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Abstract

CRF is the main activator of the hypothalamic-pituitary-adrenal (HPA) axis in response to stress. 

CRF neurons are found mainly in the hypothalamus, but CRF positive cells and CRF1 receptors 

are also found in extrahypothalamic structures, including amygdala (CeA), hippocampus, NAc and 

VTA. CRF release in the hypothalamus is regulated by inhibitory GABAergic interneurons and 

extrahypothalamic glutamatergic inputs, and disruption of this balance is found in stress-related 

disorders and addiction. (3α,5α)3-hydroxypregnan-20-one (3α,5α-THP), the most potent positive 

modulator of GABAA receptors, attenuates the stress response reducing hypothalamic CRF 

mRNA expression and ACTH and corticosterone serum levels. In this study, we explored 3α,5α-

THP regulation of hypothalamic and extrahypothalamic CRF mRNA and peptide expression, in 

male and female Sprague Dawley rats, following vehicle or 3α,5α-THP administration (15 mg/

kg). In the hypothalamus, we found sex differences in CRF mRNA expression (females +74%, p < 

0.01) and CRF peptide levels (females − 71%, p < 0.001). 3α,5α-THP administration reduced 

hypothalamic CRF mRNA expression only in males (− 50%, p < 0.05) and did not alter CRF 

peptide expression in either sex. In hippocampus and CeA, 3α,5α-THP administration reduced 

CRF peptide concentrations only in the male (hippocampus − 29%, p < 0.05; CeA − 62%, p < 
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0.01). In contrast, 3α,5α-THP injection increased CRF peptide concentration in the VTA of both 

males (+32%, p < 0.01) and females (+26%, p < 0.01). The results show sex and region-specific 

regulation of CRF signals and the response to 3α,5α-THP administration. This data may be key to 

successful development of therapeutic approaches for stress-related disorders and addiction.
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1. Introduction

Corticotropin releasing factor (CRF) is a 41 amino acid polypeptide, well known as the main 

activator of the hypothalamic-pituitary-adrenal (HPA) axis in response to stress stimuli. CRF 

exerts its effects through two G protein-coupled receptors, CRF1 (brain) and CRF2 

(peripheral) (Dautzenberg and Hauger, 2002). The highest concentrations of CRF-containing 

neurons and CRF1 are in the paraventricular nucleus (PVN) of the hypothalamus (HYP) 

(Rivier and Vale, 1983), but positive CRF cells have been found in extrahypothalamic 

regions, mainly in the central nucleus of amygdala (CeA), bed nucleus of the stria terminalis 

(BNST) (Peng et al., 2017), hippocampus (HP), nucleus accumbens (NAc), cortex and 

olfactory bulbs (Deussing and Chen, 2018). CRF1 is distributed widely in the brain, and 

highly concentrated in PVN, pituitary, hippocampus, ventral tegmental area (VTA), CeA, 

NAc, cortex and cerebellum (Deussing and Chen, 2018). Activation of pituitary CRF1 by 

hypothalamic CRF neurons results in activation of the HPA axis and triggers the 

neuroendocrine responses to stress (Koob and Heinrichs, 1999). By contrast, activation of 

extrahypothalamic CRF1 receptors, mainly in the amygdala and BNST, results in behavioral 

stress and anxiety-like responses. In the PVN, CRF release is regulated by GABAergic 

inputs that inhibit release, and glutamatergic inputs that increase release (Tasker et al., 

1998). Moreover, the PVN receives inhibitory afferents from hippocampus and prefrontal 

cortex (indirectly), excitatory signals from amygdala, and both inhibitory and excitatory 

inputs from BNST (indirectly) (Ulrich-Lai and Herman, 2009; Ziegler and Herman, 2000). 

In basal conditions, the CRF neurons are under the inhibitory influence of GABAergic 

interneurons located in the PVN (Cullinan et al., 2008), while during stress norepinephrine 

and glutamate stimulate CRF release (Herman et al., 2002). Disruption in this inhibitory/

excitatory balance has been associated with stress-related psychiatric disorders, like 

depression and anxiety (de Kloet et al., 2005; Reul and Holsboer, 2002). Moreover, HPA 

axis hyperactivity has been found in addiction disorders (Zorrilla et al., 2014). In fact, it has 

been observed that exacerbation of CRF signaling in extrahypothalamic regions, such as 

CeA, NAc and VTA, is related to positive reinforcement during the first stage of addiction, 

while increases in CRF levels in extended amygdala and dorsal striatum have been linked 

with negative emotional state and habitual drug-seeking in later stages of addiction (Zorrilla 

et al., 2014). Additionally, abnormal CRF physiology has been linked with neurogenerative 

disease, including Huntington’s chorea (Heuser et al., 1991) and Alzheimer’s disease (De 

Souza, 1995). Despite the negative correlation between aberrant CRF signaling and several 

neurologicaldiseases, there is evidence that CRF can also have a neuroprotective role. In rat 

primary cerebellar granule neurons undergoing apoptosis, CRF promotes neuronal survival 
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through activation of CRF1 involving, partially, a cAMP-dependent mechanism (PKA) and 

subsequent inhibition of a proapoptotic kinase (glycogen synthase kinase-3β); furthermore, 

CRF protected cortical and hippocampal neurons from β-amyloid peptide injury (Facci et 

al., 2003). Aberrant CRF release may be restored by activation of GABAergic inputs by 

(3α,5α)3-hydroxypregnan-20-one (3α,5α-THP or allopregnanolone) and (3α,5α)-3,21-

dihydroxypregnan-20-one (THDOC), neurosteroids that are elevated in brain and released 

from the adrenals into circulation with corticosteroids during the acute stress response 

(Purdy et al., 1991). 3α,5α-THP and THDOC are the most potent positive modulators of 

GABAA receptors (Morrow et al., 1987), mediating both phasic and tonic inhibition 

(Harrison et al., 1987; Mody, 2001). Previous data indicated that 3α,5α-THP and THDOC 

are able to reduce HPA activation precipitated by stress through effects on CRF expression. 

