhrl and Crhr2). Furthermore,
CRF has been shown to directly regulate synaptic function and subsequent behavioral
outcomes through activation of cannabinoid receptors (Jamieson et al., 2022; Ruat et al.,
2021). These stress-sensitive pathways are particularly malleable during sensitive periods of
development such as early adolescence (Filetti et al., 2023).

In the absence of stressors, studies in adult rodents have found that neither acute nor
chronic blockade of CRFR1 affected circulating levels of corticosterone or
adrenocorticotropic hormone (ACTH; Keck et al., 2001; Gutman et al., 2011). However,
while acute CRFR1a administration had no effect on sensorimotor gating as measured by the
extent of pre-pulse inhibition (PPI) of the acoustic startle reflex (Sutherland and Conti, 2011),
chronic infusions of CRFR1a have been shown to reduce anxiety-like behaviors in defensive
withdrawal tasks in control animals that were not exposed to stressful stimuli (Aborelius et
al., 2000; Gutman et al., 2011). Gutman and colleagues (2011) also observed that the density
of CRF mRNA in the central nucleus of the amygdala (CeA) decreased after chronic
blockade of CRFR1, which was likely tied to reductions in anxiety-like behavior (McCall et
al., 2015). Taken together, these data suggest that CRFR1a may modulate some behaviors
under baseline conditions when a stressful stimulus is not present. However, these studies
only evaluated adult male rats, which does not account for known sex differences in CRF and
stress circuit functioning (Bangasser et al., 2019; Salvatore et al., 2018), nor do they consider
the influences of various developmental periods. Stress, or lack thereof, has been shown to
influence the brain more prominently during early life and during peripuberty, compared to
adulthood (Kirby et al., 2013; Lee and Jung, 2024). More research is needed to understand
how acute and chronic blockade of CRFR1 at discrete time points across development might
affect behavioral function in both male and female animals.

Although CRFR1a prevents adverse effects associated with a stressful experience (lvy
et al., 2010; Short et al., 2020; Veenit et al., 2014), it is also important to understand how
altered functioning of CRF receptors may affect neural plasticity and behavior in the absence
of explicit stressful stimuli. Clinically, individuals can receive neuropharmacological
interventions during acute, chronic, or even under low or “regular” stress conditions.
Moreover, general increases in pediatric prescribing rates have prompted policies and

practices to help prevent the inappropriate use of medications during childhood and
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adolescence (Kelleher et al., 2020). Understanding the mechanisms of how exposure to
psychoactive agents at defined developmental periods can continue to influence brain
function and behavior, under different environmental conditions and without further
medication exposure, is crucial for improving treatment protocols in adolescent psychiatry.
This is relevant for CRFR1 antagonists where there has been a sustained interest for their
clinical potential amongst the scientific community (Alizamini et al., 2023; Kinzel et al.,
2003; Lv et al., 2022; Schreiber et al., 2018; Zorilla & Koob, 2010). To this end, we acutely
administered a CRFR1a, without an accompanying stressor, to male and female rats across 4
days during early adolescence. One hour after each drug treatment, rats were tested for
locomotor behavior, social preference, social discrimination, mechanical allodynia, or PPI of
the acoustic startle reflex. These behavioral tests were repeated in adulthood, but without
CRFR1a treatment, and amygdala samples were collected to assess whether blockade of
CRFR1 during early adolescence imparts long-term changes in genes related to neural
plasticity and stress responses. Lastly, because alterations in cannabinoid type 1 receptor
(CB1R) expression are associated with impaired sensorimotor gating (Ortega-Alvaro et al,
2015), as well as altered HPA responses and anxiety (Bourque et al., 2008), expression of

CBI1R in the amygdala was also quantified.

Experimental Procedures
Animals and Experimental Overview

Male and female Sprague Dawley rats were purchased from Charles River Laboratories
(Males: Wilmington, MA; Females: Raleigh, NC) and housed with ad libitum access to food
and water on a light/dark cycle (0700-1900 light) at 20°C. After habituating to the facility,
animals were bred (1 male to 2 females) and pregnancy confirmed by the visualization of
spermatozoa in vaginal samples, a sustained diestrus phase, and constant body weight gain.
In line with the 3Rs of animal research’s principle of Reduction (NC3Rs, n.d), the
experimental subjects from this study were siblings retained at weaning from a previous
maternal immune activation study (Martz et al., 2024) whose mothers were control dams
treated with saline on gestational day 15. All animal procedures were approved by the
Massachusetts College of Pharmacy and Health Sciences (MCPHS) Institutional Animal
Care and Use Committee and were carried out in compliance with the Association for
Assessment and Accreditation of Laboratory Animal Care. The experimental procedures and

