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Abstract

Studies on the role of hormones in male reproductive aging have traditionally focused on 

testosterone, but estradiol also plays important roles in the control of masculine physiology and 

behavior. Our goal was to examine the effects of E2 on the expression of genes selected for E2-

sensitivity, involvement in behavioral neuroendocrine functions, and impairments with aging. 

Mature adult (MAT, 5 mo.) and aged (AG, 18 mo.) Sprague-Dawley male rats were castrated, 

implanted with either vehicle or estradiol (E2) subcutaneous capsules, and euthanized one month 

later. Bilateral punches were taken from the bed nucleus of the stria terminalis (BnST), 

posterodorsal medial amygdala (MePD) and the preoptic area (POA). RNA was extracted, and 

expression of 48 genes analyzed by qPCR using Taqman low-density arrays. Results showed that 

effects of age and E2 were age- and region-specific. In the POA, 5 genes were increased with E2 

compared to vehicle, and there were no age effects. By contrast the BnST showed primarily age-

related changes, with 6 genes decreasing with age. The MePD had 5 genes that were higher in 

aged than mature males, and 17 genes with significant interactions between age and E2. Gene 

families identified in the MePD included nuclear hormone receptors, neurotransmitters and 

neuropeptides and their receptors. Ten serum hormones were assayed in these same males, with 

results revealing both age- and E2-effects, in several cases quite profound. These results support 

the idea that the male brain continues to be highly sensitive to estradiol even with aging, but the 

nature of the response can be substantially different in mature and aging animals.
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1. Introduction

The hypothalamus is the body’s interface between the brain and the peripheral endocrine 

systems. Hypothalamic nuclei and their inputs and outputs from other limbic brain regions 

[e.g., bed nucleus of the stria terminalis (BnST) and amygdala] are involved in the regulation 

of reproduction, mood, and memory, in part through actions of gonadal steroid hormones on 

their receptors in the brain (Arimoto et al., 2013, Hogervorst et al., 2005, Rosario et al., 

2010, Smith et al., 1992, Walf et al., 2009). The principal estrogen, estradiol (E2), has been 

extensively studied for age-related changes in neurobiological actions in females, but to a 

much lesser extent in males (Foster, 2012, Harburger et al., 2009, Raber, 2008, Russell et al., 

2012, Walf et al., 2009). Furthermore, the literature in male rodents and humans on whether 

and how serum E2 changes with aging is inconsistent; various groups have reported 

increases (Fujita et al., 1990, Herath et al., 2001, Jasuja et al., 2013, Lakshman et al., 2010, 

Luine et al., 2007), decreases (Khosla et al., 2001, Leifke et al., 2000, van den Beld et al., 

2000, Wu and Gore, 2009, Yeap et al., 2012), or no change (Goya et al., 1990, Gruenewald 

et al., 1994, Yeap et al., 2014) with advanced age. Furthermore, research on age-related 

changes in estradiol’s actions on male neuroendocrine systems is limited; this is an 

important area of study considering the profound effects that E2 plays on the aging female 

brain (Rao et al., 2013, Yin et al., 2015) and the importance of E2 in male neurobehavioral 

functions.

The preoptic area (POA), posterodorsal medial amygdala (MePD), and BnST, brain areas 

important in reproductive function in males, have high concentrations of estrogen receptors 

(ERs) (Mitra et al., 2003, Perez et al., 2003, Shughrue et al., 1997). Changes in ER 

expression with age, or in estrogenic regulation of genes in these areas, may underlie age-

related deficits in sexual behavior and reproductive physiology in both sexes (Izumo et al., 

2012, Navarro et al., 2013, Putnam et al., 2005, Yamaguchi and Yuri, 2012). When bound to 

the nuclear ERα or ERβ, E2 regulates genes and proteins associated with steroid hormone 

signaling, neurotransmission, and neuroendocrine functions. During aging, receptor density 

and binding affinity for the ERs, and ERα protein expression, change in a sex-, region-, and 

age-specific manner (Haji et al., 1981, Roselli et al., 1993, Thakur and Sharma, 2007, Wu 

and Gore, 2010, Wu et al., 2009, Zhao and Brinton, 2007). Furthermore, E2 may also act 

upon membrane ERs such as GPER; a recent study showed increased density of GPER-

positive cells in two hypothalamic-preoptic regions in aging compared to young adult female 

rhesus monkeys (Naugle et al., 2014).

How estradiol may exert its influence more broadly, beyond direct effects on ERs in 

hypothalamic and limbic brain regions, and the influence of aging, is not well-understood. 