In fact, 3α, 5α-THP administration before stress attenuated the stress-induced 

adrenocorticotrophic hormone (ACTH) and corticosterone increase (Owens et al., 1992; 

Patchev et al., 1996) and reduced basal CRF mRNA expression in male rats (Patchev et al., 

1994). Furthermore, intracerebroventricular (ICV) administration of 3α,5α-THP antibody 

prevented its regulation of the HPA axis and enhanced the stress response (Purdy et al., 

1991). This evidence is based on studies in male subjects and has not been explored at the 

level of gene and protein expression in male and female rats or in the extrahypothalamic 

CRF system. To explore the possible sex difference in 3α,5α-THP regulation of CRF 

system, we studied CRF signaling across the hypothalamus and the extrahypothalamic 

regions (HP, CeA, VTA and NAc), measuring 3α, 5α-THP, CRF mRNA and peptide levels 

in both male and female Sprague Dawley rats, in basal condition and after 3α,5α-THP 

administration (15 mg/kg).

2. Materials and methods

2.1. Animals

Male and female (>PN60) Sprague-Dawley rats bred in-house from Envigo stock were used 

in all experiments. Animals were pair-housed in a temperature and humidity controlled 12 h 

light/dark facility with ad libitum access to food and water. A total number of 110 male and 

100 female Sprague-Dawley rats were used to perform the experiments in this study. To 

avoid estrus-related changes in endogenous 3α,5α-THP that could affect our results, all 

experiments were conducted between 8 and 11.30 a.m. Previous studies have shown that the 

main progesterone peak in the rat estrous cycle occurs in the early evening of proestrus and 

returns to basal levels by the morning of estrous (Freeman, 2006; Nequin et al., 1979). All 

procedures were performed in accordance with guidelines approved by the Institutional 

Animal Care and Use Committee at the University of North Carolina at Chapel Hill (IACUC 

approval number: 18–168).

2.2. 3α,5α-THP administration

A dose of 15 mg/kg of 3α,5α-THP has been used in the experiments. This dose is known to 

have an anxiolytic (Crawley et al., 1986) and anti-convulsant (Devaud et al., 1995), but no 

hypnotic effect (Mendelson et al., 1987). This dose was chosen based on our previous data, 

showing inhibition of CRF expression in male rats (Balan et al., 2019). Briefly, 3α,5α-THP 

was dissolved in hydroxypropyl-β-cyclodextrin (45% w/v in water) at a concentration of 7.5 

Boero et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2022 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mg/ml. Solutions were prepared the day before the experiment and kept stirring at 4 °C 

overnight. According to their weight, all rats received an IP injection of 3α,5α-THP (15 

mg/kg) or an equivalent volume of vehicle (VEH). 45 min after 3α, 5α-THP administration, 

rats were euthanized by rapid decapitation, and brains and blood were collected and 

immediately frozen at −80 °C until the assay. Data from VEH groups are described as the 

baseline measure in experiments.

2.3. Western blotting

The brains were dissected using a brain block into nucleus accumbens (NAc), central 

nucleus of amygdala (CeA), hypothalamus (HYP), hippocampus (HP) and ventral tegmental 

area (VTA). The regions were homogenized and sonicated in ice-cold CelLytic MT lysis 

buffer (Sigma-Aldrich, St. Luis, MI) with 1x HALT protease and phosphatase inhibitor 

(Thermo Fisher Scientific, Waltham, MA), left on ice for 30 min and then centrifugated at 

14,000×g for 30 min at 4 °C. Supernatant containing the total protein was transferred to new 

tubes and used immediately or stored at − 80 °C. The Pierce BCA assay kit (Thermo Fisher 

Scientific, Waltham, MA) was subsequently used to determine sample protein 

concentrations. The proteins (40 μg/lane) were resolved by NuPAGE™ 10% Bis-Tris Midi 

Protein Gel (Thermo Fisher Scientific, Waltham, MA) electrophoresis and transferred onto 

nitrocellulose membranes (Thermo Fisher Scientific, Waltham, MA) using the iBlot 2 Dry 

Blotting System (Thermo Fisher Scientific, Waltham, MA). The blots were blocked for 1 h 

(room temperature) in LI-COR Blocking Buffer + PBS (1:1 v/v). Primary antibodies were 

added to the blot in LI-COR Blocking Buffer + PBST (1:1 v/v, 0.1% Tween 20) (LI-COR 

Biosciences, Lincoln, NE) and incubated in CRF antibody (Immunostar, Hudson, WI) for 2 

days and β-actin antibody (Novus Biologicals, Oakville, ON, Canada) overnight at 4 °C (to 

control for equivalent loading and transfer of proteins). The blots were washed 3 times with 

PBST then incubated for 1 h at room temperature with secondary antibodies conjugated to a 

fluorophore (goat anti-rabbit IgG Alexa Fluor Plus 680 (CRF) and goat anti-mouse IgG 

Alexa Fluor 790 (β-actin) (Thermo Fisher Scientific, Waltham, MA). The blots were then 

washed 3x with PBST, and 1x with PBS to remove the excess Tween 20. The bands were 

visualized using the Odyssey CLx System (LI-COR Biosciences). Optical density for CRF 

signals were normalized to β-actin and expressed as a ratio (CRF/β-actin).

