

[image: Impact of sex and hypoxia on brain region-specific expression of membrane androgen receptor AR45 in rats]
Impact of sex and hypoxia on brain region-specific expression of membrane androgen receptor AR45 in rats





ORIGINAL RESEARCH

published: 18 July 2024

doi: 10.3389/fendo.2024.1420144

[image: image2]


Impact of sex and hypoxia on brain region-specific expression of membrane androgen receptor AR45 in rats


Jessica L. Bradshaw 1, E. Nicole Wilson 1, Steve Mabry 1, Pawan Shrestha 1,2, Jennifer J. Gardner 1 and Rebecca L. Cunningham 1*


1 Department of Pharmaceutical Sciences, University of North Texas (UNT) System College of Pharmacy, University of North Texas Health Science Center, Fort Worth, TX, United States, 2 North Texas Eye Research Institute, University of North Texas Health Science Center, Fort Worth, TX, United States




Edited by: 

Olfa Masmoudi-Kouki, University Tunis El Manar, Tunisia

Reviewed by: 

Susan Zup, University of Massachusetts Boston, United States

Carolina Dalmasso, University of Kentucky, United States

*Correspondence: 

Rebecca L. Cunningham
 rebecca.cunningham@unthsc.edu


Received: 19 April 2024

Accepted: 05 July 2024

Published: 18 July 2024

Citation:
Bradshaw JL, Wilson EN, Mabry S, Shrestha P, Gardner JJ and Cunningham RL (2024) Impact of sex and hypoxia on brain region-specific expression of membrane androgen receptor AR45 in rats. Front. Endocrinol. 15:1420144. doi: 10.3389/fendo.2024.1420144






Background

Sex differences in oxidative stress-associated cognitive decline are influenced by sex hormone levels. Notably, oxidative stress-associated neuronal cell death can be exacerbated through testosterone signaling via membrane androgen receptor AR45, which is complexed with G protein Gαq within plasma membrane-associated lipid rafts. The objective of this study was to elucidate the impact of sex on the expression of AR45 and Gαq in brain regions associated with cognitive function, specifically hippocampus subregions and entorhinal cortex. Additionally, we investigated whether chronic intermittent hypoxia (CIH), an oxidative stressor with sex-specific effects, would modulate AR45 and Gαq expression in these brain regions.





Methods

Adult male and female Sprague-Dawley rats were exposed to CIH or normoxia (room air) during their sleep phase for 14 days. We quantified AR45 and Gαq protein expression in various cognition-associated brain regions [dorsal hippocampal CA1, CA3, dentate gyrus (DG), and entorhinal cortex (ETC)] via western blotting. For comparisons, AR45 and Gαq protein expression were also assessed in brain regions outside the hippocampal-ETC circuit [thalamus (TH) and striatum (STR)].





Results

The highest AR45 levels were expressed in the hippocampal CA1 and DG while the lowest expression was observed in the extrahippocampal STR. The highest Gαq levels were expressed in the hippocampal-associated ETC while the lowest expression was observed in the extrahippocampal TH. Females expressed higher levels of AR45 in the hippocampal DG compared to males, while no sex differences in Gαq expression were observed regardless of brain region assessed. Moreover, there was no effect of CIH on AR45 or Gαq expression in any of the brain regions examined. AR45 expression was positively correlated with Gαq expression in the CA1, DG, ETC, TH, and STR in a sex-dependent manner.





Conclusion

Our findings reveal enrichment of AR45 and Gαq protein expression within the hippocampal-ETC circuit, which is vulnerable to oxidative stress and neurodegeneration during cognitive decline. Nonetheless, CIH does not modulate the expression of AR45 or Gαq. Importantly, there are sex differences in AR45 expression and its association with Gαq expression in various brain regions, which may underlie sex-specific differences in cognitive and motor function-associated declines with aging.
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Introduction

Membrane androgen receptors (mARs) are localized within the cellular plasma membrane and initiate an intracellular signaling cascade upon ligand binding. Currently, there are five known mARs, which are ZIP9, OXER1, GPRC6A, TRPM8, and AR45. All of these mARs, except OXER1 (1), are expressed within the brain (2–8). Specifically, ZIP9, GPRC6A, TRPM8, and AR45 are expressed within the hippocampal CA1 brain region (2, 3, 5, 6, 9), which is a major brain region that mediates learning and memory functions (10). Of note, brain mAR structures vary widely. ZIP9 and GPRC6A are seven transmembrane proteins with intracellular C-terminal domains (11, 12). TRPM8 is a cation channel within lipid rafts, which are cholesterol-rich signaling microdomains within the plasma membrane (13, 14). AR45 is a splice variant of the full-length androgen receptor (i.e., lacks N-terminal domain) that is also localized to lipid rafts of the plasma membrane (3, 15).

Prior studies examining putative mARs in the hippocampus observed insensitivity to androgen receptor inhibitors (e.g., flutamide) and increased intracellular calcium release in response to androgen receptor activation (2, 16–20). These characteristics are consistent with mARs interacting with G-protein-coupled receptors (GPCRs), such as the Gαq subunit that induces phospholipase C-dependent intracellular calcium release from intracellular calcium stores (21). Indeed, ZIP9, GPRC6A, TRPM8, and AR45 are associated with GPCR-Gαq subunit signaling and intracellular calcium release (3, 11, 14, 20, 22). Notably, GPCRs, including Gαq subunit, play a significant role in regulating synaptic plasticity and cognitive function (23), especially within the hippocampus wherein it can impact learning and memory processes (e.g., long-term potentiation) (24).

Upon ligand binding, stimulated mARs can activate divergent signaling cascades that elicit various phenotypic responses, including oxidative stress and cell death (2, 19, 25). Particularly, androgen-mediated signaling can be both neurotoxic and neuroprotective, depending upon the hormone receptor signaling mechanism and oxidative stress environment (2, 25, 26). For instance, androgens are neuroprotective in low oxidative stress environments and neurotoxic in high oxidative stress environments (2, 25). Our previous studies in male and female neuronal cell lines demonstrate estrogen receptor-mediated androgen signaling is neuroprotective in environments with low oxidative stress levels, while AR45-mediated androgen signaling facilitates oxidative stress-induced neurotoxicity via direct interactions with G protein Gαq (2, 3, 19, 20). Upon further investigation, we found that the presence of lipid rafts was integral to AR45 protein expression in neuronal cell lines (15, 27). Importantly, prior studies have shown that hypoxia elicits detrimental effects on lipid rafts through structural alterations that decrease lipid raft fluidity and permeability (28). Although we have previously shown that hypoxia can induce oxidative stress-associated cognitive decline (29–33), the mechanism through which hypoxia mediates cognitive decline is poorly understood. It is plausible that hypoxia modulates AR45 protein expression in specific brain regions via alterations in lipid rafts. Even so, the impact of oxidative stress environments on brain mAR density and signaling is unknown.

Although there are notable sex differences in oxidative stress-associated cognitive impairments (33, 34), the mechanisms underlying these sex differences are poorly understood. Our previous rat studies utilizing chronic intermittent hypoxia (CIH) as an oxidative stressor have identified sex differences in CIH-mediated cognitive dysfunction with no impact on circulating steroid hormones (33). These prior findings suggest that receptor-mediated signaling mechanisms, rather than circulating steroid hormones, may contribute to observed sex differences in cognitive dysfunction. Since AR45 and Gαq contribute to androgen-induced neuronal oxidative stress and neurotoxicity (2, 3, 19, 20), it is important to discern if sex differences in AR45 and Gαq protein expression are present in brain regions associated with cognitive function.