To investigate this, we profiled expression of 48 genes in the POA, MePD and BnST of 

young adult and aging male rats that were castrated and given E2 or vehicle. Our hypothesis 

was that the aging brain would lose responsiveness to E2, and that each region of interest 
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would have unique E2- and age-related neuromolecular phenotypes. We selected genes from 

broad categories including steroid hormone receptors, the central control of energy balance, 

neuropeptides involved in reproduction and social behaviors, and neurotransmitters such as 

dopamine, serotonin, and glutamate. These targets have previously been shown to be 

regulated by age and estradiol, the latter largely from the female literature, but not studied 

together in the context of estrogen and aging in males (Chung et al., 1991, Diano et al., 

1997, Guerra-Araiza et al., 2008, McQueen et al., 1999, Putnam et al., 2005).

2. Material and methods

2.1. Animals

Forty Sprague-Dawley male rats (Harlan, Indianapolis, IN; 3 or 12 months old at arrival) 

were purchased and housed in pairs in large plastic cages, in a climate-controlled room, on a 

14:10 hr light–dark cycle (lights off at 1000 h). All procedures were done in accordance with 

the National Institutes of Health guidelines for the care and use of laboratory animals and 

were approved by the Institutional Animal Care and Use Committee at the University of 

Texas at Austin. Food and water were freely available. The older males were retired 

breeders. To give the younger males sexual experience, these animals were each given a 90-

minute mating session with a receptive female every other day for 6 sessions. On a final 7th 

session, males were tested to ensure that they met criteria of two ejaculations in one hour. 

All of the males met these criteria and were included in the study. Castration surgery was 

conducted under isoflurane anesthesia when rats were 3 months or 16 months of age. One 

month later, at 4 or 17 months, males were implanted with 12 mm Silastic capsules (1.98 

I.D. × 3.18 O.D.) containing either estradiol (5% in cholesterol), or cholesterol (100% 

cholesterol). One month after hormone implantation, when rats were mature (MAT, 5 

months) or aged (AG, 18 months), animals were rapidly decapitated, blood samples were 

collected, and their brains were removed and cut into 1 mm coronal sections on a chilled 

brain matrix before freezing on slides for storage at −80 degrees. Bilateral punches of the 

POA, BnST and MePD were later taken using a 0.98 mm Palkovits punch and transferred to 

frozen microfuge tubes.

2.2. RNA expression

RNA was extracted from frozen POA, BnST, and MePD punches using an Allprep 

DNA/RNA mini-kit (QIAGEN, Valencia, California), according to the manufacturer’s 

protocols. This and other molecular work was conducted as per standard laboratory 

protocols (Walker et al., 2013, Yin et al., 2015). RNA (200 ng) was converted to single-

stranded cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) 

and stored at −20°C. RNA samples were eluted with nuclease-free water and treated with 1 

U of TURBO deoxyribonuclease (Applied Biosystems Inc, Foster City, California) to rid 

samples of genomic DNA before ethanol precipitation. Resuspended samples were diluted to 

a concentration of 50 ng/μL. The purity, integrity and concentration of all samples were 

verified by running them on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, 

California) and a nanodrop. All samples had RINs of 8 or higher.
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Samples (n = 8-10 per group) from the BnST, MePD, and POA were run on customized rat 

Taqman low-density array (TLDA) Microfluidic 48-gene real-time PCR cards (Applied 

Biosystems) as described (Walker et al., 2013) with specific gene assays chosen based on a 
priori hypotheses and publications on their importance in neuroendocrine function and 

reproductive aging (46 genes of interest and two normalizing genes; Supplemental Table 
1).

Real-time PCR was performed using Taqman universal mastermix (Applied Biosystems) on 

an ABI ViiA7 machine with the following run parameters: 50°C for 2 minutes, 95°C for 10 

minutes, 45 cycles of 95°C for 15 seconds, and 60°C for 1 minute. Relative expression of 

each gene was determined using the comparative cycle threshold method (Pfaffl, 2001, 

Schmittgen and Livak, 2008). Each sample was normalized to Gapdh expression and then 

calibrated to the median δ-cycle threshold of the lowest-expressing group within each gene.

2.3. Serum Hormones

After collection blood was centrifuged at 2300 × g for 5 min. Serum was collected and 

stored at −80°C until analysis. Hormone assay protocols were identical to those published 

previously (Yin et al., 2015). Estradiol was analyzed in duplicate samples (200 μl) in a single 

assay, using an estradiol RIA kit (Cat. No. DSL-4800, Beckman Coulter, Webster, TX); 

assay sensitivity was 6 pg/mL and intra-assay CV was 1.2%. Concentrations of peripheral 

protein/peptide hormones were measured in duplicate 10 μl serum samples in a single 

Milliplex rat pituitary magnetic bead assay (RPTMAG-86K, Millipore, Billerica, MA). 