2.4. Real-time quantitative PCR

RNA extraction.—The brains were microdissected into NAc, CeA, HYP, HP and VTA, 

transferred to RNase-free tubes and homogenized in ice-cold TRIzol (Thermo Fisher 

Scientific, Waltham, MA). Total RNA was extracted and purified using the Direct-zol RNA 

kit (Zymo Research, Irvine, CA) according to the manufacturer’s instructions. The RNA was 

quantified and quality controlled using a Nanodrop (all 260/280, and 230/260 values ≥ 1.8; 

Thermo Fisher Scientific, Waltham, MA). cDNA synthesis. Purified RNA (8 μg) was 

reversed transcribed to a cDNA library using SuperScript® III First-Strand Synthesis 

System for RT-PCR (Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s 

instructions. Briefly, samples were inserted into a thermocycler (Axygen® Maxygene 

Thermal Cycler II, Corning Life Sciences), with the following temperature protocol: 3 min 

at 25 °C for annealing, 10 min at 45 °C for reverse transcription, 5 min at 85 °C to inactivate 

the reaction, and 1 min at 4 °C for cool down. Next, samples were removed, diluted 1:10 

Boero et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2022 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with water (200 μl total), and stored at − 20 °C before RT-PCR experiments. qPCR. Each 

sample was run in triplicate on a 96-well plate, using 20 μl total volume per well with the 

following components: PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, 

Thermo Fisher Scientific, Waltham, MA) (containing ROX dye for passive reference), 

forward and reverse primers (Eton Biosciences Inc., Research Triangle Park, NC), RNase-

free water and cDNA template. Real-time quantitative PCR reactions were performed at 95 

°C for 10 min (initial activation), followed by 40 cycles of denaturation (95 °C for 15s), 

annealing (60 °C for 30s), and extension (72 °C for 45s) and a melt curve analysis using on a 

StepOnePlus™ Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, 

Waltham, MA). Melt curve analysis was used to ensure proper amplicon expression rather 

than nonspecific amplification or primer-dimer formation. Real-time qPCR reactions 

included no template controls without cDNA added from each region, as well as a negative 

control sample where no cell material was added to the lysis solution, but underwent reverse 

transcription and preamplification reactions. All primer sequences are included in Table 1. 

Data were analyzed using the ΔΔCT method and expressed as fold control, normalized to 

GAPDH.

2.5. 3α,5α-THP determination

Plasma and brain 3α,5α-THP concentrations were analyzed in duplicate by quantitative 

sandwich enzyme-linked immunosorbent assay (ELISA) using the DetectX® 3α,5α-THP 

Immunoassay kit (Arbor Assay, Ann Arbor, MI), following the manufacturer’s instructions. 

Plasma was collected by spinning down the whole blood at 4 °C for 15 min at 1730×g. 500 

μl of plasma was used to extract the neurosteroids by ethyl ether (Sigma-Aldrich, St. Luis, 

MI) at 5:1 (v/v) solvent:sample ratio. The mixture was vortexed for 2 min, allowed to 

separate, then the sample was frozen in dry ice/ethanol bath and the ether was collected into 

a clean tube; this was repeated 2 additional times, pooling the ether. The collected ether was 

dried down under a nitrogen stream, dissolved in 1 ml of dichloromethane (Optima, Thermo 

Fisher Scientific, Waltham, MA) and evaporated to dryness in a speed vacuum concentrator 

(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The brains were dissected using a 

brain block into NAc, CeA, HYP, HP and VTA, and processed adapting the protocol from 

(Snelling et al., 2014). Briefly, each region was transferred into a glass tube and 

homogenized in 1 ml Milli-Q water. Homogenates were applied to solid phase extraction 

columns (Strata-X 33u Polymeric RP 60mg/3 ml (8B–S100-UBJ), Phenomenex, Torrance, 

CA) that had been preconditioned with 3 ml dichloromethane (Optima, Thermo Fisher 

Scientific, Waltham, MA), 3 ml acetonitrile (Optima, Thermo Fisher Scientific, Waltham, 

MA) and 3 ml Milli-Q water. The column containing the sample was washed with 1 ml 

Milli-Q water and 1 ml 30% methanol (Optima, Thermo Fisher Scientific, Waltham, MA) in 

water in order to remove high polar impurities. Columns were dried under vacuum for 30 

min, then washed with 1 ml n-Hexane (Optima, Thermo Fisher Scientific, Waltham, MA) to 

remove lipids and dried again for 10 min. Neuroactive steroids were then eluted with 4 ml 

acetonitrile; the extracts were evaporated in a speed vacuum concentrator (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA), dissolved in 1 ml of methylene chloride and dried 

down. Extracted samples (plasma or brain) were kept frozen until the day of the assay, then 

dissolved in 50 μl of methanol (Thermo Fisher Scientific, Inc., Waltham, MA, USA), placed 

in an ultrasonic bath for 30 min, then diluted with 450 μl of assay buffer. 50 μl of each 
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extracted sample was used to perform the ELISA analysis following the manufacturer’s 

instructions.

2.6. Statistical analysis

All results are presented as means ± SEM. Significant interactions were further detected by 

two-way ANOVA and Tukey Honest Significant Differences (HSD) test. All data were 

analyzed with GraphPad Prism 8 (GraphPad Software, San Diego, CA). A value of p <0.05 

was considered statistically significant.

3. Results

3.1. Sex difference in serum 3α,5α-THP concentration following 3α,5α-THP 
administration

As previously demonstrated (Caruso et al., 2013; Sze and Brunton, 2020), basal serum 

3α,5α-THP levels were higher in female than male rats (Fig. 1. Two-way ANOVA: F (1,19) 

sex = 130.92, p < 0.0001; F (1, 19) treatment = 543.2, p < 0.0001; F (1,19) interaction 

between factors = 26.2, p < 0.0001). The variability in female rats (11%) was similar to male 

rats (18%) in the VEH groups, suggesting that variability due to estrus phase was not a 

factor. Following 3α,5α-THP administration, serum 3α,5α-THP levels increased in both 

male and female rats. Moreover, we found a significant sex difference in the magnitude of 

the mean increase in serum 3α,5α-THP levels (t (8) = 14.77, p < 0.001), despite the 

identical dose of 3α,5α-THP in both groups.

3.2. Sex differences in hypothalamic CRF mRNA and peptide expression following 3α,5α-
THP administration

To investigate CRF system activity and the effect of 3α,5α-THP administration (15 mg/kg) 

in male and female rats, we measured the amount of 3α,5α-THP, CRF mRNA and CRF 

peptide in hypothalamus and extra-hypothalamic regions of Sprague Dawley rats. No sex 

difference in hypothalamic 3α,5α-THP content was found between the VEH groups and 

females showed less variability than males (15% males vs 7% females). 3α,5α-THP 

injection increased the hypothalamic 3α,5α-THP content in both male and female rats (Fig. 