timeline are presented in Fig. 1A.
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Day of birth was designated as postnatal day (P)1 and offspring were culled to 10 pups per
litter (5 males and 5 females, wherever possible), staying with their mothers until weaning on
P21. At that point, offspring were placed into clean cages in same-sex pairs where they were
maintained throughout the rest of the study. Offspring were treated with four daily
subcutaneous injections of either the selective CRFR1a R121919 (CRFR1a; 10mg/kg, MCE
MedChemExpress, Monmouth, NJ) or pyrogen free saline (vehicle control), 1-hour prior to
behavioral testing. Specifically, on P30, animals received either CRFR1a or vehicle exposure
and were evaluated on their locomotor activity followed by a social preference test. On P31
animals were evaluated on their social discrimination ability. Prepulse inhibition (PPI) and
von Frey tests were counterbalanced between P32 and P33. We selected a dose of 10 mg/kg
because others have reported behavioral effects with R121919 administration at this dose,
administration route, and behavioral testing timeframe (Wood et al., 2012; Wood et al.,
2013). Selective receptor occupancy for CRFR1a in the brain has been confirmed using
peripherally administered doses between 2.5 mg/kg to 20 mg/kg, 1-hour after R121919
treatment (Heinrichs et al., 2002). To test the potential for CRFR1a to induce enduring
neuroplasticity, offspring were again evaluated on these behavioral metrics at >P90 one week
prior to brain tissue collection by P100. Each measure included only one male and one

female from each litter (see Table 1).

Offspring Behavioral Analyses

Locomotor activity (P30 & >P90) was evaluated using automated behavioral monitoring
software (Any-maze, Wood Dale, IL) to record distance travelled (m; Yan & Kentner, 2017;
Connors et al., 2014; Nlfiez Estevez et al., 2020). This was followed by a five-minute social
preference test (P30 & >P90) which consisted of two cleaned wire containment cups placed
on each end of an arena. One cup held a novel untreated rat of the same sex, age, size, and
strain and the other cup held a novel object. The location of novel rats (n = 10) and objects
was interchanged between trials. Rats were scored as actively investigating when their nose
was directed within 2 cm of a containment cup, or it was touching the cup. A social
preference index was calculated by the equation ([time spent with the rat] / [time spent with
the inanimate object + time spent with the rat]) — 0.5 ; Scarborough et al., 2020) and the
number of visits to the novel rat was recorded. Twenty-four hours later (P31 & >P91),
animals were placed back into the arena for an evaluation of social discrimination. This test
was run in an identical manner to the social preference test except both cups held a novel

untreated rat of the same sex, age, size, and strain. In one cup was a novel rat, while the
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second cup held the familiar rat the experimental animal had been introduced to the day
before. A social discrimination index was similarly calculated by the equation ([time spent
with the novel rat] / [time spent with the familiar + time spent with the novel rat]) — 0.5).

PPI and von Frey tests were counterbalanced in terms of their presentation test day (e.g.,
P32/P33 or >P92/P93). For PPI of the acoustic startle reflex, animals were placed into
acoustic startle chambers (San Diego Instruments, San Diego, CA, USA) and allowed to
habituate for 300 sec prior to the test session. A 65 dB background noise was present
throughout the habituation period and test session, even when there was no presentation of a
stimulus during a trial. During stimulus trials, rats were exposed to a 40 ms pulse of 120 dB
white noise with or without the presentation of a prepulse. Prepulse intensity consisted of one
of three intensity types: 8, 12, or 16 dB greater than the background noise. No-stimulus,
pulse-alone, and prepulse-plus-pulse trials were pseudorandomly presented 10 times, and the
average trial interval was 15 + 5 seconds. The % PPI for each prepulse intensity was
calculated using the following formula: 1-(mean reactivity on prepulse-plus-pulse trials /
mean reactivity on pulse alone trials) x 1/100 (Giovanoli et al., 2013).

