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Abstract

Signaling pathways mediated by corticotropin-releasing factor and its receptor 1 (CRF1)

play a central role in stress responses. Dysfunction of the CRF system has been associated

with neuropsychiatric disorders. However, dynamic changes in the CRF system during brain
development and aging are not well investigated. In this study, we characterized CRF1, CRF, and
corticotropin-releasing factor binding protein (CRFBP) expression in different brain regions in
both male and female C57BL/6J mice from 1 to 18 months of age under basal conditions as well
as after an acute 2-hr-restraint stress. We found that CRF and CRF1 levels tended to increase in
the hippocampus and hypothalamus, and to decrease in the prefrontal cortex with aging, especially
at 18 months of age, whereas CRFBP expression followed an opposite direction in these brain
areas. We also observed area-specific sex differences in the expression of these three proteins. For
example, CRF expression was lower in females than in males in all the brain regions examined
except the prefrontal cortex. After acute stress, CRF and CRF1 were up-regulated at 1, 6, and 12
months of age, and down-regulated at 18 months of age. Females showed more robust changes
compared to males of the same age. CRFBP expression either decreased or remained unchanged
in most of the brain areas following acute stress. Our findings suggest that brain CRF1, CRF,

and CRFBP expression changes dynamically across the lifespan and under stress condition in a
sex- and regional-specific manner. Sex differences in the CRF system in response to stress may
contribute to the etiology of stress-related neuropsychiatric disorders.
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INTRODUCTION

Corticotropin-releasing factor (CRF) signaling via CRF receptor 1 (CRF1) is involved in
endocrine and behavioral responses to stress (Smith et al., 1998; Subbannayya et al.,

2013). CRF1 and corticotropin-releasing factor receptor 2 (CRF2) belong to the same
family and are characterized by their similar structure, consisting of seven transmembrane
a-helical proteins with binding in the interior of the helical protein cone stimulating signal
transduction via G proteins (Hillhouse & Grammatopoulos, 2006). CRF1 expression in

the brain is higher than that of CRF2, particularly in the corticolimbic brain regions
including prefrontal cortex, hippocampus, amygdala, and hypothalamus (Van Pett et al.,
2000). Moreover, CRF has a greater binding affinity to CRF1 than to CRF2, implicating
profound differences not only in the expression but also in the physiological function
between these two receptors (Perrin et al., 1995). However, studies aiming to map CRF1
expression in rodents have mostly been conducted on rats (Avishai-Eliner, Yi, & Baram,
1996; Justice, Yuan, Sawchenko, & Vale, 2008; Tan, Vaughan, Perrin, Rivier, & Sawchenko,
2017; Van Pett et al., 2000), and are mainly limited to mMRNA expression level. Much less
is known about CRF1 expression and distribution in the mouse brain (Rosinger, Jacobskind,
Park, Justice, & Zuloaga, 2017). Whether CRF1 expression displays dynamic changes with
sex and regional differences during brain development and aging is still obscure.

In spite of the uncertainty about the mechanisms regulating CRF1 expression, various
studies conducted mostly on rats indicated a strong transcriptional activation of the gene
encoding CRF1 in the hypothalamus following different genetic manipulations or exposure
to systemic stressors. More specifically, acute stress induces a marked and transient
alteration of CRF1 mRNA levels in the hypothalamic paraventricular and the supraoptic
nuclei (Bonaz & Rivest, 1998; Imaki et al., 2001; Imaki, Nahan, Rivier, Sawchenko, & Vale,
1991). Furthermore, CRF1 mRNA expression is reduced in the frontal cortex and increased
in the hippocampus and in the hypothalamic paraventricular nucleus after chronic stress
(Brunson, Grigoriadis, Lorang, & Baram, 2002; Iredale, Terwilliger, Widnell, Nestler, &
Duman, 1996). CRF1 mRNA levels are increased by early-life stressors, namely maternal
separation, in the dentate gyrus of Wistar—Kyoto versus Sprague—Dawley male rats (Bravo,
Dinan, & Cryan, 2011). Studies in mice have shown that exposure to acute stress alters
CRF1 mRNA expression in the hypothalamus and prefrontal cortex (Makino et al., 2005;
Uribe-Marifio et al., 2016). However, most of the studies only included only few brain sub-
regions with one or two time points. The mechanisms behind stress-dependent modulation
of the CRF and related receptor signaling still need to be further investigated.

The hypothalamus plays a crucial role in stress response and it is considered the first

station of the hypothalamic-pituitary-adrenal (HPA) axis; in fact, hypothalamus stimulates
the hypophysis through CRF (McEwen, 1998). Once activated, the hypophysis secretes the
adrenocorticotropic hormone which, stimulates the adrenal cortical gland responsible for
the production of cortisol in humans and corticosterone in rodents (Chrousos, 1995). CRF
binding protein (CRFBP) also plays an important role in stress responses, since it modulates
the availability of CRF at CRFRs (Owens & Nemeroff, 1991). CRFBP is a 37-kDa secreted
glycoprotein that binds CRF with high affinity; by inhibiting CRF activity, CRFBP is
actively involved in the regulation of CRF function and homeostasis (Potter et al., 1991).
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The corticolimbic system also plays an essential role in the regulation of the stress response
through negative feedback from the HPA axis (Vachon-Presseau, 2018). Both the prefrontal
cortex and the hippocampus directly modulate the HPA axis (Radley & Sawchenko,

2011). For example, lesions in the prefrontal cortex facilitate HPA activity after exposure

to acute stress (Diorio, Viau, & Meaney, 1993). Likewise, lesions of the hippocampus
increase peripheral corticosteroid levels, whereas electrical stimulation of the hippocampus
generates an opposite effect by reducing corticosterone (Jacobson & Sapolsky, 1991). The
hippocampus exerts a constant basal tonic inhibition on the HPA axis (Fendler, Karmos,

& Telegdy, 1961; Jacobson & Sapolsky, 1991). Also, a study indicated that glutamatergic
and GABAergic neuronal fibers directly project from the amygdala, prefrontal cortex, and
hippocampus to the hypothalamus (de Kloet, Joéls, & Holshoer, 2005), suggesting a fine
balance in the modulation of stress response carried by these three regions. Despite this
evidence, little is known about the expression of CRF1, CRF, and CRFBP in these brain
regions in different physiological life stages as well as following stress. Bearing in mind the
deep involvement of these brain regions and CRF system in stress response, understanding
the potential dynamic changes and distribution of CRF1, CRF, and CRFBP is essential.

Previous studies suggested sex differences in the CRF signaling pathways and their
response to stress (Bangasser et al., 2017; Bangasser, Wiersielis, & Khantsis, 2016).

Sex differences in CRF1 expression seem vary both with brain region and species. For
instance, CRF-positive cells are more numerous in the central amygdala of male rats
(Karanikas, Lu, & Richardson, 2013), and in the preoptic area and BNST of female

rats (Funabashi, Kawaguchi, Furuta, Fukushima, & Kimura, 2004; Lim, Nair, & Young,
2005; McDonald, Mascagni, & Wilson, 1994). Moreover, CRF1 expression is higher in the
nucleus accumbens, olfactory tubercle, anterior cingulate and piriform cortex of adult female
compared to male rats (Weathington, Hamki, & Cooke, 2014). Finally, some different
studies on mice have shown a sexually dimorphic distribution of both CRF1 (Rosinger
etal., 2017) and CRFBP (Speert, McClennen, & Seasholtz, 2002) as well as sex-specific
differences in CRF1 cells in the hypothalamus (Rosinger et al., 2020; Rosinger, Jacobskind,
Bulanchuk, et al., 2019; Rosinger, Jacobskind, De Guzman, Justice, & Zuloaga, 2019).
However, sex differences in CRF, CRF1, and CRFBP expressions in the brain and how they
respond to stress still need to be examined in more detail. Evaluation of sex differences in
the distribution of CRF1 is fundamental to understanding and conceptualizing the observed
differences in a variety of stress-related behavioral and hormonal responses reported in
both rats and mice (Jasnow, Schulkin, & Pfaff, 2006; Pisu et al., 2016; Porcu & Morrow,
2014; Zuloaga, Puts, Jordan, & Breedlove, 2008). Sex differences in both CRF1 expression
and function may contribute to the etiology of stress-related neurological and psychiatric
disorders including anxiety, depression, and Alzheimer's disease (Valentino, Reyes, Van
Bockstaele, & Bangasser, 2012; Yan, Dominguez, Fisher, & Dong, 2018), which are more
prevalent in women than in men (Fisher, Bennett, & Dong, 2018; Seney & Sibille, 2014).