2A. Two-way ANOVA: F (1,27) treatment = 239.4, p < 0.0001), confirming that 3α,5α-THP 

crossed the blood brain barrier following IP administration and reached the hypothalamus. 

No sex difference in this response was observed. Female rats exhibited elevated baseline 

levels of CRF mRNA expression vs. male rats (Fig. 2B. Two-way ANOVA: F (1,28) sex = 

28.66, p = 0.0108; F (1,28) interaction between factors = 62.48, p < 0.0001). As shown 

previously (Patchev et al., 1994), and consistent with the increase in hypothalamic 3α,5α-

THP levels following the IP administration, CRF mRNA expression was reduced by 50% in 

male rats treated with 3α,5α-THP. In contrast, female rats did not show any change in CRF 

mRNA levels after 3α,5α-THP administration. As expected, CRF mRNA levels in female 

rats were significantly higher than male rats injected with 3α,5α-THP.Control CRF peptide 

expression exhibited the opposite sex difference compared to CRF mRNA. Control CRF 

peptide in female rats was lower than male rats (Fig. 2C. Two-way ANOVA: F (1,20) sex 

=7.458, p < 0.0001). Moreover, 3α,5α-THP administration did not significantly alter control 
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CRF protein levels in male or female rats. Finally, CRF peptide levels were higher in male 

rats treated with 3α, 5α-THP than female rats.

3.3. Region specific sex-dependent regulation of CRF peptide expression following 
3α,5α-THP administration in hippocampus and central nucleus of amygdala

To explore the effect of 3α,5α-THP on CRF signals in the extra-hypothalamic CRF circuits, 

we analyzed the 3α,5α-THP and CRF content of hippocampus, central nucleus of amygdala, 

ventral tegmental area and nucleus accumbens of male and female rats, under basal 

conditions and after 3α,5α-THP injection. Hippocampus. As expected, 3α,5α-THP 

administration enhanced endogenous 3α,5α-THP levels in hippocampus, in both male and 

female rats (Fig. 3A. Two-way ANOVA: F (1,27) treatment = 105.6, p < 0.0001). No sex 

differences were detected both in VEH groups or following 3α,5α-THP injection. We did 

not find a sex difference in baseline CRF mRNA or peptide expression in hippocampus. 

Moreover, 3α,5α-THP administration did not alter CRF mRNA levels in male or female rats 

(Fig. 3B). In contrast, 3α,5α-THP injection reduced CRF peptide levels in hippocampus of 

male rats (Fig. 3C. Two-way ANOVA: F (1,18) sex = 15.52, p < 0.0007; F (1,18) interaction 

between factors = 4.726, p = 0.0433), but there was no effect of 3α,5α-THP administration 

on CRF protein levels in female rats. Therefore, hippocampal CRF peptide levels in male 

rats were 48% lower than female rats treated with 3α,5α-THP.

Central nucleus of amygdala.—As expected, both male and female rats injected with 

3α,5α-THP displayed an increase in 3α,5α-THP levels, but this increase was 3653% higher 

in female compared to male rats (Fig. 3D. Two-way ANOVA: F (1,27) treatment = 203.6, p 

< 0.0001). No sex difference in control 3α,5α-THP content was observed and females 

exhibited less variability than males in control 3α,5α-THP levels (41% for males and 0.09% 

for females). As in the hippocampus, CRF mRNA expression in CeA did not exhibit 

baseline sex differences or any effect of 3α,5α-THP administration (Fig. 3E) in male or 

female rats. There was no sex difference in baseline CRF peptide levels in the central 

nucleus of amygdala. 3α,5α-THP administration reduced CRF peptide concentration in 

male rat amygdala (Fig. 3F. Two-way ANOVA: F (1,15) sex = 15.44, p < 0.0013; F (1,15) 

treatment = 11.91, p = 0.036; F (1,15) interaction between factors = 7.672, p = 0.0143), but 

no effect of 3α,5α-THP was observed in female rats. CRF peptide levels in male rats treated 

with 3α,5α-THP were lower than the female rats, likely the result of the differential 

regulation of CRF peptide in male rats. All data obtained with the qPCR were normalized 

using GAPDH as housekeeping control.

To be sure the GAPDH was not influence by the 3α,5α-THP treatment, we analyzed the raw 

CT values and we did not find any difference between groups in the regions we studied 

(HYP Two-way ANOVA: F (1,30) sex = 1.457, p = 0.2368; F (1, 30) treatment = 0.3998, p = 

0.5320; F (1, 30) interaction between factors = 0.08115, p = 0.7777. HP Two-way ANOVA: 

F (1, 26) sex = 1.856, p = 0.1847; F (1, 26) treatment = 1.978, p = 0.1714; F (1, 26) 

interaction between factors = 0.03684, p = 0.8493. CeA Two-way ANOVA: F (1, 25) sex = 

3.693, p = 0.0661; F (1, 25) treatment = 0.2140, p = 0.6477; F (1, 25) interaction between 

factors = 6.557e-005, p = 0.9936. VTA Two-way ANOVA: F (1, 18) sex = 0.7535, p = 

0.3968; F (1, 18) treatment = 0.03400, p = 0.8558; F (1, 18) interaction between factors = 
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0.4886, p = 0.4935. NAc Two-way ANOVA: F (1, 22) sex = 0.009891, p = 0.9217; F (1, 22) 

treatment = 0.003593, p = 0.9527; F (1, 22) interaction between factors = 4.142, p = 0.0540) 

(data not showed).

3.4. Regulation of 3α,5α-THP levels, CRF mRNA or peptide expression in ventral 
tegmental area and nucleus accumbens following 3α,5α-THP administration

Ventral tegmental area. No sex difference in baseline 3α,5α-THP content was observed and 

variability was similar in male and female subjects (17% for males and 13% for females). As 

expected, both male and female rats injected with 3α,5α-THP displayed an increase in VTA 

3α,5α-THP levels with no apparent sex difference (Fig. 4A. Two-way ANOVA: F (1,26) 

treatment = 163.9, p < 0.0001). CRF mRNA expression was not influenced by sex and 

3α,5α-THP injection did not alter the baseline levels (Fig. 4B). In both male and female 

rats, 3α,5α-THP injection increased CRF peptide levels in VTA (Fig. 4C. Two-way 

ANOVA: F (1,19) sex = 12.52, p < 0.0022; F (1,19) treatment = 26.6, p < 0.0001).