With respect to the von Frey test, animals were habituated inside an acrylic cage with a
wire grid floor for 30-minutes. Mechanical allodynia was evaluated using a pressure-meter
which consisted of a hand-held force transducer fitted with a 0.7mm? polypropylene tip
(electronic von Frey anesthesiometer, IITC, Inc, Life Science Instruments, Woodland Hills,
CA, USA). The tip was applied to the animal’s left hind paw with an increasing pressure until
a flexion reflex occurred. The threshold of the applied weight (grams) was automatically
recorded by the electronic pressure-meter when the animal withdrew its paw. The average of

four test trials was calculated as the mechanical allodynia threshold (Yan & Kentner, 2017).

Western Blot Analyses

On approximately P100, a week after the adult behavioral tests, offspring were
anesthetized with a mixture of ketamine/xylazine (150 mg/kg /50 mg/kg, i.p.). After
intracardial perfusion with PBS, brains were removed, placed over ice and the amygdala
dissected. Samples were frozen on dry ice and stored at —80°C until further processing. To
measure cannabinoid receptor 1 (CB1R) expression in adult brain using western blotting,
30ug of protein was loaded into each well of MiniProtean® gels (Bio Rad Laboratories, Cat.
#4568104). Gels were transferred onto nitrocellulose membranes (Bio Rad Laboratories, Cat.
#1620147) and blocked in 5% nonfat milk with TBS + 0.05% Tween 20 (TBST) for 1 hour at

room temperature (CB1). Membranes were washed with TBST 3x10 minutes and incubated
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in a 1:1000 dilution of primary antibody in TBS (Abcam Cat. #ab259323) solution overnight
at 4°C. Following this, membranes were washed with TBST 3x5 minutes and incubated in an
HRP-conjugated secondary antibody in a 1:1000 dilution (Abcam Cat. #ab131366), made in
1% nonfat milk with TBS, for 1 hour at room temperature. Membranes were then washed and
exposed to chemiluminescent substrate for 5 minutes (Thermo Fisher Scientific, Cat. #34580)
and then scanned with a LI-COR C-DiGit Scanner (Model # 3600). Membranes were then
stripped (Thermo Fisher, Cat. # 21062) for 15 minutes at 37°C, blocked in 5% nonfat milk
with TBST for 1 hour at room temperature, washed, and incubated in beta actin primary
antibody (1:1000, Thermo Fisher Scientific, Cat. #MA515739) for 1 hour at room
temperature. Membranes were again exposed to the chemiluminescence substrate for 5
minutes and imaged. Densitometry measures were used to obtain a ratio of Antibody target/[3-

actin to quantify differences between groups.

RNA Sequencing

Following RNA-isolation (see Martz et al., 2024), amygdala samples (n = 3 per group)
were more broadly analyzed using RNA Sequencing (RNA-seq) by Azenta Life Sciences
(South Plainfield, NJ, USA) as described previously (Martz et al., 2024). An Agilent
TapeStation (Agilent Technologies, Palo Alto, CA, USA) system was used to run the library
and an Illumina NovaSeq 6000 (lllumina, San Diego, CA, USA) was used to sequence the
samples according to the manufacturer’s instructions using a 2x150bp Paired End (PE)
configuration (see Martz et al., 2024). The CLC Genomics Workbench v.23.0.2 software
(QIAGEN Digital Insights, Aarhus, Denmark) was used for differential expression (DE)
analysis and genes with an absolute fold change (FC) > 1.3, a Benjamini-Hochberg corrected
p-value < 0.05, and false discovery (FDR) value < 0.05, were considered significantly DE.
Volcano plots were constructed using the log.fold change and -log;o p-value in GraphPad
Prism v.9.5.1. Heatmaps were generated using the free browser program Morpheus

(https://software.broadinstitute.org/morpheus). Rank-rank hypergeometric overlap (RRHO)

was used as a threshold-free approach to determine the extent of concordance/discordance

between transcriptomic datasets (Cahill et al., 2018).

Statistical Analyses
Statistical Software for the Social Sciences (SPSS) was used to perform statistical
analyses. Because the behavioral and adult tissue datasets were not powered to evaluate sex-

differences directly, male, and female animals were evaluated separately (Ordofies Sanchez et
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al., 2021). One-way ANOVAs were applied for behavioral and western blot data as
appropriate, except for the body weight and PPI data which we evaluated using repeated
measures ANOVA. In the latter case, repeated measures ANOVA was performed to compare
differences in %PPI across each trial type. Body weight was used as a covariate for the
evaluation of mechanical allodynia in the von Frey test (Yan & Kentner, 2017). The partial
eta-squared (npz) is reported as an index of effect size for the ANOVAs (Miles & Shevlin,
2001). All data are expressed as mean = SEM.