Overall, there are very few studies examining brain mAR protein expression across males and females, as the vast majority of mAR expression studies were conducted primarily in male mice and rats (2, 3, 5, 6). Even so, few studies have revealed the expression of TRPM8 and AR45 within male and female hippocampal regions and neurons (2, 3, 5). Within these studies, sex was used interchangeably with no statistical comparisons to determine sex differences in mAR expression patterns. Currently, no information is available regarding the impact of sex on AR45 and Gαq protein expression within the brain.

Altogether, the objective of this study was to elucidate the impact of sex on the expression of AR45 and Gαq in brain regions associated with cognitive function, specifically within hippocampal subregions and entorhinal cortex (ETC). Our laboratory has identified AR45 protein expression within the hippocampal CA1 subregion, ETC, and substantia nigra of male rats (3). However, it is unknown if AR45 is expressed in other brain regions that are involved in learning and memory, such as the thalamus (TH), striatum (STR), and hippocampal subregions CA3 and dentate gyrus (DG). Given our previous findings demonstrate AR45 is expressed in the CA1 and ETC, we examined AR45 expression in brain regions associated with CA1 and ETC circuitry. Thus, we examined AR45 and Gαq expression in hippocampal CA3 and DG subregions, which have excitatory projections to the ETC and CA1 (35), as well as the TH that has a weaker direct connection with the hippocampus via the hippocampal-thalamic tract (36, 37). For comparisons, we also examined AR45 and Gαq protein expression in the STR, which is a brain region associated with complex cognitive tasks but is not directly connected to the hippocampus (35, 36, 38–41). Additionally, we investigated whether CIH, an oxidative stressor with sex-specific effects on hippocampal-associated cognition (33, 42), would modulate AR45 and Gαq expression in these brain regions.





Methods




Animals

All protocols were approved by the Institutional Animal Care and Use Committee of the University of North Texas Health Science Center. All experiments were performed in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and the ARRIVE guidelines. All experiments were conducted using virgin young adult (aged 3–4 months) Sprague-Dawley male and female rats purchased from Charles River (Wilmington, MA). Male (n = 12) and female (n = 12) rats were housed separately upon arrival in temperature and humidity-controlled rooms under 12-h:12-h reverse light/dark cycles (lights off 07:00 h, lights on 19:00 h). Reverse lighting allowed tissue collection to be conducted during the active phase of the circadian cycle. Rats were provided standard laboratory chow and water ad libitum.





Chronic intermittent hypoxia

This study was part of a larger study examining sex-dependent effects of chronic intermittent hypoxia (CIH) on rodent hippocampal-associated cognitive function (33). One week prior to the initiation of the CIH protocol, rats (n = 6/group) were randomly assigned to either normoxia (room air) or CIH and were placed into Oxycycler chambers (76.2 x 50.8 x 50.8 cm, BioSpherix, Lacona, NY, USA) to acclimatize the rats to the chambers under normoxic conditions. The CIH protocol consisted of intermittent oxygen reduction during the rats’ sleep phase of the circadian cycle (starting at 21:00 h) as previously described (29, 30, 32, 33, 43). Briefly, oxygen was reduced from 21% (room air) to 10% in 6-minute cycles per hour (i.e., 10 cycles/hr) over 8 hrs/day for a period of 14 days.





Euthanasia, tissue harvest, and sample preparation

At the conclusion of the CIH protocol, rats were anesthetized with 2–3% isoflurane and euthanized via decapitation during the rats’ active phase (09:00–11:00 AM). Following euthanasia, brains were quickly removed, flash-frozen in 2-methylbutane (Millipore Sigma, Cat. No. MX0760), and stored at -80°C until further analysis.





Sample collection and preparation

Frozen brains were thawed in chilled 1X phosphate-buffered saline (Fisher, Cat. No. BP399) and sliced into 1-mm coronal sections using a brain matrix (ASI Instruments, Cat. No. RBM-4000C). Brain nuclei within the entorhinal cortex (ETC), striatum (STR), thalamus (TH), and dorsal hippocampal CA1, CA3, and dentate gyrus (DG) were microdissected according to Paxinos and Watson’s brain atlas (44) using blunt 20-gauge needles attached to 1 ml syringes. CA1, CA3, DG, ETC, and TH nuclei were collected at -5.30 mm from Bregma while STR nuclei were collected at 0.48 to -0.40 mm from Bregma. Microdissected brain nuclei were stored at -80°C until further analysis.

Frozen brain region microdissections were thawed in RIPA lysis buffer (VWR, cat #N653) containing (per 0.5 ml): 2.5 µl Halt™ protease and phosphatase inhibitor (Thermo Scientific, Ca. No. 78442), 1 µl 0.5 M ethylenediaminetetraacetic acid (EDTA, Thermo Scientific, Ca. No. J15694.AE), and 1 µl 0.5 mM dithiothreitol (DTT, Millipore Sigma, Cat. No. 43815) and homogenized as previously described (3). Total protein concentrations in brain region homogenates were quantified using Pierce BCA Protein Assay (Thermo Scientific Cat. No. 23225). Homogenized brain region samples were denatured in Laemmli buffer (Bio-RAD, Cat. No. 161–0747) containing 10% β-mercaptoethanol (Fisher, Cat. No. BP176) and heated to 95°C for 5 minutes. Denatured brain region samples were stored at -20°C until used for western blot loading.





Western blot analysis

Equal volumes of denatured samples containing 20–25 µg of total protein were loaded onto 4–15% polyacrylamide gels (Bio-RAD, Cat. No. 4561084) and resolved in tris-glycine running buffer (Bio-RAD, Cat. No. 1610771) at 15–25 mA for 1.5 hours at room temperature. Resolved proteins were transferred to PVDF membranes at 50 V overnight at 4°C. Membranes were blocked for 1 hour at room temperature with 5% non-fat milk in 1X tris-based saline-Tween-20 (TBST, Thermo Scientific, Cat. No. 28360). Membranes were incubated overnight at 4°C with primary antibodies probing AR45 (1:1000; R&D Systems, Cat. No. MAB5876) or Gαq (1:250; Santa Cruz, Cat. No. sc-518023) diluted in 1% non-fat milk/TBST solutions. For protein normalization, we used β-actin primary antibody diluted in 1% non-fat milk/TBST solution (1: 2500; GeneTex, Cat. No. GTX629630) and incubated for 1 hour at room temperature. Membranes were washed in 10 minute increments in TBST for 30 minutes prior to incubation with secondary antibody. Membranes were incubated for 1 hour at room temperature with horseradish peroxidase-conjugated horse anti-mouse IgG solution (1:2500; Cell Signaling, Cat. No. 7076S) diluted in 1% non-fat milk/TBST. Immunoreactive bands were visualized using a West Pico (Thermo Scientific, Cat. No. 34580) or West Femto (Thermo Scientific, Cat. No. 34095) enhanced chemiluminescence detection assay in a Syngene G:Box imager using GeneSys Image Acquisition software (Syngene, version 1.5.2.0). Band densitometry was quantified using Image J software (National Institutes of Health, version 1.53t). AR45 (45 kD) and Gαq (40 kD) were normalized to β-actin (42 kD) values, and quantification of protein expression is presented as % β-actin. Unfortunately, technical difficulties with antibodies used for western blotting of microdissected brain regions containing low biomass (e.g. hippocampal subregion DG) prevented analysis of these brain regions in some rats. Representative images of western blot membranes can be found in Supplementary Figure S1.