Nucleus accumbens.—Baseline 3α,5α-THP levels did not show any sex difference in 

NAc and the variability was similar between male and female rats (25% for males and 24% 

for females). Following 3α,5α-THP administration, 3α,5α-THP levels in the NAc increased 

of both male and female rats (Fig. 4D. Two-way ANOVA: F (1,26) treatment = 192.0, p < 

0.0001). No sex difference was observed. There was no significant difference in CRF mRNA 

expression between male and female rats in the vehicle condition or following 3α,5α-THP 

injection (Fig. 4E). Finally, we did not detect any sex or 3α,5α-THP treatment difference in 

CRF protein levels (Fig. 4F).

4. Discussion

The aim of this work was to investigate the impact of sex as biological variable in 3α,5α-

THP regulation of CRF gene and protein expression, in the hypothalamus and in 

extrahypothalamic regions, such as hippocampus, central nucleus of amygdala, nucleus 

accumbens and ventral tegmental area. Our results show a sex and region-specific regulation 

of CRF that differs at the level of gene and protein expression. Furthermore, control 3α,5α-

THP levels and CRF expression were differentially affected by sex compared to the effects 

of 3α,5α-THP administration. The results portray a very complex relationship between 

3α,5α-THP and CRF signaling in the hypothalamus and extrahypothalamic CRF circuits 

that was not previously elucidated in the literature.

4.1. Circulating and brain 3α,5α-THP

It is already established that females exhibit enhanced HPA axis activity, in terms of greater 

serum levels of corticosterone (Handa et al., 1994) and 3α,5α-THP (Caruso et al., 2013). 

Consistent with this, in our study, female Sprague Dawley rats displayed higher serum 

3α,5α-THP concentration compared to male rats. Despite the sex difference found in 

circulating levels, our results showed 3α,5α-THP content was no different between males 

and females across the brain regions examined. This evidence demonstrates a region-specific 

3α,5α-THP modulation and endorses the theory of the de novo synthesis of neurosteroids in 

the brain (Corpechot et al., 1993), independent of circulating levels. The sex and region-
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specific variations in steroidogenesis could be linked to differences in precursors (such as 

progesterone) (Caruso et al., 2010) and/or in expression and activity of the enzymes 

involving in the conversion of 3α,5α-THP. Previous data showed higher levels of 11β-

hydroxylase and 5α-reductase in female brains (Li et al., 1997; Mellon and Deschepper, 

1993). Moreover, 3α,5α-THP administration (15 mg/kg, IP) dramatically increased plasma 

and brain allopregnanolone content, with a significant sex difference only in serum levels. 

Despite the identical dose of 3α,5α-THP in both groups, female rats showed a greater 

absolute increase in serum 3α,5α-THP than male rats following 3α,5α-THP administration. 

This disparity could be explained as a higher uptake of 3α,5α-THP in the female rats. 

Furthermore, this difference could be due by a greater activation of pregnane xenobiotic 

receptor (PXR), a ubiquitous and promiscuous nuclear receptor, localized mostly in liver and 

excretory organs, but also in the brain, to metabolize xenobiotics (Frye et al., 2014b). PXR 

mRNA and protein were found higher in female rats in proestrous vs those in diestrous or 

male rats (Frye et al., 2011), suggesting an ovarian steroids-dependent regulation of PXR 

(Frye et al., 2014a). PXR is an upstream factor of TSPO (a crucial element for the 

translocation of cholesterol into the mitochondria) that has been shown to be necessary for 

neurosteroidogenesis of 3α,5α-THP in the VTA of Long-Evans female rats (Frye et al., 

2014b). Activation of PXR increased 3α,5α-THP levels in VTA of female rats (Frye et al., 

2014b); targeting PXR, 3α,5α-THP is able to regulate its own synthesis (Frye et al., 2014a). 

New studies are needed to address the possibility of a greater activation of PXR in female 

rats to explain the greater increase in serum 3α,5α-THP concentration than male rats, 

following 3α,5α-THP administration.

4.2. Hypothalamic CRF

Our results showed sex differences in both CRF mRNA and peptide expression. CRF mRNA 

expression was higher in female rats, consistent with other studies in PVN (Duncko et al., 

2001; Viau et al., 2005). In contrast, female rats showed lower levels (− 71.5 ± 16.3%, p < 

0.001) of CRF peptide compared to male rats. This discrepancy between mRNA expression 

and protein concentrations is already well known (de Sousa Abreu et al., 2009), and 

typically attributed to other levels of regulation between transcript and protein product 

(Maier et al., 2009). It is possible that, in the hypothalamus of female rats, the regulation of 

CRF transcript messenger is independent of 3α,5α-THP concentrations. This theory is 

consistent with the lack of effect of 3α,5α-THP treatment on the transcript levels. Using 

two-way ANOVA, we did not detect any sex difference in basal 3α,5α-THP content, 

however, we found higher basal 3α, 5α-THP level in hypothalamus of female rats (males = 

17.29 ng/g tissue vs females = 28.5 ng/g tissue; t (13) = 3.489, p = 0.004). This higher 

amount of 3α,5α-THP may be related to the lower CRF peptide levels in female rats, but 

further study is needed to establish this relationship and possible mechanism. As previously 

demonstrated (Patchev et al., 1994), 3α,5α-THP administration reduced CRF mRNA 

expression in males. This result shows a clear sexual dimorphism in 3α,5α-THP regulation 

of hypothalamic CRF signals. In fact, for 25 years, our knowledge was based on experiments 

on male subjects showing that 3α,5α-THP inhibited CRF and HPA axis activity in the 

hypothalamus, but here we show this effect is not present in female rats. Moreover, 3 α,5α-

THP administration (15 mg/kg) did not impact hypothalamic CRF peptide levels in either 

male or female rats. On the contrary, other studies, demonstrated an activation of HPA axis 
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following intracerebroventricular infusion of 3α, 5α-THP (Naert et al., 2007), increasing 

CRF synthesis and release in hypothalamus. The differences in 3α,5α-THP effects on CRF 

mRNA vs. peptide concentration could indicate that 3α,5α-THP acts through multiple 

mechanisms to influence the HPA axis.