In this study, we first quantified CRF, CRF1, and CRFBP levels in different brain regions
that are linked to stress regulation, namely prefrontal cortex, hippocampus, amygdala, and
hypothalamus, at different ages including 1 month (youth), 6 months (adult), 12 months
(post-menopausal), and 18 months (elderly), and investigated potential sex differences in
CRF, CRF1, and CRFBP expression following acute-restraint stress. Our results demonstrate
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that CRF, CRF1, and CRFBP expression in response to stress is dynamic in the mouse brain,
with sex- and age-dependent differences.

MATERIALS AND METHODS

Animals

A total of 80 mice (C57BL/6J, Research Resource Identifier, RRID:IMSR_JAX:000664;
40 males and 40 females) at 1, 6, 12, or 18 months of age (n7=5 per group) from the
Jackson Laboratory were used for this study (Figure 1a). Animals were housed in groups of
5 on a 12-hr light/dark cycle (lights on at 8:00 a.m.) and given food and water ad libitum.
The vivarium temperature was kept at 25°C and the humidity near 65%. All procedures
were performed according to NIH guidelines for the treatment of animals and the Current
Guide for the Care and Use of Laboratory Animals (2011, 8th edition) under the protocol #
1S0000543 approved by the Northwestern University Animal Care and Use Committee.

Acute-restraint stress

Mice were habituated to the animal facility for at least 1 week prior to experiments. Before
the experimental day, our animal care included an index assessment of health deficits
across the integument, musculoskeletal system, ocular system, digestive/urogenital systems,
respiratory system as well as assessment of discomfort, body weight, temperature, and

food intake. Any age-related changes in our colony was consulted with a veterinarian. On
the experimental day, mice assigned to stress groups were exposed to restraint stress for

2 hr. Stress sessions were conducted from 8 a.m. to 10 a.m. Briefly, stressed mice were
placed in a well-ventilated Falcon 50 ml polypropylene conical tube (catalog # 14-959-49A,
114.4 mm long, 29.1 mm outer diameter; Fisher Scientific, 2019). The restrained mice
were placed in their home cage during the 2-hr stress session. The stress procedure was
performed in a sound-attenuated room adjacent to the housing room. Stressed mice were
monitored every 30 min for the whole duration of the stress protocol. Non-stressed control
mice were left undisturbed in their home cages and were allowed free access to food and
water during the 2-hr stress session. For this study, we did not monitor the estrous cycle

in females’ pre-mortemto avoid a bias because of the vaginal smear which could have
interfered with the restraint stressor and, importantly, increased stress levels in non-stressed
control mice. However, we evaluated the estrous cycle post mortem and we found the
following results: (a) 1 month: no distinguishable phases detected; (b) 6 months: 1 female
in estrous, 2 females in diestrous 1, 1 female in diestrous 2 and 1 female in proestrous in
both non-stressed and stressed group; (c) 12 months: post-menopausal-like estrous cycle,
with no distinguishable estrous phases detected; (d) 18 months: similar to what observed at
12 months, no distinguishable estrous phases detected. No exclusion criteria were applied
nor animals died during the experiments; in addition, no randomization was performed to
allocate subjects in the study. Based on previous evidence in the literature (Imaki et al.,
2002; Rivest, Laflamme, & Nappi, 1995), we killed stressed mice 1.5 hr after the ending

of restraint stress session to be able to measure stress-induced changes in the expression of
CRF1. By following an alternating order, both stressed and non-stressed mice were sacrifice
by injection of Euthasol® solution to induce painless pentobarbital death (catalog # 200-071;
Virbac, 2019) followed by decapitation. As previously described by our group (Locci &

J Neurochem. Author manuscript; available in PMC 2023 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Locci et al.

231

Page 5

Pinna, 2019; Rodriguez et al., 2017), brains were rapidly removed from the skull using fine
surgical tools including iris scissors and narrow pattern forceps (Fine Science Tools). The
prefrontal cortex, hippocampus, amygdala, and hypothalamus were dissected on ice using
curved serrated forceps and a scalpel (Fine Science Tools). An electric fluorescent magnifier
(Lighting Specialties) with cold light pointed toward the brain was used during the entire
procedure to facilitate brain dissection. After being separated from the rest of the brain,
regions were immediately transferred into 2 ml sterile tubes (Fisher Scientific) and frozen at
—80°C until analyses (Figure 1b).

Western blot

The abundance of CRF1 was determined in lysates of prefrontal cortex, hippocampus,
amygdala, and hypothalamus. Protein extraction was performed by homogenizing brain
tissues in a mix of ice-cold RIPA buffer (catalog # R0278; Sigma-Aldrich, 2019) and
protease inhibitor cocktail solution (catalog # PI78410; Fisher Scientific, 2019). Tissues
were processed first using a cordless motor connected to a Teflon pestle (20 s; catalog

# 12-141-362; Fisher Scientific, 2017) followed by rapid sonication with Branson 450
Digital Sonifier (amplitude 70%, 2-3 s; catalog # B450; Marshall Scientific, 2018). Samples
were then centrifuged at 20,000 g for 10 min at 4°C and supernatants were collected

for determination of total protein concentration. Protein content was measured using the
Pierce™ BCA protein assay kit (catalog # PIA53226; Fisher Scientific, 2019). An equal
amounts of proteins (20 pg) were loaded and resolved through electrophoresis in 10%
Criterion™ TGX Stain-Free™ Precast Gels at 100 V for 1.5 hr (catalog # 5671035;

Biorad, 2019). Proteins were transferred onto a polyvinylidenedifluoride membrane using
TransBlot® Semi-Dry Electrophoretic Transfer Cell at 15 V for 1.5 hr. Blots were exposed
to 5% non-fat dry milk as b locking solution for 1 hr at room temperature (22°C) and
immunostained overnight at 4°C with primary antibodies against CRF1 (1:1,000; catalog

# NBP2-16010; Novus Biologicals, 2019), CRF (1:2000; RRID:AB_572228; Immunostar,
2020), CRFBP (1:2000; catalog # LS-B15599-50; LSBi02020), and p-actin (1:1,000;
RRID:AB_2714189; Santa Cruz Biotechnology, 2019). Additionally, we confirmed the
absence of effects of aging, sex, and stress on B-actin expression, by conducting parallel
experiments using GAPDH primary antibody (1:1,000; RRID:AB_627679; Santa Cruz
Biotechnology, 2019) as protein of control (data not shown). Membranes were incubated
with secondary goat anti-rabbit (1:3,000; RRID:AB_11125345; Biorad, 2019) or anti-mouse
(1:10,000; RRID:AB_11125936; Biorad, 2019) HRP-conjugated antibodies for 2 hr at room
temperature. After applying SuperSignal ™ West Dura HRP substrate (Fisher Scientific)
onto the membranes, blotted proteins were detected by Gel Doc EQ System Universal
Hood Il (Biorad), and the densitometric signal were finally quantified by ImageJ software
(https://imagej.nih.gov/ij/download.html). The levels of CRF1 were normalized to p-actin.
Importantly, all the experiments were repeated twice to confirm the first results obtained.
Custom-made materials will be shared upon reasonable request. This study was exploratory
and no blinding nor sample calculation was performed. The sample size of each group was
determined by referring to a previous key publication (Rosinger et al., 2017), which shows
sex differences in brain CRF1 expression.
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2.41 Statistical analysis

Graphpad Prism 7 software (RRID:SCR_002798, San Diego, CA, 2016) was used for
statistical analyses. The significant difference between the experimental groups was assessed
using a two-way analysis of variance (ANOVA), followed by Tukey's post fioc test. Data
represent mean values £ SEM. No samples were excluded for data analysis. Verification

of normal data distribution was performed using the free tool http://www.statskingdom.com/
320ShapiroWilk. html that applies the Shapiro-Wilk test. Then, to identify potential outliers,
we adopted the free tool https://www.graphpad.com/quick calcs/Grubbsl.cfm that applies
the Grubbs test. This study was not pre-registered.