Circulating steroid hormones

Plasma levels of testosterone, estradiol, and progesterone were previously published as part of a larger study examining sex differences in hippocampal-associated cognitive function (33). Briefly, a MILLIPLEX® multi-species hormone bead panel (Sigma Millipore, Cat. No. MSHMAG-21K) quantifying testosterone, estradiol, and progesterone from steroid extracted plasma samples was used. Detailed methods for the plasma extraction process and assay can be found in the previously published study. In the larger study, vaginal smears to determine estrus cycles were not performed in female rats to ensure males and females were exposed to the same stressors during behavior analyses. We previously demonstrated that plasma estradiol levels were equivalent in female rats (Mean ± SEM: 62.88 ± 4.52 pg/ml) regardless of CIH exposure (33). To examine the impact of estrus cycle on AR45 brain expression (Supplementary Table S1), we separated females based on low and high progesterone levels into diestrus (progesterone < 25 ng/ml) and proestrus (progesterone > 25 ng/ml).





Data and statistical analyses

Data and statistical analyses were conducted in PRISM software (GraphPad, version 10.1). Outliers were identified and removed using robust regression and outlier removal (ROUT) with a coefficient Q = 1%. Data distributions were tested for normality using Shapiro-Wilk test. Data determined to have non-Gaussian distributions were log transformed before applying parametric statistics. Two-Way ANOVA (sex and CIH or brain region) followed by Tukey’s multiple comparisons test was used to compare group differences unless otherwise noted. The relationship between brain AR45 protein expression and brain Gαq protein expression or circulating testosterone was determined using Spearman correlation analysis. The significance level was set to α = 0.05, and p ≤ 0.05 was considered significant. Values are expressed as means ± SEM.






Results




There is no effect of chronic intermittent hypoxia on AR45 or Gαq protein expression in various brain regions of male and female young adult rats

We found no main effects of sex or CIH (p > 0.05), as well as no interactive sex and CIH effects (p > 0.05), on AR45 (Figure 1) or Gαq (Figure 2) protein expression in hippocampal regions (CA1, CA3, DG), hippocampal-associated ETC, or extrahippocampal TH or STR brain regions. Since we observed no effects of CIH on AR45 or Gαq expression, we collapsed normoxia and CIH groups to assess AR45 and Gαq expression across brain regions in male and female rats (Figures 3–5).




Figure 1 | Chronic intermittent hypoxia (CIH) does not impact androgen receptor AR45 protein expression in male or female rats. AR45 protein expression was quantified as a percentage of Beta actin expression (% β-actin) in dorsal hippocampus [CA1 (A), CA3 (B), dentate gyrus (DG, C)], entorhinal cortex (ETC, D), thalamus (TH, E), and striatum (STR, F) brain regions from young adult male and female Sprague-Dawley rats exposed to normoxia (gray bar, white circles) or CIH (red bar and circles) for 14 days. Data were analyzed by Two-Way ANOVA (sex, CIH) with Tukey’s multiple comparisons tests; n =4–6/group.






Figure 2 | Chronic intermittent hypoxia (CIH) does not impact Gαq protein expression in male or female rats. Gαq protein expression was quantified as a percentage of Beta actin expression (% β-actin) in dorsal hippocampus [CA1 (A), CA3 (B), dentate gyrus (DG, C)], entorhinal cortex (ETC, D), thalamus (TH, E), and striatum (STR, F) brain regions from young adult male and female Sprague-Dawley rats exposed to normoxia (gray bar, white circles) or CIH (red bar and circles) for 14 days. Data were analyzed by Two-Way ANOVA (sex, CIH) with Tukey’s multiple comparisons tests; n =4–6/group.






Figure 3 | AR45 protein expression is enriched in hippocampal subregions, especially in female rats. AR45 protein expression was quantified as a percentage of Beta actin expression (% β-actin) in dorsal hippocampus [CA1, CA3, dentate gyrus (DG)], entorhinal cortex (ETC), thalamus (TH), and striatum (STR) brain regions from young adult male (gray bar, white circles) and female (red bar and circles) Sprague-Dawley rats. Data were analyzed by Two-Way ANOVA (sex, brain region) with Tukey’s multiple comparisons tests; n =7–12/group. *p < 0.05 vs. female STR; #p < 0.05 vs. male DG.






Figure 4 | Gαq protein expression is enriched in hippocampal-associated entorhinal cortex. Gαq protein expression was quantified as a percentage of Beta actin expression (% β-actin) in dorsal hippocampus [CA1, CA3, dentate gyrus (DG)], entorhinal cortex (ETC), thalamus (TH), and striatum (STR) brain regions in young adult male (gray bar, white circles) and female (red bar and circles) Sprague-Dawley rats. Data were analyzed by Two-Way ANOVA (sex, brain region) with Tukey’s multiple comparisons tests; n = 8–12/group. &p < 0.05 vs. male TH.






Figure 5 | Androgen receptor AR45 and Gαq protein expression are correlated across brain regions in a sex-dependent manner. Scatterplots representing correlations of AR45 and Gαq protein expression (quantified as a percentage of Beta actin expression) in dorsal hippocampus [CA1 (A), CA3 (B), dentate gyrus (DG, C)], entorhinal cortex (ETC, D), thalamus (TH, E), and striatum (STR, F) brain regions from young adult male (white circles) and female (red circles) Sprague-Dawley rats. Data were analyzed by Spearman correlation with respective r and p-values listed. Dashed trend lines represent the linear relationships within the data determined by linear regression analysis. Dotted lines and shaded regions represent the 95% confidence intervals. n = 16–24/correlation plot.







AR45 protein expression is enriched in hippocampal brain regions of female young adult rats

We observed significant effects of sex (p = 0.015) and brain region (p < 0.0001) on AR45 expression (Figure 3). Moreover, there was a trend for interactive sex and brain region effects (p = 0.069). Significant brain region differences in AR45 expression were exclusively in females, with greatest expression of AR45 in hippocampal CA1 (149.8 ± 13.85%; p = 0.007) and DG (171.6 ± 50.15%; p = 0.009) compared to extrahippocampal STR (64.70 ± 7.67%). In males, there was a trend for increased AR45 expression in the CA1 (152.2 ± 18.12%) compared to DG (58.51 ± 11.79%; p = 0.067) and STR (73.27 ± 7.85%; p = 0.073). When assessing sex differences, AR45 expression was greater in female DG compared to male DG (Female: 171.6 ± 50.15% vs Male: 58.51 ± 11.79%; p = 0.022). No sex differences in AR45 expression were detected in CA1, CA3, ETC, TH, or STR (p > 0.05).





Gαq protein expression is greatest in hippocampal-associated entorhinal cortex of male young adult rats

Our data demonstrates significant differences in Gαq expression across brain regions (p = 0.001, Figure 4). Specifically, Gαq expression was greater in male ETC compared to male TH (ETC: 179.8 ± 46.06% vs TH: 76.81 ± 8.08%; p = 0.028). However, we did not observe a main effect of sex or interaction between sex and brain region (p > 0.05).