4.3. Extrahypothalamic CRF

The data obtained from the extrahypothalamic regions elucidates the regional specificity of 

the effects of 3α,5α-THP on CRF signals. Despite the sex difference in 3α,5α-THP content 

in hippocampus (comparing VEH groups: Males = 14.52 ng/g tissue vs females = 26.08 ng/g 

tissue, t (13) = 2.485, p = 0.0273), there was no sex difference in CRF mRNA or peptide 

expression, suggesting that difference in 3α,5α-THP does not influence either CRF mRNA 

or peptide levels in this region. Furthermore, we did not find any sex difference in CRF 

mRNA or peptide expression in other extrahypothalamic areas examined (CeA, VTA and 

NAc). 3α,5α-THP administration did not affect CRF messenger levels in the 

extrahypothalamic regions examined. This result supports the observation of region 

specificity, where 3α,5α-THP inhibition of CRF mRNA levels is only found in 

hypothalamus (Patchev et al., 1996), but not in extrahypothalamic regions where CRF plays 

a major role in brain reward circuits and emotional behavior (Zorrilla et al., 2014). The 

second important discovery of this study is that 3 α,5α-THP administration (15 mg/kg) 

decreased CRF peptide concentrations in hippocampus and CeA only in male rats. In 

contrast, CRF peptide concentration increased following 3α,5α-THP administration in VTA 

of both male and female rats. These results show an interaction between regional 

heterogeneity and sex in the response to 3α,5α-THP and further suggest complex regulation 

of CRF by 3α,5α-THP that may involve multiple different pathways or mechanisms, for 

example through the innate immune system. Previous studies showed that Toll-like receptor 

4 (TLR4) activation led to an increase in CRF release (June et al., 2015; Balan et al., 2018) 

and that 3α,5α-THP was able to regulate the TLR4 pathway and CRF levels in VTA (Balan 

et al., 2019).

The data obtained clearly showed the absence of linkage between the messenger transcript 

and the protein concentration, at baseline and following 3α,5α-THP administration. 

Genome-wide correlation between expression levels of mRNA and protein from individual 

genes showed that in 50% of the studies this correlation is discordant (Koussounadis et al., 

2015). This discrepancy may be due by a post-transcriptional regulation (Maier et al., 2009; 

Schwanhausser et al., 2011). Moreover, CRF gene expression is regulated by estrogen 

(Lalmansingh and Uht, 2008; Vamvakopoulos and Chrousos, 1993), suggesting that the sex 

differences observed in CRF transcription and expression (in both hypothalamic and extra-

hypothalamic areas) may be hormone regulated. The females used in the present study were 

not monitored for estrous phase in order to avoid the stress of monitoring procedures, but 

were unlikely to be sampled during the estrus phase (when 3α,5α-THP levels are elevated) 

due to its short duration across the 4 day cycle. The variability in 3α,5α-THP in female rats 

was similar to male rats in the vehicle groups and our experiments were performed in the 

morning, to avoid potential circadian fluctuations in neurosteroids. Moreover, oestrous cycle 

phase does not affect basal corticosterone concentrations or the corticosterone response to 

swim stress (Ogle and Kitay, 1977; Sze and Brunton, 2020). However, we cannot exclude 
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the possibility that the estrous cycle could influence the results of this study. Future studies 

need to address to clarify the potential role of the estrous cycle.

Finally, GABAergic inhibition has been considered crucial in the regulation of CRF neurons. 

Neurosteroids control the activity of CRF neurons through a tonic current mediated by 

GABAAR δ subunits and can alter the Cl− gradient such that GABA has an excitatory action 

on CRF neurons (Sarkar et al., 2011). This phenomenon may explain the differences found 

between the hypothalamus and the extrahypothalamic regions in 3α,5α-THP regulation on 

CRF transcription and expression.

4.4. Possible mechanisms of 3α,5α-THP regulation of CRF signaling

The lack of correlation between 3α,5α-THP levels and CRF transcription and expression 

(baseline and following 3α,5α-THP administration) suggested that 3α,5α-THP is acting 

through other mechanism to regulate HPA axis activity.

One possibility is that 3α,5α-THP exerts its effects through the neuroimmune system, 

mainly through toll-like receptors (TLRs), located in neurons and glial cells (Takeda et al., 

2003). TLRs identify all types of microbes that enter in the human body as well as 

endogenous inputs like tissue damage, cellular and psychological stress (Aguirre et al., 

2013; Akhter et al., 2019; Zhang et al., 2008). TLR activation contributes to various 

inflammatory, neurological and psychiatric conditions (Bhattacharya et al., 2016; Crews et 

al., 2017a, 2017b; Dantzer et al., 2008). TLR4 activity in brain enhances CRF production 

(Balan et al., 2018; June et al., 2015) and TLR4 activity is enhanced by CRF in both 

macrophages (Tsatsanis et al., 2006) and brain (Whitman et al., 2013). We previously 

demonstrated that both 3α,5α-THP and pregnenolone inhibit TLR signaling in the innate 

immune system in both RAW246.7 macrophage cells and the brain of alcohol preferring P 

rats that exhibit innate TLR4 activation (Balan et al., 2019). In particular, 3α,5α-THP was 

able to inhibit TLR4 pathways that lead to the production of pro-inflammatory cytokines and 

chemokines (Boero et al., 2020). Thus, 3α,5α-THP may regulate the HPA axis through its 

effects on neuroimmune TLR signals.