RNA sequencing data were analyzed as previously described (Martz et al., 2024). Briefly,
DESeq2 was employed to identify differentially expressed (DE) genes based on a p < 0.05,
Benjamini—-Hochberg false discovery rate corrected (FDR) and fold change (FC) > 1.3 and
RRHO2 was used as a threshold-free approach to determine the extent of
concordance/discordance between transcriptomic datasets (Cahill et al., 2018). Heatmaps
were generated using the MultiExperiment Viewer (National Library of Medicine, USA) and
gene ontology was determined using the Database for Annotation, Visualization and

Integrated Discovery functional annotation cluster tool (https://david.ncifcrf.gov/).

Results
CRFR1 antagonism has acute and sex-dependent effects on adolescent behavior
Repeated subchronic administration of CRFR1a, R121919 did not affect body weight in
either male or female adolescent rats (p>0.05, Supplemental Fig. 1A,B). Similarly, acute
CRFR1 antagonism did not impact adolescent locomotor activity, social preference, the
number of visits made to a social conspecific (p>0.05, Fig. 2A,B,C), nor was social
discrimination or mechanical allodynia affected (p>0.05, Supplemental Fig. 2A,B).
Systemic blockade of CRFR1 did however interrupt percent inhibition of the acoustic startle
reflex, or %PPI, which was used to assess sensorimotor gating. A significant main effect of
CRFR1a showed attenuated %PPI response across the 77 dB and 81 dB prepulse intensities
in male adolescents (77 dB: F(1, 14) = 10.174, p = 0.007, np2 = 0.439; 81 dB: F(1, 14) =
8.080, p = 0.014, np2 = 0.383, Fig. 2D). Mean %PPI was calculated by collapsing %PPI
across all dB intensities. There was a main effect of CRFR1 antagonism, where mean %PPI
was reduced in males exposed to R121919 (F(1, 14) = 7.962, p = 0.014, np2 = 0.363, Fig.
2E).
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CRFR1 antagonism during peripuberty has sustained and sex-dependent effects on
behavioral plasticity

One-way ANOVA revealed that acute peripubertal CRFR1a exposure was associated with
increased locomotor activity in female adult rats (F(1, 14) = 10.675, p = 0.006, n,” = 0.443,
Fig. 3A). While the social preference index was not affected (p>0.05, Fig. 3B), adult females
exposed to pubertal CRFR1a displayed a higher number of visits to their novel conspecifics
(F(1, 14) = 4.173, p = 0.048, n,” = 0.252, Fig. 3C). This effect appeared to be specific to the
social component of the test as female animals did not differ in the number of visits to the
novel object (p>0.05; Female Saline: 4.13+0.40 versus Female CRHR1a: 4.50+0.73; Male
Saline: 7.38+1.10 versus Male CRFR1a: 6.00+£0.60). Moreover, adolescent CRFR1a was
associated with modest, yet persistent reductions in the acoustic startle response of adult male
and female rats, despite there being no active drug exposure at the time of testing (Males (81
dB): F(1, 14) = 5,510, p = 0.034, n,® = 0.282; Females (73 dB): F(1, 14) = 7.028, p = 0.019,
ny’ = 0.334, Fig. 3D). %Mean PPI (p > 0.05, Fig. 3E), social discrimination, and mechanical
allodynia were not affected in adulthood of either males or females (p > 0.05, Supplemental
Fig. 2C,D).

Peripubertal CRFR1 antagonism imparted lasting effects on adult neurophysiology and
neuroplasticity markers

CB1 receptor expression was decreased in the amygdala of female animals exposed to
CRFR1 antagonism during puberty (F(1, 14) = 7.981, p = 0.022, n,? = 0.499, Fig. 4A), but
was unchanged in males (p > 0.05, Fig. 4A).