AR45 protein expression is positively correlated with Gαq protein expression across brain regions in a sex-dependent manner

Expression of AR45 positively correlated with Gαq protein expression in CA1 (Figure 5A), DG (Figure 5C), ETC (Figure 5D), TH (Figure 5E), and STR (Figure 5F), with no correlation observed in CA3 regardless of sex (Figure 5B). When examining sex-dependent correlations, we found that AR45 expression positively correlates with Gαq expression in a sex-dependent manner in hippocampal CA1 and DG (Figures 5A, C). Particularly, this positive association was demonstrated in male CA1 but not female CA1 (Figure 5A), as well as in female DG but not male DG (Figure 5C). AR45 expression was positively correlated with Gαq expression in extrahippocampal ETC and TH regardless of sex (Figures 5D, E), as well as in STR of males with a trend in positive association in STR of females (Figure 5F).





Striatum AR45 protein expression is positively correlated with circulating testosterone levels in male rats

We next determined whether protein expression of brain AR45 was associated with circulating levels of its ligand, testosterone (Table 1). When examining sex-dependent correlations (male or female), we found no correlations in brain AR45 protein expression with plasma testosterone levels in female rats. Likewise, we found no correlations of circulating testosterone with AR45 protein expression in the hippocampus (CA1, CA3, DG), ETC, or TH of male rats. However, we did observe a positive correlation between STR AR45 protein expression and plasma testosterone levels in male rats. Although plasma testosterone levels were not correlated with brain AR45 protein expression in female rats, we also examined whether estrus status impacted brain AR45 protein expression in female rats (Supplementary Table S1). We found no effects of estrus status on AR45 brain expression within the hippocampal subregions or ETC when comparing female rats with low progesterone (diestrus) or high progesterone (proestrus).


Table 1 | Correlations of plasma testosterone levels and brain androgen receptor AR45 protein expression across brain regions.








Discussion

The major findings of this study are 1) intermittent hypoxia does not impact brain AR45 or Gαq expression regardless of sex, 2) AR45 protein expression was present in the hippocampus (CA1, CA3, DG), ETC, STR, and TH of male and female rats, 3) female rats express greater levels of AR45 in the DG compared to male rats, 4) no sex differences were observed in Gaq expression, 5) brain AR45 and Gαq protein expression were positively correlated in the hippocampus (CA1 and DG), ETC, STR, and TH in a sex-dependent manner, and 6) STR AR45 protein expression is positively correlated with plasma testosterone levels in male rats.

This is the first study to examine the impact of hypoxia on AR45 and Gαq expression. We observed no effects of intermittent hypoxia on either AR45 or Gαq expression in this study. It is known that hypoxia can alter the structure of lipid rafts by decreasing the fluidity and permeability of lipid rafts (28) and by increasing lipid raft-associated protein expression, such as caveolin-1 and flotillin-1, in neurons and endothelial cells (45–47). Although we found that the presence of lipid rafts is necessary for neuronal AR45 expression (15, 20), it is unclear if our intermittent hypoxia protocol is severe enough to disrupt lipid raft fluidity and permeability.

Notably, there are prominent sex differences in the prevalence and pathological onset and severity of neurological disorders (26, 34, 48, 49). Females are more likely to be diagnosed with depression, anxiety, and Alzheimer’s disease while males are more likely to be diagnosed with autism, attention-deficit/hyperactivity disorder, and Parkinson’s disease (48–51). Mounting evidence suggests sex hormones (estrogens and androgens) and associated signaling cascades contribute to emerging sex differences in the presentation and pathology of these various neurological disorders (19, 26, 52, 53). This study is the first study to examine sex differences in AR45 expression across multiple brain regions. Our previous study in male rats showed that hormone removal did not impact brain AR45 expression in CA1, ETC, or substantia nigra, but female rats were not included (3). In the present study, we found that there were no sex differences in AR45 expression in the hippocampal CA1 and CA3 regions, ETC, TH, or STR. However, we did observe sex differences in AR45 expression within the hippocampal DG, in which females expressed higher AR45 protein levels compared to males. Overall, this is the first study to observe sex differences in mAR expression, as prior studies have found no sex differences in ZIP9 (54) or TRPM8 (55) expression, and sex differences in GPRC6A expression have not been investigated.

We also observed differences in AR45 and Gαq expression patterns across brain regions. The highest AR45 expression was observed in the hippocampal CA1 and DG, while the lowest AR45 expression was observed in the STR. Similarly, the highest Gαq expression was denoted in the ETC while the lowest Gαq expression was denoted in the TH. Our previous work in male and female rat neuronal cell lines have demonstrated that AR45 coexpressed with Gαq mediates androgen’s damaging effects (2, 20). Collectively, these data suggest that AR45 and Gαq expression are enriched within the hippocampal-ETC circuit of male and female rats, highlighting the vulnerability of this circuit to damaging AR45-mediated testosterone signaling (2).

Our findings reveal AR45 expression is positively correlated with Gαq protein expression within the hippocampus (CA1 and DG), ETC, TH, and STR when examining sex-collapsed associations. When assessing correlations based on sex, we found that there are sex-dependent effects on the correlation of AR45 and Gαq expression across brain regions. Specifically, AR45 and Gαq associations within the hippocampal CA1 and STR were observed in male but not female rats. In contrast, an association between AR45 and Gαq was observed in the hippocampal DG of female but not male rats. These sex differences in hippocampal AR45- Gαq expression may be involved in the sex differences observed in CA1-mediated functions, as the CA1 has strong excitatory connections with DG and ETC (35), weaker connections with the TH (36, 37), and is not connected to the STR (35, 36, 38–41). Similar to our findings of a male-bias sex difference (AR45- Gαq association) in hippocampal CA1 and STR, other studies consistently observe a male-sex bias in these regions, as evidenced by increased CA1 volume (56), larger dendritic trees of CA1 pyramidal neurons (57, 58), and larger STR volume (59). In contrast, we observed female-sex bias (AR45- Gαq association) in the hippocampal DG and no sex differences in the ETC and TH. Previous findings of sex differences in the DG (60–63) and the ETC (64, 65) are generally male-sex biased, whereas sex differences in the TH range from larger TH volume in males (66), larger TH volume in females (67), to no sex differences in the TH volume (59). Regardless of sex, we observed no AR45- Gαq association in the CA3 region, which is consistent with findings showing no sex differences in CA3 volume (56).

Lastly, we identified a positive correlation between STR AR45 protein expression and circulating testosterone levels in male rats. There were no correlations between circulating testosterone levels and brain AR45 expression in hippocampal subregions, ETC, or TH of male rats. These findings build upon our previous findings demonstrating no effects of gonadal hormones on AR45 expression in hippocampal CA1, ETC, or substantia nigra of male rats (3). Previous studies have demonstrated increases in circulating testosterone levels are associated with STR-mediated impulsive and risky behaviors in male rats (68). Thus, the expression of AR45 in the STR of male rats may facilitate circulating testosterone’s effects on male decision making and social behavior. Furthermore, this is the first study to examine the impact of circulating hormones on AR45 expression in female rats. We found no correlations between brain AR45 protein expression and plasma testosterone levels in any of the brain regions examined in female rats. When we examined the impact of low and high plasma progesterone levels on brain AR45 expression in female rats with equivalent plasma estradiol levels, we also observed no effects of low or high plasma progesterone levels on brain AR45 levels in hippocampal subregions or the ETC of female rats.