31 RESULTS

3.11 CRF1, CRF, and CRFBP expression changes in the corticolimbic system across the

lifespan

3.1.11 Prefrontal cortex—Two-way ANOVA showed an effects of age (/3 32 = 22.32,
p<.001), and sex (£ 32 = 7.65, p=.009) in CRF1 expression in the prefrontal cortex of
C57BL/6J mice (Figure 2a). Post hoc analysis showed that its levels were the highest at 1
and 6 months of age, then were significantly reduced in both male and female mice at 12
(-59%, p=.027; -62%, p < .0001, respectively), and 18 months (-58%, p =.003; -51%,
p=.00086, respectively) compared to 1-month-old group. We also observed no significant
differences in the expression of CRF1 in the prefrontal cortex of females compared to males.

CRF levels were strongly altered across the lifespan in the prefrontal cortex of C57BL/6J
mice by age (F3 32 = 32.7, p<.0001), sex (F 32 = 26.23, p < .0001), and age x sex
interaction (/3 32 = 2.94, p=.047) (Figure 2b). Post hoc test suggested that the highest CRF
levels were at 1 month of age, then were significantly reduced in both male and female
mice at 6 (-60%, p=.003; —69%, p < .0001, respectively), and 12 months (-57%, p=

.002; —64%, p < .0001, respectively). Interestingly, we found higher levels of CRF1 in the
prefrontal cortex of females compared to males at 1 (+65% p = .0004), and 18 months
(+60%, p=.005).

Finally, we found that age (/3 32 = 16.41, p<.0001) induced marked changes in CRFBP
expression across different life stages in the prefrontal cortex (Figure 2c¢). Specifically, post
hoc analysis revealed that CRFBP abundance gradually increased across the lifespan in both
male and female mice, however, differences were significant only in 12 (+85%, p=.03;
+124%, p = .01, respectively), and 18-month-old mice (+157%, p = .0004; +147%, p = .003,
respectively). CRFBP expression did not change between males and females at any time
point.

3.1.21 Hippocampus—Hippocampal CRF1 expression varied with age (/3 3 = 37.47,
p<.0001), and sex (F1 32 = 11.95, p=.002) (Figure 2a). A post hoc test revealed a
significant increase in CRF1 expression in both male and female mice at 6 (+97%, p=
.002; +74%, p=.0013, respectively), 12 (+94%, p = .003; +67%, p=.004, respectively),
and 18 months of age (+178%, p < .0001; +137%, p < .0001, respectively) when compared
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with the 1-month-old mice group. In line with the results obtained in the prefrontal cortex,
hippocampal CRF1 expression did not exhibit significant sex differences.

When we evaluated CRF expression across the lifespan in the hippocampus of male and
female mice, we found an effect of age (/337 = 4.79, p=.007), and age x sex interaction
(F332 =5.39, p=.004) (Figure 2b). Post hoc test showed that CRF levels increased at 6
months of age in female mice (+45%, p=.048). In terms of sex differences, we observed
a slight trend toward differences between males and females at 6 months (+40%, p = .07);
moreover, we observed a significant difference at 12 months of age (-36%, p=.039).

CRFBP expression showed marked dynamic changes at different life stages in C57BL/6J
mice. A two-way ANOVA showed an effect of age (/3 32 = 43.49, p<.0001), and a trend
toward an age x sex interaction (/3 3p = 2.85, p=.052) (Figure 2c). In fact, CRFBP was
significantly down-regulated in 6-month-old males (-51%, p < .0001) but not females;
moreover, CRFBP levels were lower in both male and female mice at 12 (-61%, p<

.0001; —35%, p = .015, respectively), and 18 months (-81%, p < .0001; —75%, p < .0001,
respectively). Similar to what observed in the prefrontal cortex, CRFBP expression was not
different between males and females at any time point.

3.1.31 Amygdala—Surprisingly, the levels of CRF1 expression were not significantly
altered across the lifespan in the amygdala within either male or female mice (Figure 2a),
nor was CRF1 differentially expressed in the amygdala between male versus female mice.

On the other hand, CRF levels showed marked changes at different time points in the
amygdala of C57BL/6J mice. A Two-way ANOVA suggested an effect of age (/3 3, = 84.48,
0 <.0001), and sex (F1 32 = 20.11, p<.0001) (Figure 2b). A post hoc test showed the
highest CRF expression at 1 month of age, then significantly reduced levels in both male and
female mice at either 6 (—-54%, p < .0001; -61%, p < .0001, respectively), 12 (-66%, p <
.0001; —-66%, p < .0001, respectively), and 18 (-71%, p < .0001; —72%, p < .0001) months
of age. Notably, we found lower levels of CRF in the amygdala of females compared to
males; differences were statistically significant at any time point except 12 months (1 month:
—24% p=.002; 6 months; —35%, p < .0001; 12 months: —24%, p=.094; 18 months: —27%,
p=.049).

CRFBP expression was changed in the amygdala by age (/3 32 = 22.29, p < .0001), and sex
(F1,32 =4.94, p=.033), with a trend toward age x sex interaction (/3 32 = 2.75, p = .059)
(Figure 2c). A post hoc analysis demonstrated that CRFBP levels slightly decreased across
the lifespan in both male and female mice, although differences were significant exclusively
in 12- and 18-month-old male (-31%, p=.028; —74%, p < .0001, respectively), and in
18-month-old females (—48%, p = .006). CRFBP expression significantly differed between
males and females at 18 months of age (+52%, p = .034).

3.1.41 Hypothalamus—A two-way ANOVA indicated an age effect on CRF1
expression also in the hypothalamus (/3 3 = 8.33, p=.0003) and a trend of sex (£ 32
=3.97, p=.054) (Figure 2a). CRF1 levels were higher in both male and female mice at
18 months (+49%, p=.027; +50%, p = .006, respectively) when compared with 1-month-
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old group. The hypothalamus did not show significant sex differences in terms of CRF1
abundance.

Hypothalamic CRF levels were strongly affected by age (/3 32 = 19.91, p<.0001), and

by age x sex interaction (/3 3p = 7.35, p<.0001), as schematized by Figure 2b. More
specifically, Tukey's analysis showed that CRF levels raised in both males and females mice
at 6 months (+129%, p < .0001; +98%, p = .027, respectively), and 18 months (+79%, p=
.012; +228%, p < .0001, respectively); furthermore, CRF expression was significantly higher
in females (+152%, p = .0003) but not in males (+51%, p=.17) at 12 months. Of note, we
observed significant sex differences at 6 months of age (—38%, o =.004), and only a trend at
18 months of age (+33%, p=.07).