RNA sequencing was performed on amygdala tissue of adult male and female animals to
evaluate the long-term transcriptional effects of peripubertal CRFR1a exposure. In males,
219 genes were significantly DE by CRFR1a (g<0.05 versus Saline; Fig. 5A) and 31 genes
were significantly DE by CRFR1a exposure in females (g<0.05; Fig. 5B). Threshold-free
RRHO analysis showed substantial overlap in gene expression profiles across males and
females as a function of CRFR1a exposure (Fig. 5C). Supplemental Fig. 3 shows the top
pathways affected by peripubertal CRHR1a and include pathways related to behavior and
cognition, GABAergic synapses, and neuron projection development in males and cell
junction organization, regulation of nervous system development, and locomotor behavior in
females. Supplemental Results Tables 1, 2, and 3 show the sex specificity of these effects.
Notably, the modulation of chemical synaptic transmission was affected by CRHR1a in both

sexes. Heatmap clustering identified alterations in genes belonging to long-term potentiation
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(LTP; Fig. 5D) and long-term depression (LTD; Fig. 5E), in addition to stress (Fig. 5F),
dopamine (Fig. 5G), and serotonin (Fig. 5H) pathways in peripubertal CRFR1a exposed
males and females. Pathways related to glucocorticoid binding, oxytocin, cannabinoids,
glutamate/GABA, parvalbumin, and microglia were also identified (Supplemental Fig. 4A-
F). For more information on heatmap clustering, see Supplemental Results Table 1.
Threshold-free RRHO analysis showed a high degree of overlap between the effect of sex in

controls and the effect of sex in CRFR1a exposed rats (Supplemental Fig. 5).

Discussion

In the present study, we replicate and extend on evidence demonstrating that temporary
blockade of CRFR1 during the peripubertal period induces long-term programming effects on
adult behavior (Vennit et al., 2014). Our own findings suggest that this behavioral
programming can occur in both male and female rats and is likely due to persistent changes
in gene pathways associated with neural plasticity and stress. Injections of the CRFR1a,
R121919, immediately reduced PPI of the acoustic startle reflex in adolescent males, but not
females, suggesting that adolescent male rats may be more sensitive to the effects of this
drug. In adulthood, CRFR1a exposed males continued to show deficits in PPI, while
alterations in locomotion, PPI, and social behavior emerged in their female CRFR1la
counterparts. Although the behavioral programming effects of CRFR1 antagonism were more
evident in adult females, transcriptomic data revealed that males experienced greater changes
in gene expression in the amygdala. In contrast, adult CRFR1a females had lower relative
expression of CB1R protein in the amygdala compared to control animals, while no
differences were present in males. This indicates that changes to the endocannabinoid system
may contribute to some of the behavioral changes observed in females. Overall, these
findings identify peripuberty as a sensitive period for disruption of CRFRL1 signaling, even in
the absence of a stressor.

Although this work did not investigate the effects of CRFR1 blockade in the context of
stress, adolescent administration of R121919 had long-term effects on the expression of
genes in the amygdala related to stress and anxiety in both males and females. CRFR2,
encoded by the gene Crhr2, performs functions distinct from those facilitated by CRFR1, but
the two receptors work in concert to orchestrate stress responses (Kishimoto et al., 2020;
Vasconcelos et al., 2020). In our males, temporary blockade of CRFR1 during the

peripubertal period caused long-term downregulation of Crhr2 in adulthood, indicating that
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stress signaling in the amygdala was permanently affected. In addition, expression of the
genes encoding for Protachykinin-1 (Tacl) and solute carrier family 6 member 4 (Sc6a4)
were also downregulated in males, but not females. Sc6a4 knockout mice demonstrated
increased anxiety-like behavior and potentiated HPA stress responses (Holmes, 2008), while
upregulation of the Tacl gene in the amygdala has been shown to occur in response to
activation of glucocorticoid receptors and is thought to induce anxiety-like behaviors (Hay et
al., 2014). In our females, the gene encoding for proopiomelanocortin (Pomc), the protein
responsible for producing ACTH and therefore corticosterone, was downregulated in
CRFRl1la females but not in CRFRla males. In the amygdala, expression of
proopiomelanocortin mMRNA has been shown to increase following a foot shock stressor in
rats (Yamano et al., 2004). In sum, dysregulation of these genes in our CRFR1a-treated rats
may be indicative of permanent changes to stress systems in the brain, particularly among
males. Therefore, dysregulation of these genes in our CRFR1a males may be indicative of
permanent changes to stress systems in the brain.