Limitations and future directions

Due to a lack of sufficient protein concentrations in brain region samples, we were unable to examine AR45-associated protein-protein interactions and downstream signaling cascades. Moreover, we did not assess AR45 and Gaq expression in various cell types (i.e., glial cells and neurons) within the brain regions. Still, previous studies have not identified sex differences at the level of neuronal characteristics, such as spine density in the CA1, CA3, DG (69), or neuronal density and soma size in the STR (70, 71). Although we were unable to examine full-length androgen receptor (FL-AR) due to degradation of FL-AR during sample processing (3), previous studies have shown increased expression of FL-AR in the STR, CA1, DG, and cerebral cortex in males with equivalent levels in CA3 and TH in males and females (72). Future studies could assess AR45 and Gaq coexpression by diverse cell types across brain regions, as well as activation of various signaling cascades and associated cellular outcomes. Additionally, we utilized a mild intermittent hypoxia protocol to investigate the effects of an oxidative stressor on AR45 expression. Thus, the impact of more stringent brain-targeting hypoxia protocols, such as sustained hypoxia or ischemic stroke, on AR45 expression and functional outcomes are warranted. Furthermore, future studies examining the impact of brain AR45 expression and stimulation on cognition and behavioral outcomes are needed to understand physiological mechanisms and identify possible avenues for intervention. Although our prior studies observed no effect of aging [young adult (3 month) vs middle-age (9–12 months)] on brain AR45 expression in male rats (3), it remains unknown how aging and reproductive status (e.g., pregnancy, menopause) affect female brain AR45 expression. Furthermore, our prior studies did not investigate brain AR45 expression prior to adulthood (3). Thus, future studies examining the impact of development and puberty on brain AR45 expression in males and females are warranted.





Perspectives and significance

Our findings reveal AR45 and Gaq are differentially expressed across brain regions, suggesting that specific brain regions may be more vulnerable to the damaging effects of AR45-mediated testosterone signaling in oxidative stress environments. Moreover, females exhibited greater expression of brain AR45 compared to males within the hippocampal DG, a brain region associated with depression and the formation of memories (73–75). Thus, women with higher levels of circulating testosterone compared to protective estrogen levels, such as in hyperandrogenism conditions (e.g., polycystic ovarian syndrome) and menopause, may be more vulnerable to testosterone-mediated memory and affective behavior impairments. Moreover, our findings demonstrate male circulating testosterone levels are positively correlated with AR45 protein expression in the STR, a brain region associated with motor function, as well as social decision-making behavior and impulsivity (76, 77). Therefore, instances in which circulating testosterone increases (e.g., puberty) or decreases (e.g., aging), may elicit AR45-mediated modifications to STR-associated behaviors, such as movement and rational behaviors.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee of the University of North Texas Health Science Center. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JB: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. EW: Data curation, Formal analysis, Investigation, Methodology, Writing – review & editing. SM: Data curation, Investigation, Methodology, Writing – review & editing. PS: Data curation, Investigation, Writing – review & editing. JG: Data curation, Investigation, Writing – review & editing. RC: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by NIH R01 NS0091359 and UNTHSC Seed grant funding to RC, AHA 22POST-903250 to JB, AHA 22PRE-900431 to JG, and NIH T32 AG020494 to SM. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1420144/full#supplementary-material




References

1. Hosoi, T, Koguchi, Y, Sugikawa, E, Chikada, A, Ogawa, K, Tsuda, N, et al. Identification of a novel human eicosanoid receptor coupled to G(i/o). J Biol Chem. (2002) 277:31459–65. doi: 10.1074/jbc.M203194200

2. Duong, P, Tenkorang, MAA, Trieu, J, McCuiston, C, Rybalchenko, N, and Cunningham, RL. Neuroprotective and neurotoxic outcomes of androgens and estrogens in an oxidative stress environment. Biol Sex Differ. (2020) 11:12. doi: 10.1186/s13293-020-0283-1

3. Garza-Contreras, J, Duong, P, Snyder, BD, Schreihofer, DA, and Cunningham, RL. Presence of androgen receptor variant in neuronal lipid rafts. eNeuro. (2017) 4 (4). doi: 10.1523/ENEURO.0109-17.2017

4. Jørgensen, CV, and Bräuner-Osborne, H. Pharmacology and physiological function of the orphan GPRC6A receptor. Basic Clin Pharmacol Toxicol. (2020) 126 Suppl 6:77–87. doi: 10.1111/bcpt.13397

5. Ordás, P, Hernández-Ortego, P, Vara, H, Fernández-Peña, C, Reimúndez, A, Morenilla-Palao, C, et al. Expression of the cold thermoreceptor TRPM8 in rodent brain thermoregulatory circuits. J Comp Neurol. (2021) 529:234–56. doi: 10.1002/cne.24694

6. Song, L, Chen, H, Qiao, D, Zhang, B, Guo, F, Zhang, Y, et al. ZIP9 mediates the effects of DHT on learning, memory and hippocampal synaptic plasticity of male Tfm and APP/PS1 mice. Front Endocrinol (Lausanne). (2023) 14:1139874. doi: 10.3389/fendo.2023.1139874

7. Olesen, RH, Hyde, TM, Kleinman, JE, Smidt, K, Rungby, J, and Larsen, A. Obesity and age-related alterations in the gene expression of zinc-transporter proteins in the human brain. Transl Psychiatry. (2016) 6:e838. doi: 10.1038/tp.2016.83

8. Zhang, Y, Li, S, Chen, H, Chen, M, Mi, S, Ma, J, et al. Non-genomic mechanisms mediate androgen-induced PSD95 expression. Aging (Albany NY). (2019) 11:2281–94. doi: 10.18632/aging.v11i8

9. Obri, A, Khrimian, L, Karsenty, G, and Oury, F. Osteocalcin in the brain: from embryonic development to age-related decline in cognition. Nat Rev Endocrinol. (2018) 14:174–82. doi: 10.1038/nrendo.2017.181

10. Bird, CM, and Burgess, N. The hippocampus and memory: insights from spatial processing. Nat Rev Neurosci. (2008) 9:182–94. doi: 10.1038/nrn2335

11. Thomas, P, Converse, A, and Berg, HA. ZIP9, a novel membrane androgen receptor and zinc transporter protein. Gen Comp Endocrinol. (2018) 257:130–6. doi: 10.1016/j.ygcen.2017.04.016

12. Clemmensen, C, Smajilovic, S, Wellendorph, P, and Bräuner-Osborne, H. The GPCR, class C, group 6, subtype A (GPRC6A) receptor: from cloning to physiological function. Br J Pharmacol. (2014) 171:1129–41. doi: 10.1111/bph.12365

13. Morenilla-Palao, C, Pertusa, M, Meseguer, V, Cabedo, H, and Viana, F. Lipid raft segregation modulates TRPM8 channel activity. J Biol Chem. (2009) 284:9215–24. doi: 10.1074/jbc.M807228200

14. Thomas, P. Membrane androgen receptors unrelated to nuclear steroid receptors. Endocrinology. (2019) 160:772–81. doi: 10.1210/en.2018-00987

15. Schreihofer, DA, Duong, P, and Cunningham, RL. N-terminal truncations in sex steroid receptors and rapid steroid actions. Steroids. (2018) 133:15–20. doi: 10.1016/j.steroids.2017.10.018

16. Cunningham, RL, Giuffrida, A, and Roberts, JL. Androgens induce dopaminergic neurotoxicity via caspase-3-dependent activation of protein kinase Cdelta. Endocrinology. (2009) 150:5539–48. doi: 10.1210/en.2009-0640