Finally, we found that age (/3 32 = 10.21, p < .0001) significantly affected CRFBP
expression in the hypothalamus, effect associated with an age x sex significant interaction
(F3 32 = 3.85, p=.02) (Figure 2c). Indeed, post hoc test revealed that CRFBP abundance
increased in 12-month-old males (+60%, p = .006), and decreased in 18-month-old females
(-51%, p=.0008) when compared with the sex-respective control groups at 1 month of age.
Moreover, CRFBP expression was lower in females than males at 18 months (-=30%, p=
.035). The trend toward an increase observed in 1-month-old females was not statistically
significant (+44%, p = .058).

Taken together, these data suggest that CRF1, CRF, and CRFBP expression is subject to
dynamic sex-specific fluctuations in different corticolimbic brain regions across the lifespan
in mice.

Acute-restraint stress alters brain CRF1, CRF, and CRFBP expression in a sex-

specific manner

Next, we wanted to evaluate whether CRF1, CRF, and CRFBP levels are altered by acute
stress (a) at different ages, (b) in different brain sub-regions, and (c) in a sex-specific
manner.

3.2.11 Prefrontal cortex—Two-way ANOVA indicated a significant sex effect induced
by 2-hr-restraint stress on CRF1 levels at 1 (£ 16 = 6.24, p=.024), and 6 months (£ 16

= 4.58, p=.048). Moreover, stress had a strong effect of stress on CRF1 expression (1
month: £ 16 = 58.04, p<.0001; 6 months: F 16 = 20.49, p=.0003; 12 months: £ 16 =
17.90, p=.0006; 18 months: £ 1 = 46.47, p<.0001) (Figure 3a). Specifically, Tukey's post
hoc test confirmed that CRF1 was up-regulated in the prefrontal cortex of 1-, 6-, 12-, and
18-month-old male (+129%, p = .001; +74%, p=.016; +62%, p=.034; +167%, p =.0003,
respectively) as well as female mice (+120, p=.0001; +47%, p=.041; +49%, p=.044;
+102%, p = .003, respectively).

There was a trend toward a sex effect (£ 16 = 3.99, p=.06), and sex x stress interaction
(F1,16 = 17.12, p=.0008) in CRF expression in the prefrontal cortex at 1 month of age. CRF
expression did not significantly change at 12 months of age. Finally, in 6-and 18-month-old
mice, two-way ANOVA indicated a significant sex x stress interaction (£ 16 = 1.89, p=
.019; £ 16 = 13.16, p=.002, respectively). Post hoc analysis suggested that CRF levels
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were significant higher only in the prefrontal cortex of 1-month-old males compared to
non-stressed control group (+56%, p=.009). Instead, CRF expression was not significantly
altered in the late life stages by acute stress.

We lastly studied the effects induced by 2-hr-restraint stress on CRFBP expression. A
two-way ANOVA revealed a significant effect of stress (£ 16 = 4.96, p = .041), and sex

x stress interaction (£ 16 = 4.54, p=.048) exclusively in 18-month-old mice (Figure 3c).
Post hoc analysis revealed that CRFBP expression was significantly down-regulated by
stress only in 18-month-old male males (-41%, p = .033). CRFBP expression did not differ
between males and females under stress condition at any time point.

3.2.21 Hippocampus—Figure 4a shows the effects of acute-restraint stress on
hippocampal CRF1 levels. We found an effect of sex (£ 16 = 11.93, p=.003), and stress
(F1,16 = 23.63, p<.001) at 1 month. CRF1 expression was also affected by sex (£ 16
=17.63, p=.003), and stress (£ 16 = 7.45, p=.015) at 6 months of age. Furthermore,

at 12 months, sex (F1 16 = 9.32, p=.008) had a significant effect on CRF1 expression.
Finally, an effect of stress (F1 16 = 7.79, p= .013) on CRF1 expression was observed in
18-month-old mice. A more detailed post hoc analysis revealed increased CRF1 expression
following stress in both 1-month-old males and females (+54%, p=.013; +36%, p= .02,
respectively). CRF1 was significantly altered by acute stress in the hippocampus of males
at 6 and 18 months of age (-35%, p=.038; +39%, p = .044, respectively), an effect not
observed in females. CRF1 expression did not significantly change in the hippocampus of
12-month-old males and females. Importantly, we found sex differences in stress response
comparing CRF1 levels of stressed female versus stressed male mice at 6 and 12 months
(+73%, p=.005; +49%, p=.047, respectively).

As shown in Figure 4b, acute stress induced just mild effects on hippocampal CRF
expression. In fact, at 6 months of age, two-way ANOVA revealed a trend toward an effect
of sex (F1 16 = 4.01, p=.06), and a significant effect of stress (F; 15 = 4.91, p=.041).
Moreover, CRF levels were altered by sex (£ 16 = 13.21, p=.002) at 12 months. Finally,
we observed only a trend for stress effect (£ 16 = 4.42, p=.052) in 18-month-old mice.
Post hoc analysis indicated that the trends observed in 6-month old male mice was not
statistically significant (+42%, p=.11). On the other hand, we did not observe stress-related
sex differences in the hippocampal expression of CRF.

Significant changes induced by 2-hr-restraint stress (£ 16 = 8.57, p=.009), and sex X stress
interaction (£ 16 = 6.25, p=.024) on CRFBP expression were specifically observed in
12-month-old mice. At 6 months, two-way ANOVA suggested only a trend toward sex x
stress interaction (£ 16 = 3.25, p=.09) (Figure 4c). Concomitantly, a post hoc analysis
confirmed that CRFBP was specifically down-regulated in the female hippocampus exposed
to acute stress at 12 months of age (—38%, p=.007). We did not find significant sex
differences in CRFBP expression under stress conditions.

3.2.31 Amygdala—Figure 5a summarizes the results obtained in the amygdala on CRF1
expression. We found no significant effects in 1-month-old mice. Instead, at 6 months, CRF1
expression was influenced by sex (£ 16 = 23.64, p=.0002), stress (F1 16 = 32.49, p<.001),
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and sex x stress interaction (/1 16 = 7.38, p=.015). Notably, two-way ANOVA indicated an
effect of sex (/16 = 13.16, p=.002), and a trend toward a sex x stress interaction (£ 16
=3.07, p=.09) at 12 months. Finally, CRF1 levels were affected by sex (Fy 16 = 8.64, p
=.009) at 18 months of age, whereas stress showed only a slight trend (£ 16 = 2.83, p=
.11). By performing post hoc analysis, we observed that restraint stress drastically increased
CRF1 expression exclusively in 6-month-old female mice (+91%, p=.0001). In agreement
with the results obtained in the hippocampus, here we observed sex differences in stress
response, as demonstrated by the higher levels of CRF1 in the amygdala of females versus
males at the age of 6, 12, and 18 months (+75%, p=.0003; +76%, p=.008; +43%, p=.047,
respectively).

We explored the effect of acute-restraint stress on amygdala CRF expression. Two-way
ANOVA showed a significant sex x stress interaction (£ 16 = 5.95, p=.03) at 1 month,

as well as a significant effect of sex (F 16 = 110.6, p < .0001), stress (£ 16 = 15.37, p
=.012), and sex x stress interaction (16 = 10.83, p=.005) at 6 months. In addition,
12-month-old mice were affected by sex (£ 16 = 36.09, p < .0001). Finally, 18-month-old
mice were influenced by sex (F1 16 = 11.85, p=.003), and sex x stress interaction (£ 16
=8.21, p=.011) (Figure 5b). More in details, post hoc analysis suggested that CRF was
up-regulated in the amygdala of 6-month-old male mice (+35%, p=.02). Moreover, we
observed stress-induced sex differences at 6 and 12 months, as demonstrated by the lower
CRF levels in females compared to males (-35%, p < .0001; —24%, p=.0001, respectively).