In addition to its role in stress signaling, the amygdala is an important modulator of
behaviors involving social tasks and sensorimotor gating (Ko, 2017; Wan and Swerdlow,
1997; Cano et al., 2021). Furthermore, CRFRL1 is densely expressed in the amygdala (Dedic
et al., 2018; Wolfe et al., 2019) and has been implicated in the modulation of social behavior
and PPI in rodents (Hostetler and Ryabinin, 2013; Risbrough et al., 2004; Groenink et al.,
2008; Sutherland and Conti, 2011). In a social preference task, adult female mice treated with
CRFR1a 1 hour before testing spent less time with a novel mouse compared to a novel object.
In contrast, CRFR1a males had a stronger preference for their novel conspecific (Piccin and
Contarino, 2020). In our study, CRFR1a administered to peripubertal rats 1 hour before a
social preference task had no immediate effects in either males or females. It is unclear if the
discrepancy in our findings compared to those of Piccin and Contarino (2020) is due to the
difference in species, CRFR1a drug, the disparate ages of the animals, or a combination of
these factors. When our animals were tested in adulthood, although there was still no effect
on social preference, adult CRFR1a females surprisingly made a greater number of visits to
the novel rat than did saline controls. Gene expression data from the amygdala revealed that
three genes previously implicated in sociability: dopamine receptor D2 (Drd2), oxytocin
(Oxt), and calbindin 1 (Calbl; Harris et al., 2016; Froemke and Young, 2021; lke et al.,
2023), were downregulated in our adult CRFR1a males, but not CRFR1a females. This
suggests that male rats may have experienced some neural compensation, protecting them

against CRFR1a-induced changes in social behavior. Moreover, Harris and colleagues
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(2016) found that the gene encoding for CRFR1 (Crhr1) was downregulated in the amygdala
of male, but not female, Calbl knockout mice, further indicating that calbindin and CRFR1
have interdependent patterns of expression in males. Taken together, sex differences in
amygdalar function may underlie the discrepancies in social behavior following adolescent
CRFR1a exposure in male and female rats.

With respect to sensorimotor gating, 1) adult male rats that received infusions of CRF or
2) adult male mice that were bred to overexpress CRF, each exhibited reductions in PPI that
were rescued by administration of CRFR1 antagonism (Risbrough et al., 2004; Groenink et
al., 2008). Conversely, Sutherland and Conti (2011) found that PPl was not altered by
CRFR1a in adult male rats that had experienced restraint stress, suggesting that the effects of
CRFR1a on PPl may vary based on stress experience and physiological state. Here we show
that peripubertal administration of a CRFR1a, under basal conditions, reduced PPl both
acutely and chronically for male rats, but only in adulthood for female rats. Divergent
sensorimotor gating behaviors have been associated with neurodevelopmental disorders such
as autism and schizophrenia (Perry et al., 2007; San-Martin et al., 2020), and we found that
expression of genes associated with these disorders (glial fibrillary acidic protein, Gfap;
teashirt zinc finger homeobox, Tshz3; cadherin-13, Cdh13; cholinergic receptor muscarinic 2,
Chrm2; Herrero et al., 2020; Caubit et al., 2016; Sohal and Rubenstein, 2019; Boiko et al.,
2020) was altered in both male and female amygdalae. In males and females exposed to
CRFR1a, Gfap and Tshz3 increased expression, while Chrm2 was upregulated in females
only. Clinical data has also implicated Cdhl3 in Attention Deficit/Hyperactivity Disorder
(ADHD; Mavroconstanti et al., 2013). Interestingly, Cdhl13 was downregulated in our
CRFR1a males, but not in the CRFR1a females that displayed increased locomotion in the
open field test. Notably, Cdh13 has also been identified as an important regulator of the
inhibitory/excitatory balance between glutamate and GABA neurons (Mossink et al., 2022), a
relationship that is often disrupted in individuals with neurodevelopmental disorders (Gao
and Penzes, 2015). Among the males that received the CRFR1a, expression of four other
genes related to GABAergic signaling (Gabra6, Gabra5, Gabre, and Gad2) was
dysregulated, while expression of only one GABA-related gene (Gabrgl) was altered among
CRFR1a females. GABAergic neurons act in the amygdala to inhibit inappropriate
behavioral responses, so disruptions in this system could lead to detrimental changes in
behavior (Jie et al., 2018). In sum, the sex differences in expression of genes related to

neurodevelopmental disorders and excitatory/inhibitory balance may have contributed to the


https://doi.org/10.1101/2024.08.14.607957
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607957; this version posted August 15, 2024. 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.

disparity in behavioral deficits and age of onset between males and females exposed to the
CRFR1a.