17. Zarei, F, Moazedi, AA, Salimi, Z, Pourmotabbed, A, Yousofvand, N, Farshad, M, et al. Activation of androgen receptors alters hippocampal synaptic plasticity and memory retention through modulation of L-type calcium channels. Life Sci. (2023) 314:121155. doi: 10.1016/j.lfs.2022.121155

18. Chen, H, Qiao, D, Si, Y, He, Z, Zhang, B, Wang, C, et al. Effects of membrane androgen receptor binding on synaptic plasticity in primary hippocampal neurons. Mol Cell Endocrinol. (2022) 554:111711. doi: 10.1016/j.mce.2022.111711

19. Sumien, N, Cunningham, JT, Davis, DL, Engelland, R, Fadeyibi, O, Farmer, GE, et al. Neurodegenerative disease: roles for sex, hormones, and oxidative stress. Endocrinology. (2021) 162:bqab185. doi: 10.1210/endocr/bqab185

20. Tenkorang, MAA, Duong, P, and Cunningham, RL. NADPH oxidase mediates membrane androgen receptor-induced neurodegeneration. Endocrinology. (2019) 160:947–63. doi: 10.1210/en.2018-01079

21. Fisher, IJ, and Lyon, AM. Q’s the boss: Gαq regulates gi-mediated calcium release through PLCβ. Mol Cell. (2020) 80:933–4. doi: 10.1016/j.molcel.2020.11.038

22. Iftinca, M, and Altier, C. The cool things to know about TRPM8! Channels (Austin). (2020) 14:413–20. doi: 10.1080/19336950.2020.1841419

23. Leung, CCY, and Wong, YH. Role of G protein-coupled receptors in the regulation of structural plasticity and cognitive function. Molecules. (2017) 22(7):1239. doi: 10.3390/molecules22071239

24. Jong, YI, Harmon, SK, and O'Malley, KL. Intracellular GPCRs play key roles in synaptic plasticity. ACS Chem Neurosci. (2018) 9:2162–72. doi: 10.1021/acschemneuro.7b00516

25. Holmes, S, Singh, M, Su, C, and Cunningham, RL. Effects of oxidative stress and testosterone on pro-inflammatory signaling in a female rat dopaminergic neuronal cell line. Endocrinology. (2016) 157:2824–35. doi: 10.1210/en.2015-1738

26. Li, R, and Singh, M. Sex differences in cognitive impairment and Alzheimer's disease. Front Neuroendocrinol. (2014) 35:385–403. doi: 10.1016/j.yfrne.2014.01.002

27. Fadeyibi, O, Rybalchenko, N, Mabry, S, Nguyen, DH, and Cunningham, RL. The role of lipid rafts and membrane androgen receptors in androgen's neurotoxic effects. J Endocr Soc. (2022) 6:bvac030. doi: 10.1210/jendso/bvac030

28. Király, A, Váradi, T, Hajdu, T, Rühl, R, Galmarini, CM, Szöllősi, J, et al. Hypoxia reduces the efficiency of elisidepsin by inhibiting hydroxylation and altering the structure of lipid rafts. Mar Drugs. (2013) 11:4858–75. doi: 10.3390/md11124858

29. Mabry, S, Wilson, EN, Bradshaw, JL, Gardner, JJ, Fadeyibi, O, Vera, E Jr., et al. Sex and age differences in social and cognitive function in offspring exposed to late gestational hypoxia. Biol Sex Differ. (2023) 14:81. doi: 10.1186/s13293-023-00557-0

30. Snyder, B, Duong, P, Tenkorang, M, Wilson, EN, and Cunningham, RL. Rat strain and housing conditions alter oxidative stress and hormone responses to chronic intermittent hypoxia. Front Physiol. (2018) 9:1554. doi: 10.3389/fphys.2018.01554

31. Snyder, B, Duong, P, Trieu, J, and Cunningham, RL. Androgens modulate chronic intermittent hypoxia effects on brain and behavior. Horm Behav. (2018) 106:62–73. doi: 10.1016/j.yhbeh.2018.09.005

32. Snyder, B, Shell, B, Cunningham, JT, and Cunningham, RL. Chronic intermittent hypoxia induces oxidative stress and inflammation in brain regions associated with early-stage neurodegeneration. Physiol Rep. (2017) 5(9):e13258. doi: 10.14814/phy2.13258

33. Mabry, S, Bradshaw, JL, Gardner, JJ, Wilson, EN, and Cunningham, RL. Sex-dependent effects of chronic intermittent hypoxia: implication for obstructive sleep apnea. Biol Sex Differ. (2024) 15:38. doi: 10.1186/s13293-024-00613-3

34. Tenkorang, MA, Snyder, B, and Cunningham, RL. Sex-related differences in oxidative stress and neurodegeneration. Steroids. (2018) 133:21–7. doi: 10.1016/j.steroids.2017.12.010

35. Basu, J, and Siegelbaum, SA. The corticohippocampal circuit, synaptic plasticity, and memory. Cold Spring Harb Perspect Biol. (2015) 7(11):a021733. doi: 10.1101/cshperspect.a021733

36. Aggleton, JP, O'Mara, SM, Vann, SD, Wright, NF, Tsanov, M, and Erichsen, JT. Hippocampal-anterior thalamic pathways for memory: uncovering a network of direct and indirect actions. Eur J Neurosci. (2010) 31:2292–307. doi: 10.1111/j.1460-9568.2010.07251.x

37. Tao, S, Wang, Y, Peng, J, Zhao, Y, He, X, Yu, X, et al. Whole-brain mapping the direct inputs of dorsal and ventral ca1 projection neurons. Front Neural Circuits. (2021) 15:643230. doi: 10.3389/fncir.2021.643230

38. Brog, JS, Salyapongse, A, Deutch, AY, and Zahm, DS. The patterns of afferent innervation of the core and shell in the "accumbens" part of the rat ventral striatum: immunohistochemical detection of retrogradely transported fluoro-gold. J Comp Neurol. (1993) 338:255–78. doi: 10.1002/cne.903380209

39. Groenewegen, HJ, Vermeulen-Van der Zee, E, te Kortschot, A, and Witter, MP. Organization of the projections from the subiculum to the ventral striatum in the rat. A study using anterograde transport of Phaseolus vulgaris leucoagglutinin. Neuroscience. (1987) 23:103–20. doi: 10.1016/0306-4522(87)90275-2

40. McGeorge, AJ, and Faull, RL. The organization of the projection from the cerebral cortex to the striatum in the rat. Neuroscience. (1989) 29:503–37. doi: 10.1016/0306-4522(89)90128-0

41. Maller, JJ, Welton, T, Middione, M, Callaghan, FM, Rosenfeld, JV, and Grieve, SM. Revealing the hippocampal connectome through super-resolution 1150-direction diffusion MRI. Sci Rep. (2019) 9:2418. doi: 10.1038/s41598-018-37905-9

42. Appiah, CB, Gardner, JJ, Farmer, GE, Cunningham, RL, and Cunningham, JT. Chronic intermittent hypoxia-induced hypertension: the impact of sex hormones. Am J Physiol Regul Integr Comp Physiol. (2024) 326:R333–R45. doi: 10.1152/ajpregu.00258.2023

43. Wilson, EN, Mabry, S, Bradshaw, JL, Gardner, JJ, Rybalchenko, N, Engelland, R, et al. Gestational hypoxia in late pregnancy differentially programs subcortical brain maturation in male and female rat offspring. Biol Sex Differ. (2022) 13:54. doi: 10.1186/s13293-022-00463-x

44. Paxinos, G, and Watson, C. The rat brain in stereotaxic coordinates. San Diego, California: Academic Press (1998).

45. Xue, Y, Wang, X, Wan, B, Wang, D, Li, M, Cheng, K, et al. Caveolin-1 accelerates hypoxia-induced endothelial dysfunction in high-altitude cerebral edema. Cell Communication Signaling. (2022) 20:160. doi: 10.1186/s12964-022-00976-3

46. Yang, W, Wu, W, Zhao, Y, Li, Y, Zhang, C, Zhang, J, et al. Caveolin-1 suppresses hippocampal neuron apoptosis via the regulation of HIF1α in hypoxia in naked mole-rats. Cell Biol Int. (2022) 46:2060–74. doi: 10.1002/cbin.11890

47. Xie, JC, Ma, XY, Liu, XH, Yu, J, Zhao, YC, Tan, Y, et al. Hypoxia increases amyloid-β level in exosomes by enhancing the interaction between CD147 and Hook1. Am J Transl Res. (2018) 10:150–63.