Another possible mechanism is 3α,5α-THP action on nuclear receptors (NR). NR are a 

family of ligand-activated transcription factors that are activated by steroid hormones (Sever 

and Glass, 2013). While 3α,5α-THP has no effects on progesterone or glucocorticoid NRs, 

evidence indicates that NR nurr1 and nur77 regulate CRF expression in PVN (Murphy and 

Conneely, 1997) and other data suggested a reciprocal regulation between NR factors and 

CRF, dependent on pituitary adenylate cyclase activating polypeptide (PACAP) (McEwen, 

1991; Stroth et al., 2011). This hypothesis needs to be verified. The PXR is an important 

component of the NR family. PXR is activated by a large number of endogenous and 

exogenous compounds, including neurosteroids (Kliewer et al., 2002). PXR controls 

cholesterol metabolism: for 3α,5α-THP synthesis, cholesterol is translocated into the 

mitochondria, where interacting with other enzymes (such as cytochrome P450Scc, 5α-

reductase and 3α-hydroxysteroid dehydrogenase) will lead to the production of 

pregnenolone, progesterone, dihydroprogesterone and, ultimately, 3α,5α-THP (Frye et al., 

2014a; 2014b). PXR is an essential upstream factor for 3α,5α-THP neurosteroidogenesis in 

hippocampus and VTA of Long-Evans female rats. Blocking PXR in VTA produced a 
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reduction in 3α,5α-THP content in VTA and a reduction in mating behavior in female rats 

(Frye et al., 2014b). Moreover, activation of PXR increased the release of corticosterone into 

systemic circulation, without increasing the secretion of ACTH (Zhai et al., 2007). Acting 

through PXR, 3α,5α-THP may regulate its own synthesis as well as circulating levels of 

corticosterone. This possibility should be explored.

The evidence that CRF has a neuroprotective role may explain the differential regulation of 

CRF signaling following 3α,5α-THP administration. In apoptotic cerebellar granular 

neurons, CRF neuroprotective action was mediated by CRF1 activation and increased cAMP 

that inhibited proapoptotic kinase (Facci et al., 2003). CRF prevented glutamate-induced 

neurotoxicity in hippocampal slice cultures (Elliott-Hunt et al., 2002). Furthermore, CRF 

was capable of rescuing cortical and hippocampal neurons from β-amyloids-induced death, 

acting via PKA and MAP kinase pathways (Facci et al., 2003). Those data may explain the 

failure of CRF1 antagonist molecules as a therapy for addiction disorders: blocking CRF1 

led to a decrease in the CRF-mediated neuroprotection. We found sex and region-dependent 

regulation in extrahypothalamic CRF signaling following 3α,5α-THP administration. In 

VTA, 3α,5α-THP administration led to an increase in CRF peptide concentration in both 

male and female rats: this increase may have a protective effect in this specific region, that 

has a role in the positive reinforcement during the early phases of addiction.

5. Conclusion

The data presented in this study demonstrated robust sex and region-specific differences in 

the 3α,5α-THP regulation of CRF transcription and expression. For the first time we have 

shown that 3α,5α-THP administration reduced hypothalamic CRF mRNA expression and 

CRF peptide levels in hippocampus and CeA, but only in male rats. Those new data add a 

new component to our previous hypothesis (Boero et al., 2020; Morrow et al., 2020), 

elucidating a sex-dependent regulation of 3α, 5α-THP on CRF synthesis and release. 

Multiple mechanisms at different levels are involved in the regulation of CRF signaling 

across brain. These results provide a better understanding of the incredible complexity of 

CRF regulation, the role of 3α,5α-THP in its regulation and the role of sex as a biological 

variable influencing CRF system and the stress response. Future studies will address the role 

of stress in this regulation. Our data represents an important finding in order to develop sex-

specific therapeutic approaches for diseases involving aberrant CRF signaling, such as 

addiction and stress-related disorders.
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Fig. 1. Serum 3α,5α-THP levels are higher in female vs male rats following vehicle and 3α,5α-
THP administration.
As expected, female rats showed higher levels of circulating 3α,5α-THP (males = 5.703 ± 

1.02 ng/ml vs females = 37.59 ± 4.2 ng/ml, p = 0.0006). Following 3α,5α-THP (15 mg/kg) 

IP administration, plasma 3α,5α-THP levels were increased in both male and female rats 

(males VEH = 5.703 ± 1.02 ng/ml vs 3α,5α-THP = 97.46 ± 5.8 ng/ml, p < 0.0001; females 

VEH = 37.59 ± 4.2 ng/ml vs 3α,5α-THP = 181 ± 7 ng/ml, p < 0.0001); this increase was 

significantly different between male and female rats (males = 91.76 ± 5.8 ng/ml vs females 

= 143.41 ± 7 ng/ml; t (8) = 14.77, p < 0.001) (n = 4–7 per group). Significant effect was 

found using Two-way ANOVA, followed by Tukey HSD test, ****p < 0.0001. Data are 

represented as mean ± SEM. VEH = rats treated with vehicle; 3α,5α-THP = rats treated 

with 3α,5α-THP.
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Fig. 2. Sex differences in CRF signals after 3α,5α-THP administration in hypothalamus.
A. 3α,5α-THP (15 mg/kg) IP administration increased 3α,5α-THP levels in hypothalamus 

of male and female rats (males VEH = 17.29 ng/g tissue vs 3α,5α-THP = 692.2 ± 47 ng/g 

tissue, p < 0.0001; females VEH = 28.5 ± 2 ng/g tissue vs 3α,5α-THP = 850.8 ± 80.6 ng/g 

tissue, p < 0.0001) (n = 7–8 rats per group). B. The results of the qPCR analysis showed 

higher hypothalamic baseline CRF mRNA in female rats (males = 0.7224 ± 0.09 vs females 

= 1.255 ± 0.11, p = 0.0018. 3α,5α-THP injection decreased CRF mRNA only in male rats 

(males VEH = 0.7224 ± 0.09 vs 3α,5α-THP = 0.3624 ± 0.04, p = 0.0461) (n = 5–11 rats per 

group); after the treatment, females mRNA expression was higher than males (males = 

0.3624 ± 0.04 vs females = 1.457 ± 0.15, p < 0.0001). C. In contrast to the mRNA results, in 

basal condition western blotting showed in female rats have lower hypothalamic CRF 

peptide levels than males (males = 0.2857 ± 0.04 vs females = 0.0816 ± 0.03, p = 0.0009); 