Changes in neural plasticity induced by CRFR1a have previously been shown, but in the
context of subsequent exposure to stress (lvy et al., 2010; Short et al., 2020). Here, we also
find that many of the genes influenced by CRFR1 exposure relate to synaptic plasticity and
metaplasticity, which, as a family, underwent the most pronounced changes in expression. In
our CRFR1a males, there were changes in the expression of several genes related to
plasticity, including Eph receptor A4 (Epha4; Deininger et al., 2008), shisa family member 7
(Shisa7; Schmitz et al., 2017), nitric oxide synthase 1 (Nosl; Hardingham et al., 2013),
phosphodiesterase (Pdelb; McQuown et al., 2019), galectin 3 (Lgals3; Chen et al., 2017), and
adenosine receptor A2a (Adora2a; Simdes et al., 2016). Adenosine receptor A2a is a receptor
shown to be involved in synaptic plasticity of excitatory inputs to the amygdala (Simdes et
al., 2016; Harris et al., 2018). In our study, amygdalar expression of Adora2 was
downregulated in males as a function of peripubertal CRHR1a; interestingly, Adora2 has
previously been shown to disrupt fear acquisition and fear memory in male mice (Simdes et
al., 2016). Likewise, Epha4 has been shown to facilitate LTP in the amygdala (Deininger et
al., 2008), but Epha4 was dysregulated in the males exposed to the CRFR1a. In females
compared to males, changes in gene expression were present, but largely among a disparate
set of genes related to plasticity. Altered expression in females was observed in the plasticity-
associated genes encoding for Wnt family member 7B (Wht7b; McLeod and Salinas, 2018),
alpha-synuclein (Shca; Cheng et al., 2011), Neuronal PAS domain-containing protein 4
(Npas4; Fu et al., 2020), early growth response 1 (Egrl; Duclot and Kabbaj, 2017), and
activity-regulated cytoskeleton-associated protein (Arc; Korb and Finkbeiner, 2011). Within
the amygdala, Arc-expressing neurons have been found to facilitate fear memory formation in
mice through synaptic modifications (Gouty-Colomer et al., 2016). Although we did not
assess fear behavior or learning and memory, it is likely that peripubertal blockade of CRFR1
would influence adult fear and memory formation/consolidation, based on the genes affected
in both males and females. Another potential influence on neural and behavioral plasticity
comes from the activity of CB1R (Chevaleyre and Castillo, 2004), of which relative protein
expression in the amygdala was decreased in CFRF1a females compared to controls, but not
in males. Postsynaptic release of an endocannabinoid can inhibit activation of a presynaptic
GABAergic cell through activation of CB1R, which inhibits long term depression (LTD) and
subsequently facilitates LTP (Chevaleyre and Castillo, 2004; Monday et al., 2020).
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Decreased levels of CB1R protein in females may be indicative of less inhibition of
inhibitory neurotransmission (LTD), and therefore less priming for future LTP induction.

In summary, this work identifies peripuberty as a malleable period of development, during
which time the brain is sensitive to discrete and temporary changes in CRF signaling activity,
even in the absence of a stressor. Blockade of CRFR1 for 4 days during early adolescence
had long-lasting effects on synaptic plasticity and other neural domains, including
dysregulation of genes implicated in neurodevelopmental disorders and stress, in both males
and females. While many studies have shown that too much stress during adolescence
negatively impacts neurodevelopment (Carr et al., 2013), it is also known that too little stress
can have negative effects (Kirby et al., 2013). Here we see that an acute influence on central
stress systems during early adolescence has long-lasting and sex-specific effects on neural
and behavioral outcomes. These findings have important implications for the clinical use of
psychoactive treatments during the peripubertal period, given their potential for far-reaching

and sustained impacts on brain development and behavior.

Table 1. Total number of animals and litters on each measure.

Treatment Number of Number of Number of Number of Offspring®
Offspring® Included | Offspring? Offspring® Included | Included in Adult
in Adolescent Included in in Adult Wegtern RNASeq Analyses
Behavior Analyses | Adult Behavior | Blot Analyses
Analyses
Saline Male: 8 Male: 8 Male: 5 Male: 3
Female: 8 Female: 8 Female: 5 Female: 3
CRFR1a Male: 8 Male: 8 Male: 5 Male: 3
Female: 8 Female: 8 Female: 5 Female: 3

CRFR1a: corticotropin-releasing factor receptor 1 antagonist

0Only one male and one female offspring were evaluated from each litter.