48. Young, LJ, and Pfaff, DW. Sex differences in neurological and psychiatric disorders. Front Neuroendocrinol. (2014) 35:253–4. doi: 10.1016/j.yfrne.2014.05.005

49. Mauvais-Jarvis, F, Bairey Merz, N, Barnes, PJ, Brinton, RD, Carrero, JJ, DeMeo, DL, et al. Sex and gender: modifiers of health, disease, and medicine. Lancet. (2020) 396:565–82. doi: 10.1016/S0140-6736(20)31561-0

50. Irvine, K, Laws, KR, Gale, TM, and Kondel, TK. Greater cognitive deterioration in women than men with Alzheimer's disease: a meta analysis. J Clin Exp Neuropsychol. (2012) 34:989–98. doi: 10.1080/13803395.2012.712676

51. Eid, RS, Gobinath, AR, and Galea, LAM. Sex differences in depression: Insights from clinical and preclinical studies. Prog Neurobiol. (2019) 176:86–102. doi: 10.1016/j.pneurobio.2019.01.006

52. Barth, C, Crestol, A, de Lange, AG, and Galea, LAM. Sex steroids and the female brain across the lifespan: insights into risk of depression and Alzheimer's disease. Lancet Diabetes Endocrinol. (2023) 11:926–41. doi: 10.1016/S2213-8587(23)00224-3

53. Gobinath, AR, Choleris, E, and Galea, LA. Sex, hormones, and genotype interact to influence psychiatric disease, treatment, and behavioral research. J Neurosci Res. (2017) 95:50–64. doi: 10.1002/jnr.23872

54. Aguirre-Portolés, C, Payne, R, Trautz, A, Foskett, JK, Natale, CA, Seykora, JT, et al. ZIP9 is a druggable determinant of sex differences in melanoma. Cancer Res. (2021) 81:5991–6003. doi: 10.1158/0008-5472.CAN-21-0982

55. Alarcón-Alarcón, D, Cabañero, D, de Andrés-López, J, Nikolaeva-Koleva, M, Giorgi, S, Fernández-Ballester, G, et al. TRPM8 contributes to sex dimorphism by promoting recovery of normal sensitivity in a mouse model of chronic migraine. Nat Commun. (2022) 13:6304. doi: 10.1038/s41467-022-33835-3

56. van Eijk, L, Hansell, NK, Strike, LT, Couvy-Duchesne, B, de Zubicaray, GI, Thompson, PM, et al. Region-specific sex differences in the hippocampus. NeuroImage. (2020) 215:116781. doi: 10.1016/j.neuroimage.2020.116781

57. Barrera, A, Jiménez, L, González, GM, Montiel, J, and Aboitiz, F. Dendritic structure of single hippocampal neurons according to sex and hemisphere of origin in middle-aged and elderly human subjects. Brain Res. (2001) 906:31–7. doi: 10.1016/S0006-8993(01)02549-5

58. Markham, JA, McKian, KP, Stroup, TS, and Juraska, JM. Sexually dimorphic aging of dendritic morphology in CA1 of hippocampus. Hippocampus. (2005) 15:97–103. doi: 10.1002/(ISSN)1098-1063

59. Duerden, EG, Chakravarty, MM, Lerch, JP, and Taylor, MJ. Sex-based differences in cortical and subcortical development in 436 individuals aged 4-54 years. Cereb Cortex. (2020) 30:2854–66. doi: 10.1093/cercor/bhz279

60. Severi, S, Guidi, S, Ciani, E, and Bartesaghi, R. Sex differences in the stereological parameters of the hippocampal dentate gyrus of the Guinea-pig before puberty. Neuroscience. (2005) 132:375–87. doi: 10.1016/j.neuroscience.2004.12.015

61. Yagi, S, Splinter, JEJ, Tai, D, Wong, S, Wen, Y, and Galea, LAM. Sex differences in maturation and attrition of adult neurogenesis in the hippocampus. eNeuro. (2020) 7(4):ENEURO.0468-19.2020. doi: 10.1101/726398

62. Madeira, MD, and Paula-Barbosa, MM. Reorganization of mossy fiber synapses in male and female hypothyroid rats: a stereological study. J Comp Neurol. (1993) 337:334–52. doi: 10.1002/cne.903370213

63. Cameron, HA, Woolley, CS, McEwen, BS, and Gould, E. Differentiation of newly born neurons and glia in the dentate gyrus of the adult rat. Neuroscience. (1993) 56:337–44. doi: 10.1016/0306-4522(93)90335-D

64. Armstrong, NM, An, Y, Beason-Held, L, Doshi, J, Erus, G, Ferrucci, L, et al. Sex differences in brain aging and predictors of neurodegeneration in cognitively healthy older adults. Neurobiol Aging. (2019) 81:146–56. doi: 10.1016/j.neurobiolaging.2019.05.020

65. Wang, Y, Hao, L, Zhang, Y, Zuo, C, and Wang, D. Entorhinal cortex volume, thickness, surface area and curvature trajectories over the adult lifespan. Psychiatry Research: Neuroimaging. (2019) 292:47–53. doi: 10.1016/j.pscychresns.2019.09.002

66. Lotze, M, Domin, M, Gerlach, FH, Gaser, C, Lueders, E, Schmidt, CO, et al. Novel findings from 2,838 adult brains on sex differences in gray matter brain volume. Sci Rep. (2019) 9:1671. doi: 10.1038/s41598-018-38239-2

67. Ruigrok, ANV, Salimi-Khorshidi, G, Lai, M-C, Baron-Cohen, S, Lombardo, MV, Tait, RJ, et al. A meta-analysis of sex differences in human brain structure. Neurosci Biobehav Rev. (2014) 39:34–50. doi: 10.1016/j.neubiorev.2013.12.004

68. Laube, C, Lorenz, R, and van den Bos, W. Pubertal testosterone correlates with adolescent impatience and dorsal striatal activity. Dev Cognit Neurosci. (2020) 42:100749. doi: 10.1016/j.dcn.2019.100749

69. Gould, E, Westlind-Danielsson, A, Frankfurt, M, and McEwen, BS. Sex differences and thyroid hormone sensitivity of hippocampal pyramidal cells. J Neurosci. (1990) 10:996–1003. doi: 10.1523/JNEUROSCI.10-03-00996.1990

70. Wong, JE, Cao, J, Dorris, DM, and Meitzen, J. Genetic sex and the volumes of the caudate-putamen, nucleus accumbens core and shell: original data and a review. Brain Struct Funct. (2016) 221:4257–67. doi: 10.1007/s00429-015-1158-9