As reported in Figure 5¢, sex (£ 16 = 5.04 p=.04) seemed to affect amygdalar CRFBP
expression at 1 month. At 6 months, two-way ANOVA suggested a significant sex x stress
interaction (£ 16 = 5.54, p=.03). Furthermore, sex had a significant effect on amygdalar
CRFBP expression at 12 months (£ 16 = 4.82, p=.04). We observed an effect of sex (£ 16
=6.21, p=.02), and a trend toward sex x stress interaction (£ 15 = 3.31, p=.09) at 18
months of age. However, Tukey's post hoc test indicated only a trend toward a decrease in
6-month-old stressed males compared to control males (=34%, p = .09). In addition, post
hoc analysis confirmed the absence of stress-related sex differences in CRFBP expression at
each time point.

3.2.41 Hypothalamus—Lastly, we evaluated the effect of acute stress on hypothalamic
CRF1 expression. Whereas a two-way ANOVA showed no effects at 1 month, stress
significantly altered CRF1 in 6-month-old mice (#; 16 = 5.09, p=.038). Sex (£ 16 =
14.01, p=.002), stress (F1 16 = 9.78, p=.007), and sex x stress interaction (/1 16 = 5.98,
p=.027) had a significant effect at 12 months of age. Moreover, at 18 months, two-way
ANOVA suggested a significant sex x stress interaction (£ 16 = 8.21, p=.011) (Figure
6a). Specifically, stress altered CRF1 levels only in female mice at 12 (+48%, p=.006),
and 18 (-25%, p=.036) months. Intriguingly, we observed a significant increase in CRF1
expression in 12-month old females versus males at the same time point (+56%, p = .002).

We also analyzed the effect induced by restraint stress on CRF levels. Two-way ANOVA
showed a significant effect of stress (£ 16 = 41.41, p<.0001), and a trend towards a sex
effect (£ 16 = 3.75, p=.07), at 1 month of age. A significant sex effect (51 16 = 8.75, p
=.009) was likewise present at 6 months, although we found no significant effect of stress
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(F1,16 = 2.63, p=.12), and sex x stress interaction (£ 15 = 3.35, p = .08). At 12 months

of age, we found an effect of sex (£ 16 = 11.83, p=.003), stress (F1 16 = 20.7, p=.0003),
and a trend toward sex x stress interaction (£ 1 = 3.45, p=.08). Also at 18 months of
age, CRF levels were affected by stress (£ 16 = 13.41, p=.002), with a significant sex

x stress interaction (£ 16 = 6.58, p=.02) (Figure 6b). Specifically, CRF expression was
altered in the hypothalamus of 1-month-old males (-67%, p = .0003) as well as 1-, 12-, and
18-month-old females (-62%, p=.011; +70%, p=.0017; -47%, p=.002, respectively). In
addition, we observed sex differences in stress response only at 12 months of age (+52%, o
=.009).

As suggested by the results reported in Figure 6¢, hypothalamic CRFBP expression was
affected by sex (£ 16 = 4.87, p=.04), and stress (£ 16 = 30.72, p < .0001) at 1 month. On
the other hand, two-way ANOVA only showed no significant stress effects in 6-month-old
mice. Similarly, at 12 months, stress did not induce any significant effect (£ 16 = 3.49, p
=.08). In addition, two-way ANOVA indicated an effect of sex (F; 16 = 11.91, p=.003) at
18 months of age. Post hoc analysis confirmed that CRFBP was down-regulated by stress in
both males (-52%, p = .04) and females (-59%, p=.0009) at 1 month. No sex differences
under stress conditions were observed at any time point.

DISCUSSION

As summarized in Table 1, the main goal of this study was to systemically characterize
CRF1, CRF, and CRFBP protein expression in corticolimbic regions of the mouse brain that
are functionally linked to stress regulation, during brain development and aging. We found
that CRF1 levels change in certain brain regions during specific life stages (Figure 2). In
particular, CRF1 levels decreased in the prefrontal cortex at 12 and 18 months of age and
increased in the hippocampus of 6-, 12-, and 18-month-old males and females compared to
1-month-old group. However, we did not observe changes in amygdalar CRF1 levels during
aging, whereas a significant increase in CRF1 levels was found in both males and females
at 18 months of age versus 1-month-old group. These results represent the first systematic
characterization of CRF1 levels in the mouse at different ages including 1, 6, 12, and 18
months of age, which is analog to human life stages, namely youth, adult, post-menopausal
period, and elderly. We also measured the expression of both CRF and CRFBP, two crucial
components of the CRF system. Similar to what observed for CRF1, our results suggest that
their levels change area-specifically across the lifespan (Figure 2). Indeed, CRF expression
was lower in the prefrontal cortex of both males and females at 6 and 12 months as well

as in the amygdala at 6, 12, and 18 months of age. On the other hand, CRF levels were
higher in the hypothalamus during the late life stages in both males and females, and only
in the hippocampus of 6-month-old females. CRFBP expression followed a peculiar trend
across the lifespan. In fact, its levels gradually increased from the early to late stages in

the prefrontal cortex of both males and females, whereas decreased in the hippocampus and
amygdala. In the hypothalamus, CRFBP was up-regulated in male mice at 12 months of
age, and, oppositely, down-regulated in 18-month-old females. Furthermore, it is important
to underlie that we observed sex differences in CRF expression at different time points

in all these four brain regions. Finally, CRFBP expression showed sex differences in both
amygdala and hypothalamus at 18 months of age.
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Our results suggest a sub-brain region-dependent plasticity of CRF1 across the lifespan;
exploring the regional-specific function of CRF1 may be particularly important in the
optic of discovering an unknown pathophysiological axis CRF1-related. Interestingly, we
observed opposite trends in the levels of CRF1 in the prefrontal cortex compared to

the hippocampus. This may suggest a distinguished physiological function of CRF1 in
these two different corticolimbic regions during life span. For example, it might be
possible that higher levels of CRF1 are necessary in the early life stages in the prefrontal
cortex to guarantee a correct physiological regulation of brain function, whereas the
increased CRF1 expression in the hippocampus with aging in response to environment
stressors. Although the physiological meanings of CRF1 levels in regional- and age-
specific manner remain unknown, it is possible that perturbations in the physiological
corticolimbic distribution of CRF1 may drive aberrant brain functions which, ultimately,
may be associated with abnormal stress response and, in sensitive subjects, the onset of
stress-related neuropsychopathologies such as anxiety and depression.

We also found a general trend of increased CRF1 basal levels in females at any age

and region compared to males (Figure 2). Although this statement might oversimplify the
physiological role of CRF in the brain, a plausible hypothesis is that higher CRF1 levels

* in the female brain may contribute to rendering them more sensitive to stress. However,
this speculation needs to be confirmed by other techniques and future studies using different
approaches such as immunohistochemistry and RT-PCR will be performed to confirm such
sex-biased CRF1 expression. Indeed, sex differences in CRF receptor abundance have been
identified in several brain regions studied of rats under basal physiological conditions
(Weathington et al., 2014). In particular, CRF1 binding is greater in adult female than

male rats in regions implicated in depression such as the cortex, amygdala, and nucleus
accumbens (Weathington et al., 2014). The functional and physiological relevance of the
cited sex differences still remain largely obscure and surely need further exploration.