3α,5α-THP injection did not affect the basal levels of CRF peptide, but male rats treated 

with 3α,5α-THP resulted in higher CRF levels than the same group of female rats (males = 

0.3091 ± 0.02 vs females = 0.1766 ± 0.04, p = 0.0343) (n = 6 per group). Significant effect 

was found using Two-way ANOVA, followed by Tukey HSD test, *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM. VEH = rats treated 

with vehicle; 3α,5α-THP = rats treated with 3α,5α-THP.
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Fig. 3. 3α,5α-THP administration decreased CRF peptide in hippocampus and central nucleus of 
amygdala of male rats.
Hippocampus: A. 3α,5α-THP (15 mg/kg) IP administration increased 3α,5α-THP levels in 

hippocampus of male and female rats (males VEH = 14.52 ± 1.8 ng/g tissue vs 3α,5α-THP 

= 938.3 ± 128.2 ng/g tissue, p < 0.0001; females VEH = 26.08 ± 4 ng/g tissue vs 3α,5α-

THP = 1112 ± 138.3 ng/g tissue, p < 0.0001) (n = 6–8 rats per group). B. qPCR analysis did 

not show any sex or treatment differences in CRF mRNA expression (n = 6–14 rats per 

group). C. Western blotting analysis did not show any sex differences in baseline CRF 

peptide levels; however, 3α,5α-THP injection reduced CRF protein expression in male 

(VEH CRF ratio = 1.12 vs 3α,5α-THP CRF ratio = 0.7906, p = 0.0254), but not in female 

rats. Male rats treated with 3α,5α-THP exhibited lower CRF levels than the same group of 

female rats (male = 0.7906 ± 0.06 vs. female = 1.273 ± 0.05, p = 0.0017) (n = 5–6 per 

group). Central nucleus of amygdala: D. 3α,5α-THP (15 mg/kg) IP administration increased 

3α,5α-THP levels in male and female rats, but the increase in female rats is higher than 

male rats (males VEH = 90.48 ± 37.24 ng/g tissue vs 3α,5α-THP = 778.1 ± 51.39 ng/g 

tissue, p < 0.0001; females VEH = 22.4 ± 1.96 ng/g tissue vs 3α,5α-THP = 1011 ± 95.73 
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ng/g tissue, p < 0.0001; males 3α,5α-THP = 778.1 ± 51.39 ng/g tissue vs females 3α,5α-

THP = 1011 ± 95.73 ng/g tissue, p = 0.0386) (n = 6–8 rats per group). E. qPCR analysis did 

not show any sex or treatment differences in CRF mRNA expression (n = 6–14 rats per 

group). F. The results of western blotting analysis did not show any sex differences in CRF 

peptide levels under basal condition. However, 3α,5α-THP injection significantly reduced 

CRF protein expression in male (males VEH = 0.1658 ± 0.01 vs 3α,5α-THP = 0.0632 ± 

0.02, p = 0.0033), but not in female rats. Male rats treated with 3α,5α-THP exhibited lower 

CRF levels than female rats (males = 0.0632 ± 0.02 vs females = 17.36 ± 0.02, p = 0.0017) 

(n = 5–6 per group). Significant effect was found using Two-Way ANOVA, followed by 

Tukey HSD test, *p < 0.05, **p < 0.01, ****p < 0.0001. Data are represented as mean ± 

SEM. VEH = rats treated with vehicle; 3α,5α-THP = rats treated with 3α,5α-THP.
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Fig. 4. 3α,5α-THP administration increased CRF peptide levels in ventral tegmental area (VTA), 
while did not affect CRF signaling in nucleus accumbens (NAc).
Ventral Tegmental Area: A. 3α,5α-THP (15 mg/kg) IP administration increased 3α,5α-THP 

levels in VTA of male and female rats (males VEH = 46.83 ± 7.94 ng/g tissue vs 3α,5α-

THP = 1011 ± 83.39 ng/g tissue, p < 0.0001; females VEH = 43.11 ± 5.7 ng/g tissue vs 

3α,5α-THP = 1308 ± 138.7 ng/g tissue, p < 0.0001) (n = 6–8 rats per group). B. qPCR 

analysis did not show any sex or treatment difference in CRF mRNA expression (n = 5–12 

rats per group). C. Western blotting analysis showed an increase in both male and female 

rats following 3α,5α-THP injection (V males VEH = 1.043 ± 0.07 vs 3α,5α-THP = 1.380 ± 

0.06, p = 0.0062; females VEH = 1.276 ± 0.05 vs females 3α,5α-THP = 1.602 ± 0.07, p = 

0.0115) (n = 5–6 per group). Nucleus accumbens: D. 3α,5α-THP (15 mg/kg) IP 

administration increased 3α,5α-THP levels in male and female rats (males VEH = 36.78 ± 

9.3 ng/g tissue vs 3α,5α-THP = 1105 ± 100.6 ng/g tissue, p < 0.0001; females VEH = 61.46 

± 14.51 ng/g tissue vs 3α,5α-THP = 1136 ± 100.7 ng/g tissue, p < 0.0001) (n = 6–8 rats per 

group). E. qPCR analysis did not show any sex or treatment differences in CRF mRNA 

expression (n = 4–8 rats per group). F. Western blotting analysis did not detect any change in 
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CRF protein levels due by sex or treatment with 3α,5α-THP (n = 5–6 per group). Significant 

effect was found using Two-Way ANOVA, followed by Tukey HSD test, **p < 0.01, ****p 

< 0.0001. Data are represented as mean ± SEM. VEH = rats treated with vehicle; 3α,5α-

THP = rats treated with 3α,5α-THP.
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Table 1

Primer sequences used for the qPCR assay.

Name 5′-Sequence-3′

Rat CRF forward CGCCCATCTCTCTGGATCT

Rat CRF reverse ATCAGTTTCCTGTTGCTGTGAG

Rat GAPDH forward AACGACCCCTTCATTGAC

Rat GAPDH reverse TCCACGACATACTCAGCAC
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