71. Meitzen, J, Pflepsen, KR, Stern, CM, Meisel, RL, and Mermelstein, PG. Measurements of neuron soma size and density in rat dorsal striatum, nucleus accumbens core and nucleus accumbens shell: differences between striatal region and brain hemisphere, but not sex. Neurosci Lett. (2011) 487:177–81. doi: 10.1016/j.neulet.2010.10.017

72. Feng, Y, Weijdegård, B, Wang, T, Egecioglu, E, Fernandez-Rodriguez, J, Huhtaniemi, I, et al. Spatiotemporal expression of androgen receptors in the female rat brain during the oestrous cycle and the impact of exogenous androgen administration: A comparison with gonadally intact males. Mol Cell Endocrinol. (2010) 321:161–74. doi: 10.1016/j.mce.2010.02.029

73. Sun, D, Mei, L, and Xiong, WC. Dorsal dentate gyrus, a key regulator for mood and psychiatric disorders. Biol Psychiatry. (2023) 93:1071–80. doi: 10.1016/j.biopsych.2023.01.005

74. Ronaghi, A, Zibaii, MI, Pandamooz, S, Nourzei, N, Motamedi, F, Ahmadiani, A, et al. Entorhinal cortex stimulation induces dentate gyrus neurogenesis through insulin receptor signaling. Brain Res Bull. (2019) 144:75–84. doi: 10.1016/j.brainresbull.2018.11.011

75. Hainmueller, T, and Bartos, M. Dentate gyrus circuits for encoding, retrieval and discrimination of episodic memories. Nat Rev Neurosci. (2020) 21:153–68. doi: 10.1038/s41583-019-0260-z

76. Baez-Mendoza, R, and Schultz, W. The role of the striatum in social behavior. Front Neurosci. (2013) 7:233. doi: 10.3389/fnins.2013.00233

77. Balleine, BW, Delgado, MR, and Hikosaka, O. The role of the dorsal striatum in reward and decision-making. J Neurosci. (2007) 27:8161–5. doi: 10.1523/JNEUROSCI.1554-07.2007




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Bradshaw, Wilson, Mabry, Shrestha, Gardner and Cunningham. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-15-1420144-g003.jpg
6009, Male PSEX =0.02

°Female PgraIN REGION < 0.01
500 PinTERACTION = 0.07
= *
o 400 o
CIU %*
Q (]
<3004 . ° °
:t; © o o)
¥ 2004 ° ° )
< D4 o
o 1
100 S

; o

° o "
s 2 E : ﬁ = X
AU THE R R L
CA3 DG ETC TH STR

Hippocampus

CA1





OEBPS/Images/fendo-15-1420144-g001.jpg
CA1 B CA3 & DG

4000 Normoxia 4000 Normoxia 500-10 Normoxia
°CIH oCH oCIH
£ 300 :5: 300 :g: 400
g g g
& & & 300
é 200 ° 200 2
3 100 3 3 o
4 14
< Z 100 < 100
0 0 0
Male Female Male Female
ETC E TH F STR
800-10 Normoxia 4000 Normoxia 400-10 Normoxia
oCIH oCIH oCIH

w
(=3
o

AR5 (% B-actin)
> S
o o

ARA45 (% B-actin)

Male Female Male Female Male Female





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Impact of sex and hypoxia on brain region-specific expression of membrane androgen receptor AR45 in rats

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Animals

          



          		

            Chronic intermittent hypoxia

          



          		

            Euthanasia, tissue harvest, and sample preparation

          



          		

            Sample collection and preparation

          



          		

            Western blot analysis

          



          		

            Circulating steroid hormones

          



          		

            Data and statistical analyses

          



        



        



        		

          Results

        

          		

            There is no effect of chronic intermittent hypoxia on AR45 or Gαq protein expression in various brain regions of male and female young adult rats

          



          		

            AR45 protein expression is enriched in hippocampal brain regions of female young adult rats

          



          		

            Gαq protein expression is greatest in hippocampal-associated entorhinal cortex of male young adult rats

          



          		

            AR45 protein expression is positively correlated with Gαq protein expression across brain regions in a sex-dependent manner

          



          		

            Striatum AR45 protein expression is positively correlated with circulating testosterone levels in male rats

          



        



        



        		

          Discussion

        

          		

            Limitations and future directions

          



          		

            Perspectives and significance

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-15-1420144-g004.jpg
o Male
® Female

o

..
® 10 ‘g¥ =
) 2y - @ —i
‘,.,,’. J Q ‘.!.
‘ u ".‘

CA1 CA3
Hippocampus

PSEX = (0.53

PgRraiN REGION < 0.01
PinTERACTION = 0.44






OEBPS/Images/fendo-15-1420144-g002.jpg
CA1 CA3 DG

400-10 Normoxia 400-10 Normoxia 5000 Normoxia
oCIH oCIH ©oCIH

Male Female Male Female Male Female
ETC E TH F STR
8000 Normoxia 4000 Normoxia 4000 Normoxia
oCIH oCIH oCIH

Gqq (% B-actin)

Male Female Male Female Male Female





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2024.1420144_cover.jpg
& frontiers | Frontiers in Endocrinology

Impact of sex and hypoxia on brain region-
specific expression of membrane androgen
receptor AR45 in rats





OEBPS/Images/fendo-15-1420144-g005.jpg
o
o

Guq

Gyq

CA1
40070 male r=0.73 p < 0.01
© Female Males: r=0.84 p < 0.01
Females: r=0.50 p = 0.14
300
200
100
0
0 100 200 300 400
AR45
DG
50070 pale r=0.81p<0.01
® Female Males: r=0.55 p=0.17
400 Females: r=0.96 p < 0.01
L.
300 e
200 5 e _—.;:_. '—‘? ...... 5
OuSmT o
100 & gT¢” °
0 100 200 300 400
AR45
TH
25076 pMale r=0.72p<0.01
e Female Males: r=0.66 p = 0.02
200 Females: r=0.78 p < 0.01
o .0
150 -
o 2 L d .
o.° .
100 9,90 7.
) ®

(=3
o

CA3
40070 Male =-0.02p=0.93
® Female Males: r=0.21 p = 0.51
300 Females: r=-0.19 p = 0.58
o
200 .
R e
R A Tt
100 o _ao. e0° .o'-‘ ..........
o
0 100 200 300
AR45
ETC
80070 pale r=0.98 p < 0.01
® Female Males: r=0.98 p < 0.01
600 Females: r=0.99 p < 0.0.1

Gyq

0 100 200 300 400
AR45
STR
25070 Male r=0.65p <0.01
© Female Males: r=0.72 p < 0.01
200 Females: r=0.54 p = 0.08
[
150 L.e
oq ... %00 -
100 BT X T

150

200

0 50 100 150

AR45





OEBPS/Images/table1.jpg
CAl -0.333 0.385 <0.001 >0.999
CA3 0.167 0.703 0.184 ‘ 0.634
DG -0.429 0.419 -0.600 0.350
ETC -0.067 0.880 0.586 0.183
TH 0.550 0.133 0.200 0917
STR 0.783 0.017 -0.524 0.197

DG, dentate gyrus; ETC, entorhinal cortex; TH, thalamus; STR, striatum. Data were analyzed
by Spearman correlation with respective r and p-values listed. Shaded cells represent
significant correlations, p < 0.05.