In addition to CRF1, here we report evidence for brain CRF and CRFBP protein expression
being subject to time-dependent dynamic fluctuations in the mouse corticolimbic system
(Figure 2). However, only few previous studies described fluctuations in CRF expression in
the rat brain across the lifespan. For instance, Kasckow and colleagues suggested that CRF
mRNA levels are significantly lower at 24 months in the hypothalamus, at 11,17, and 24
months in the amygdala, and at 17 and 24 months in the BNST compared to 3-month-old
male rats (Kasckow, Regmi, Mulchahey, Plotsky, & Hauger, 1999). The same group also
demonstrated that the number of CRFBP-containing cells was lower in the basolateral and
lateral nucleus of the amygdala of 24-month-old rats compared to 4-month-old rats (Xiao et
al., 2006). Moreover, both 4- and 12-month-old rats showed greater CRF immunoreactivity
in the central amygdala compared to 24-month-old rats (Xiao et al., 2006). One study
reported higher CRFBP mRNA levels in the pituitary of 2-month-old females than males

of the same age (Speert et al., 2002). In said study, CRFBP mRNA expression dynamically
changed during estrous cycle, effect dependent on estrogen regulation (Speert et al., 2002).
From this perspective, sex differences observed by our group during the late stages (“post-
menopausal period”) may be partially explained by the drop in the circulating levels of sex
hormones. Additional studies are necessary to determine factors and molecular mechanisms
behind sex differences in CRF system.
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In this study, in addition to the comparison of the sex differences in CRF system across

the lifespan, we also demonstrate the changes in the CRF1, CRF, and CRFBP expression

in response to acute-restraint stress in a sex-specific manner depending on the brain regions
in mice (Figures 3-6). Specifically, following acute-restraint stress, CRF1 expression was
increased in the prefrontal cortex of both males and females at any age. Acute stress also
increased CRF1 expression in the male hippocampus in the young (1 month of age) and
aged groups (18 months of age), suggesting an enhanced sensitivity of these two ages in
response to stress in both sexes. Interestingly, stressed-exposed 6-month-old males showed
CRF1 down-regulation in the hippocampus, an effect not observed in females. Moreover,
CRF1 was sex-specifically up-regulated by stress in the amygdala of females particularly at
6 months of age and in the hypothalamus of females at 12 months of age, whereas it was
down-regulated in the hypothalamus of female of at 18 months of age. Overall, these results
are in line with previous studies indicating that CRF and CRF1 expression in response to
stress displayed different patterns between the regions examined. For instance, it has been
demonstrated that CRF1 mRNA expression is reduced in the frontal cortex and increased

in the hippocampus and in the hypothalamic paraventricular nucleus after stress (Iredale et
al., 1996). Also Ramot and colleagues demonstrated that CRF1 is essential for HPA axis
regulation following chronic stress in the paraventricular nucleus of the hypothalamus that
prepares the organism for successive exposure to stressful stimuli (Ramot et al., 2017).
Acute stress may induce higher levels of CRF1 mRNA expression, whereas CRF mimicked
acute stress-induced dysfunctions in the prefrontal cortex of adult male mice (Uribe-Marino
et al., 2016). However, this particular study was conducted in male adult rats exposed

to chronic unpredictable stress. Iredale and colleagues measured the expression of CRF1
MRNA instead of the protein levels as we did. Despite the divergence described earlier, our
results are in line with previous studies in what concerns the opposite direction followed by
CRF1 expression in the prefrontal cortex versus hippocampus of 6-month-old males. This
observation is particularly interesting because it may underlie a different regulation of stress
response by the CRF system in these two corticolimbic areas that are significantly involved
in the modulation of the HPA axis function (Radley & Sawchenko, 2011). Additionally, we
observed that CRF1 expression did not change in the hippocampus of 6-month-old females
after acute stress which suggests the existence of sex differences in CRF1 expression and
function within the hippocampus.

Our results added evidence supporting sex differences in stress sensitivity (Heck & Handa,
2019; Sze & Brunton, 2019). For instance, female rodents typically show an enhanced
neuroendocrine response to acute stress compared to males, as demonstrated by the
increased corticosterone and adrenocorticotropic hormone levels after being exposed to
several stressful stimuli and different experimental protocols (Handa et al., 1994; Viau,
Bingham, Davis, Lee, & Wong, 2005). The expression of HPA axis-related genes is sexually
dimorphic, as implied by the greater expression of CRF mRNA in the hypothalamus

of female rats (Babb, Masini, Day, & Campeau, 2012; Seale et al., 2004). Rosinger

and colleagues demonstrated marked sex differences in terms of CRF1 distribution in

the rostral periventricular hypothalamus of mice during the postnatal period (Rosinger

et al., 2017) as well as aging (Rosinger, Jacobskind, De Guzman, et al., 2019). It is

also noteworthy that both stress (Rosinger, Jacobskind, De Guzman, et al., 2019) and
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hormonal treatments (Rosinger, Jacobskind, Bulanchuk, et al., 2019, 2000) induce a peculiar
sexually dimorphic pattern of neural activation in hypothalamic CRF1 cells. In addition to
sex-specific differences in CRF1 expression, sex differences in CRF1 receptor coupling

and signaling also have been well established. For example, female rats have greater

cortical CRF1 coupling to the Gs protein compared to males (Bangasser et al., 2010). This
evidence suggests that in females, CRF1 is more likely linked to cAMP-PKA signaling,
thus, sex differences at the level of receptor signaling translates into sex differences in stress
physiology. It has been well established that CRF1 is internalized, and, thus, inactivated, in
response to saturating concentrations of CRF (Hauger, Smith, Braun, Dautzenberg, & Catt,
2000). This represents a key point toward understanding the molecular mechanisms behind
CRF system. Recent findings have shown that internalization is started by p-arrestin binding
to CRF1 in the cortex of males but not in females (Hauger, Risbrough, Oakley, Olivares-
Reyes, & Dautzenberg, 2009; Bangasser et al., 2010). Moreover, in males, p-arrestin is
strongly connected to a peculiar intracellular cascade which is distinguished from the
CAMP-PKA signaling (DeWire, Ahn, Lefkowitz, & Shenoy, 2007) that, ultimately, suggests
a sex-specific CRFI-related intracellular pathway (Bangasser & Valentino, 2012; Valentino,
Bangasser, & Van Bockstaele, 2013). Altogether, the combination of differences in CRF1
expression, stress sensitivity, and sex-biased CRF1 receptor signaling may contribute to
elicit sex differences in CRF responses both in physiological and pathological conditions.

Besides CRF1, we observed that stress induced CRF up-regulation only in the prefrontal
cortex of 1-month-old males as well as in the amygdala of 6-month-old males. Oppositely,
hypothalamic CRF was down-regulated by stress in both males and females at 1 month.
Finally, CRF levels were affected by stress in female hypothalamus, as suggested by the
increase at 12 months and the decrease at 18 months. CRFBP levels were moderately
affected by acute stress as well. In fact, we found that stress down-regulated CRFBP in

the prefrontal cortex of 18-months-old male mice as well as hippocampus of 12-month-old
female mice. Furthermore, acute stress down-regulated hypothalamic CRFBP in both males
and females at 1 month of age. Our results suggest different trends in CRF and CRFBP
response to acute stress depending on life stage and brain region. However, the physiological
meanings of the observed alterations of CRF and CRFBP expression after stress remain
unknown and need to be investigated in the future. We also found some sex difference in
CRF expression after stress. Particularly, we found stress-related sex differences in CRF
expression exclusively in the amygdala at 6 and 12 months of age as well as in the
hypothalamus at 12 months of age. Surprisingly, we did not observe sex differences in
CRFBP distribution. The lack of these effects may be related to the time of sacrifice (90 min
after the end of 2-hr-restraint stress) which may be appropriate to study CRF1 expression
but maybe “too late” to broadly evaluate CRF and/or CRFBP. It may be possible that the
expression of these two proteins changes in the “early phase” of stress response and, in our
experiments, we just could measure the “late phase” of their fluctuations. Future studies
based on specific time courses will be conducted to better characterize the effect of acute
stress on CRF and CRFBP in a sex-difference point of view.