Figure Captions:

Figure 1. Experimental Timeline
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Figure 2. Adolescent behavioral functioning is altered in a sex-specific manner following
acute CRFR1 antagonism. Graphs display male (left) and female (right) data for adolescent
A) total distance traveled (m), B) social preference index, C) total number of visits to a novel
rat in the social preference test, D) percent prepulse inhibition (PP1%) of the acoustic startle
reflex across each trial type, and (E) mean %PPI collapsed across all trial types. Data are
expressed as mean =SEM. *p < 0.05, **p < 0.01, Saline versus adolescent CRFR1

antagonism, n = 8.

Figure 3. Adolescent exposure to CRFR1 antagonism induced prolonged and sex-
specific effects on behavioral plasticity. Graphs display male (left) and female (right) data
for adult A) total distance traveled (m), B) social preference index, C) total number of visits
to a novel rat in the social preference test, D) percent prepulse inhibition (PPI%) of the
acoustic startle reflex across each trial type, and (E) mean %PPI collapsed across all trial
types. Data are expressed as mean +SEM. *p < 0.05, **p < 0.01, Saline versus adolescent

CRFR1 antagonism, n = 8.

Figure 4. Adolescent CRFR1 antagonism reduced cannabinoid receptor 1 expression in
a sex-dependent manner. Graphs display male (left) and female (right) data for adult A)
cannabinoid receptor 1 (CB1) protein expression in the amygdala. Data are expressed as

mean +SEM. *p < 0.05, **p < 0.01, Saline versus adolescent CRFR1 antagonism, n = 8.

Figure 5. Transcriptomic analyses of amygdala tissue samples collected from adult male
and female animals following peripubertal exposure to CRFR1a. Volcano plots for
differentially expressed (DE) transcripts in A) male (1064 genes) and B) female (31 genes)
rats, with -logio pvalue on the y-axis and log, FC on the x-axis. Each dot represents a gene,
with colors indicating the magnitude of significance (yellow = p < 0.05, FC > 1.3; blue = p <
0.01, FC > 1.3). Threshold-free RRHO analysis indicates that the transcriptional alterations
that occur as a function of C) peripubertal CRFR1a exposure largely overlap between males
and females. Heatmaps of D) long-term potentiation (LTP), E) long-term depression (LTD),
F) stress, G) dopamine, and H) serotonin related genes, with effects represented as FC
between Saline and CRFR1a exposed males, and between Saline and CRFR1a exposed
females. *Genes that reached the Benjamini-Hochberg corrected effect of 20%. +Genes with
p <0.05and FC > 1.3.
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Tablel1. Total number of animals and littersincluded on each measure.

Supplementary Figure 1. Adolescent and adult body weight data following CRFR1
antagonism. Graphs display male (left) and female (right) data for adult A) adolescent and
B) adult body weights (g). Data are expressed as mean +SEM. *p < 0.05, **p < 0.01, Saline

versus adolescent CRFR1 antagonism, n = 8.

Supplementary Figure 2. Adolescent and adult behavioral measures following CRFR1
antagonism. Graphs display male (left) and female (right) data for adolescent (top panel) and
adult (bottom panel) A,C) social discrimination and B,D) mechanical allodynia threshold (g)
on the von Frey test. Data are expressed as mean £SEM. *p < 0.05, **p < 0.01, Saline versus

adolescent CRFR1 antagonism, n = 8.

Supplemental Figure 3. Pathways of top differentially expressed transcripts after
peripubertal CRFR1 exposure. A) Top pathways represented by transcripts differentially

expressed in females (A) and males (B) as a function of CRFR1a.

Supplemental Figure 4. Effect of peripubertal CRFR1a exposure on transcriptomic
analyses of amygdala tissue samples collected from adult male and female offspring.
Heatmaps of A) glucocorticoid binding-, B) oxytocin-, C) cannabinoid-, D) glutamate
(GIU)/GABA -, E) parvalbumin-, and F) microglia-related genes, with effects represented as
fold change (FC) between CRFR1a and Saline exposed males, and between CRFR1a and
Saline exposed females. *Genes that reached the Benjamini-Hochberg corrected effect of
20%. +Genes with p<0.05 and FC>1.3.

Supplemental Figure 5. Threshold-free RRHO analysis showed a high degree of overlap
between the effect of sex in controls and the effect of sex in CRFR1a exposed rats.

Supplemental Results Table 1. Gene Expression in Saline vs. CRFR1a Amygdala

Supplemental Results Table 2. Females CRFR1avs Sal

Supplemental Results Table 3. Males CRFR1a vs Sal
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