Our findings may inspire and facilitate future studies aimed to dissect molecular
mechanisms and cellular pathways linked to CRF signaling and stress in this particular
brain regions, and, ultimately, to increase the knowledge of gender-specific predisposition to
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stress-related psychiatric disorders. In line with that, CRF1, CRF, and CRFBP are involved
in the pathogenesis of anxiety and depression (Binder & Nemeroff, 2010; Nemeroff &
Vale, 2005) that are characterized by differential prevalence depending on the sex: Women
are twice as likely to suffer from depression as men (Kessler et al., 2003). Given the link
between CRF1 and depression, one interesting idea is that differences in stress regulation
throughout the lifespan, as CRF1 expression changes, may be a key-factor to the link
between biological sex and diagnosis prevalence. Clinical studies increasingly back up the
hypothesis that the risk of developing Alzheimer disease is higher in women, although the
mechanisms underlying this sexual discrepancy remain unknown (Alzheimer's Association,
2020). Risk factors, including differences in life expectancy, hormones, genetics, and

brain structure, have been considered as possible factor contributing in the higher risk of
Alzheimer’s disease in women, but results have been discrepant (Altmann, Tian, Henderson,
& Greicius, 2014; Lin & Doraiswamy, 2015; Morrison, Brinton, Schmidt, & Gore, 2006;
Riedel, Thompson, & Brinton, 2016). Our group demonstrated a strong link between
CRF1 and chronic stress on the one hand, and aging and neurodegenerative disorders

such as Alzheimer disease on the other hand. Specifically, genetic enhancement of brain
CRF expression, by mimicking chronic stress conditions, induced both neurochemical and
behavioral impairment in a mouse model of Alzheimer disease, reflected in an increase

in beta amyloid deposition, neurodegeneration, and memory deficits, an effect prevented
by CRF1 antagonism (Dong et al., 2012, 2014, 2018). Overall, understanding the sex
differences of CRF system in the lifespan may provide insight into how CRF signaling

can impact brain development and function under both physiological and stress-related
neuropathological conditions.

Our findings support the idea that females respond to stress differently than males;
however, because of the complexity of CRF system in brain, we still need to improve our
understanding of the physiology of CRF1 signaling throughout the corticolimbic system,
and its interaction with stress and sex. Of note, despite the substantial efforts and strong
preclinical rationale, targeting CRF1 for the treatment of stress-related neuropsychiatric
disorders has been unsuccessful (Spierling & Zorrilla, 2017). Negative clinical outcomes
have been linked to (i) positive preclinical results obtained using specific models and
conditions with dynamic CRF/CRF1 activation that, ultimately, are not translatable to
tested patients; (ii) low efficacy of the current drug candidates because of inadequate
pharmacokinetic and physicochemical properties; (iii) lack of understanding of the whole
CRF system, with a particular need to address constitutive CRF1 expression and activity,
or the involvement of CRFBP, CRF2, or molecules that modulate agonist-independent
activity. Future mechanistic studies focused on exploring cellular and molecular pathways
are required to reach final conclusions. Therefore, our group will next evaluate (a) CRF1
plasticity under chronic stress conditions, (b) CRF1 expression in the brain of specific
mouse models of Alzheimer’s disease in a sex-specific perspective, and, (c) alterations of
CRF1 function in the specific brain regions of the Alzheimer disease mouse model.

In conclusion, this study revealed a sex- and age-dependent pattern in CRF1, CRF, and
CRFBP expression in discrete murine corticolimbic regions, and how it responds to acute-
restraint stress. Our results also enhance our understanding of how CRF signaling might
affect brain function in a sex-specific manner during lifespan. We hope that the presented
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results will aid future studies aimed at evaluating age, regional, and sex differences in the
CRF system involved in acute and chronic stress, and the link to neuropsychiatric disorders.
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FIGURE 1.

Experimental design. (a) Total number of mice used in this study their distribution in each
experimental group. (b) Time course of the experiments. m CO, male controls; f CO, female
controls; m ST, male stress; f ST, female stress
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FIGURE 2.
Fluctuations of CRF1, CRF, and CRFBP expression in different corticolimbic regions

of unstressed male and female mice across the lifespan. (a) As reported here, CRF1 is
significantly down-regulated in the prefrontal cortex during the late stages of lifespan in
both male (black bars) and female (white bars) mice. On the other hand, CRF1 expression
is increased in the hippocampus of both males and females at 6, 12, and 18 months. The
expression of CRF1 was found unaltered during the lifespan in the amygdala of C57BL/6J
mice. Finally, CRF1 is up-regulated in the hypothalamus of 18-month-old mice. (b) CRF is
down-regulated in the prefrontal cortex of both males and females at 6 and 12 months of
age compared to 1-month-old mice, and, interestingly, it is more expressed in the prefrontal
cortex of females at 1 and 18 months compared to males at same age. CRF expression is
higher in the hippocampus of 6-month-old female mice compared to females at 1 month,
and it is less abundant in females at 12 months compared to 12-month-old males. Moreover,
CRF levels are lower in the amygdala of both males and females at 6, 12, and 18 months of
age, whereas 1-, 6-, and 18-month-old female mice exhibit lower CRF levels compared to
males at same age. Finally, CRF expression is higher in the hypothalamus of male mice at 6
and 18 months, and in females at 6, 12, and 18 months of age. Interestingly, hypothalamic
CRF shows sex differences at 6 months. (¢) CRFBP is up-regulated in the prefrontal cortex
of both males and females at 12 and 18 months of age. On the other hand, CRFBP levels are
reduced in the late life stages of both males and females in the hippocampus and amygdala.
Finally, hypothalamic CRFBP is up-regulated in 12-month-old males, and down-regulated
in 18-month-old females. Of note, both amygdala and hypothalamus are characterized by
sex differences in CRFBP abundance at 18 months of age. CRF1: 51 kDa; CRF: 18 kDa;
CRFBP: 37 kDa; B-actin: 43 kDa. Data represent the mean + SEM of 5 mice. *p< .05, **p
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< .01, and ***p < .001 when compared with 1-month-old male mice; #p < .05, #p < .01, and
### p < 001 when compared with 1-month-old female mice; °p< .05, °°p< .01, and °°°p <
.001 when compared with male mice at same age. Two-way ANOVA followed by Tukey's
post hoc analysis
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FIGURE 3.
Effect of acute stress on CRF1, CRF, and CRFBP expression in the prefrontal cortex of male

and female mice. Mice were exposed to 2-hr-restraint stress and sacrificed 1.5 hr after the
end of the stress procedure. (a) As reported in this graph, CRF1 expression significantly
increases in both males (black bars) and females (white bars) at the age of 1, 6, 12,

and 18 months following acute stress. (b) CRF levels significantly increase exclusively in
1-month-old stressed males. (c) CRFBP expression changes only in 18-month-old male mice
under stress conditions. (d) Representative bands for CRF1, CRF, CRFBP, and p-actin. m
CO, male controls; f CO, female controls; m ST, male stress; f ST, female stress. Values are
reported in percentage; average of control male mice is considered as 100%. CRF1: 51 kDa;
CRF: 18 kDa; CRFBP: 37 kDa; B-actin: 43 kDa. Data represent the mean + SEM of 5 mice.
*p< .05, **p< .01, and ***p < .001 when compared with control male mice; #p < .05, #p <
.01, and ¥ p < 001 when compared with control female mice. Two-way ANOVA followed
by Tukey's post hoc analysis

J Neurochem. Author manuscript; available in PMC 2023 January 04.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Locci et al.

(a) 1 month 6 months
_ 250+ . 250-
X X
& 200 = 200
2 S
7] 7]
» 150 » 150 B
d‘_) 2 A °°A
£ 100- £ 100- *
@ [
L 50 L 50
o [74
o | o
Control Stress Control Stress
(b)
2001 2004
°\° °\° A A 7 g
< 150 < 150
L N L) A
2 2
@ 100 = © 100
o AA o
3 3
w50 w 501
(4 o
¥ ¥
0- o
Control Stress Control Stress
()
g 200+ g 200+
[ [ A A
.S 150 O 150 A
[7] [7] A
7] 0
[ e A
& 1004 & 100
S x
o [
& 50 & s0-
[T [T
o o
[T [T
Control Stress Control Stress
Il Males
(d) mCO fCO mST fST mCO fCO mST fST

CRF1 [ S —

CRF e e
crrep NG
Pactin E—-—G————

CRF1 T

CRF
crrep [ —
Pactin [

Page 26

12 months 18 months
_ 250- _ 250
S X
= 200- & 200-
2 ° o *
7] [7] A A
» 150 A » 150
o] 22 £ ol 2
¥ 1001 il ¥ 1001
L 50 L 50
(4 o
o 0 (] |
Control Stress Control Stress
200+ 2004
B X
§ 150 . § 150 A
[7] [7] A
7] 7] A
2 100+ & N © 100 A
g A 3
o o
w504 w50
(4 (4
(%) [¥)
0 i
Control Stress Control Stress
g 200+ g 200+
[ = [ 4
.S 150 .S 150 A
2 3 :
@ H & A
& 100 & 100 ol .
x x
o [
& s0- & 50
[T [T
(4 [4
[T O o
Control Stress Control Stress
[ Females

mCO fCO mST fST

mCO fCO mST fST

CRF1 [ S e
crF [
crrep [N
B-actin |EGCE—G———

CRF1 i S o

CRF ot o o
CRFEP | -
B-actin  [E—_EGG—_———

FIGURE 4.
Effect of acute stress on CRF1, CRF, and CRFBP expression in the hippocampus of male

and female mice. Mice were exposed to 2-hr-restraint stress and killed 1.5 hr after the end of
the stress procedure. (a) As shown here, CRF1 levels change in both males (black bars) and
females (white bars) at the age of 1 month after exposure to acute stress. Moreover, stress
alters CRF1 expression only in males at 6 and 18 months of age. Importantly, these findings
suggest sex difference in CRF1 levels between males-stressed and females-stressed mice at
the age of 6 and 12 months. (b) Surprisingly, CRF levels are not affected by acute-restraint
stress. () CRFBP expression changes only in the hippocampus of 12-month-old female
mice under stress conditions. (d) Representative bands for CRF1, CRF, CRFBP, and B-actin.
m CO, male controls; f CO, female controls; m ST, male stress; f ST, female stress. Values
are reported in percentage; average of control male mice is considered as 100%. CRF1: 51
kDa; CRF: 18 kDa; CRFBP: 37 kDa; p-actin: 43 kDa. Data represent the mean + SEM of

5 mice. *p < .05 when compared with control male mice; #p < .05, and #p < .01 when
compared with control female mice; °p < .05, and °°p < .01 when compared with stressed
male mice. Two-way ANOVA followed by Tukey's post hoc analysis
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FIGURE 5.
Effect of acute stress on CRF1, CRF, and CRFBP expression in the amygdala of male and

female mice. Mice were exposed to 2-hr-restraint stress and killed 1.5 hr after the end of the
stress procedure. (a) As shown in this graph, CRF1 expression changes in females (white
bars) but not in males (black bars) at the age of 6 months after exposure to acute stress. Of
note, data show a specific sex difference in CRF1 expression between males-stressed and
females-stressed mice at the age of 6, 12, and 18 months. (b) CRF abundance is higher only
in 6-month-old stressed male mice. Of note, amygdala shows stress-related sex differences
at 6 and 12 months of age. (c) CRFBP expression does not change between males and
females after acute stress at any time point. (d) Representative bands for CRF1, CRF,
CRFBP, and pB-actin. m CO, male controls; f CO, female controls; m ST, male stress; f ST,
female stress. Values are reported in percentage; average of control male mice is considered
as 100%. CRF1: 51 kDa; CRF: 18 kDa; CRFBP: 37 kDa; B-actin: 43 kDa. Data represent
the mean + SEM of five mice. ***p < .001 when compared withcontrol male mice; ##p <
.001 when compared with control female mice; °p < .05, °°p< .01, and °°°p < .001 when
compared with stressed male mice. Two-way ANOVA followed by Tukey's post hoc analysis
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FIGURE 6.
Effect of acute stress on CRF1, CRF, and CRFBP expression in the hypothalamus of male

and female mice. Mice were exposed to 2-hr-restraint stress and killed 1.5 hr after the end
of the stress procedure. (a) As reported here, CRF1 levels are significantly altered in females
(white bars) but not in males (black bars) at the age of 12 and 18 months after exposure

to acute stress. Interestingly, these results suggest a sex difference in CRF1 expression
between males-stressed and females-stressed mice at the age of 12 months. (b) CRF levels
change after acute stress in 1-month-old males as well as 1-, 6-, and 18-month-old females.
Interestingly, 12-month-old female mice show higher levels of hypothalamic CRF then
stressed males at same age. (¢) CRFBP expression is affected by acute stress in both males
and females at 1 month of age. (d) Representative bands for CRF1, CRF, CRFBP, and
B-actin. m CO, male controls; f CO, female controls; m ST, male stress; f ST, female stress.
Values are reported in percentage; average of male control mice is considered as 100%.
CRF1: 51 kDa; CRF: 18 kDa; CRFBP: 37 kDa; B-actin: 43 kDa. Data represent the mean +
SEM of 5 mice. *p< .05, and ***p < .001 when compared with control male mice; #p < .05,
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and #p < .01, and ##p < .001 when compared with control female mice; °°p < .01 when
compared with stressed male mice. Two-way ANOVA followed by Tukey's post hoc analysis

J Neurochem. Author manuscript; available in PMC 2023 January 04.



Page 30

Locci et al.

*SS11S JUIRIISBI-IY-Z 0] 9SUOASaI Ul SBOUIBYIP X8S = X3S {SSaNS JIeNSAI-IY-Z 0} asuodsal Ul saBUBYY = SSTH LS ‘Uedsall] ay) S0 SBIUBIAKIP XS = pX IS ‘Uedsal] ay) ssoude sabueyd = IOV oy

= rwr) eme (wgr) o34 twer) sl (Wen) e Jdg440

(wer) o< t(wer) s (Wen) s (W) a0 (wo) o> J(wen s (WeT‘'wo)s®e 440

(wer) o< r(wer) sty (Wen)s = J(wen) e 1440
OdAH

= = (wgT) <8 Mwer) st (WeT'wer) e dg440

(wer'wo) o> J(wo)p (weT'wo 'wr) ey A (WweT ‘Wt ‘W) &L H40

(W et ‘wzr ‘wo) o<s L(wo)s = = 1440
ANY

= rwern) s = tweT'wen) s (WeT'WZT ' WY) L  Jg740

= = (wzT) 258 J(wo)s 440

(Wzr‘wo)o<s | (wgr) ot (Wo) oy (WT)&me = L(WeT'WZT'Wo)6®p  I440
OddIH

= r(wer) » = L(WeT 'wzT) 6L dg440

= L(wT) e (wgr 'wr) o> A (wer ‘'wo) 9L E70)

= J(WeT 'weT ‘w9 'wT) e = MWeT 'wer) &L 144D
J4d

gxmw (S[043u02 0 pa.redwod ) SSTY IS X3S (ebe Jo w T 03 paredwodp) IOV

(OdAH) WefeylooAy pue ‘(AINY)
eepbAwe ‘(OddIH) sndweooddiy ‘(Q4d) xa1109 [eluoiyaid asnow ay) ul uoissaldxs 4g44D pue ‘44D ‘T44D uo sbuipul) ayl Jo Arewiwins J11BWaYdS

T31avl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurochem. Author manuscript; available in PMC 2023 January 04.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Acute-restraint stress
	Western blot
	Statistical analysis

	RESULTS
	CRF1, CRF, and CRFBP expression changes in the corticolimbic system across the lifespan
	Prefrontal cortex
	Hippocampus
	Amygdala
	Hypothalamus

	Acute-restraint stress alters brain CRF1, CRF, and CRFBP expression in a sex-specific manner
	Prefrontal cortex
	Hippocampus
	Amygdala
	Hypothalamus


	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	TABLE 1