Intra-assay CV for each hormone was: luteinizing hormone (LH) 0.85%, follicle-stimulating 

hormone (FSH) 5.3%, thyroid stimulating hormone (TSH) 4.3%, growth hormone (GH) 

3.2%, prolactin (PRL) 1.5%, and brain-derived neurotrophic factor (BDNF) 2.1%. A rat 

steroid Magnetic Bead assay (STTHMAG-21K; Millipore) was used to measure serum 

progesterone (P4), triiodothyronine (T3) and thyroxine (T4), with intra-assay CVs: P4 8.1%, 

T3 11.4%, and T4 7.6%. The Magnetic Bead assays were conducted in the laboratory of Dr. 

Andrew Wolfe, Johns Hopkins University School of Medicine, and the E2 RIA in the Gore 

Lab at the University of Texas at Austin.

2.4. Data Analyses

Gene expression data were normalized to Gapdh within each animal, expressed relative to 

the MAT vehicle group. For both mRNA and hormone results, a Grubb’s test for outliers 

was conducted, and up to two outliers per group were removed if indicated. A two-way 

analysis of variance was performed to test for main effects of age, hormone treatment, and 

interactions, followed by Tukey HSD post-hoc analysis, the latter correcting for multiple 

comparisons. When data failed tests for normality and homogeneity, they were square root 

transformed and analyzed with an ANOVA. If transformation did not resolve normality 

issues, data were analyzed with a non-parametric Kruskal-Wallis test (KW). Because this 

test does not enable the determination of an interaction effect, we conducted pairwise 

comparisons between groups using the Conover method (Conover and Iman, 1979), and 

corrected for multiple comparisons with the Benjamini-Hochberg method (Benjamini and 

Hochberg, 1995) using the R package PMCMR (Pohlert, 2014). For all significant results, 

effect sizes were calculated as eta-squared (η2) using R (3.3.2). Eta-squared represents the 
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proportion of variance accounted for by the factor that is tested. An η2 greater than 0.06 is 

considered medium and an η2 greater than 0.14 is considered large (Gillette et al., 2016).

Gene expression heatmaps were created to visualize relationships across experimental 

groups. In order to cluster genes based on expression, a Pearson pairwise correlation matrix 

was generated for all genes across all treatment groups within each brain region (mPOA, 

BnST, MePD). A distance matrix was then created by subtracting one from the absolute 

value of each pairwise correlation, and complete linkage hierarchical clustering was 

performed based on this distance matrix. A hierarchical dendrogram was then generated for 

each heatmap based on the clustering results. To visualize gene expression differences 

between groups on the heatmap, gene expression values within a group were normalized as 

z-scores. Treatment groups were then hierarchically clustered based on Euclidian distance 

between these values. Heatmap construction (heatmap.2 in gplots) and clustering were 

performed in R (3.1.2). An effect was considered significant at p < 0.05.

3. Results

3.1. Gene expression in the POA

Of the 46 genes of interest, five had significant main effects of hormone treatment; in all 

cases, expression was higher in E2 than vehicle-treated males (Figure 1). These 5 genes 

were: Avpr1a [F(1,29) = 4.45, η2 = 0.13, p < 0.05], Bdnf [F(1,30) = 10.23, η2 = 0.25, p < 

0.01], Mc3r [F(1,29) = 4.28, η2 = 0.13, p < 0.05], Oxt [F(1,29) = 5.27, η2 = 0.15, p < 0.05], 

and Oxtr [F(1,28) = 8.04, η2 = 0.22, p < 0.01]. There were no significant main effects of age, 

or any significant hormone by age interactions, for genes in the POA. Results for the 

residual genes not significantly affected in the POA are provided in Supplemental Table 2.

3.2. Gene expression in the BnST

In the BnST, significant main effects of age were found for 6 genes, with expression lower in 

aged than mature males in all cases (Figure 2). These genes were: Cyp19a1 [F(1,27) = 5.52, 

η2 = 0.17, p < 0.05], Esr2 [F(1,27) = 6.06, η2 = 0.18, p < 0.05], Kiss1r [F(1,29) = 9.03, η2 = 

0.25, p < 0.01], Nos1 [F(1,27) = 6.86, η2 = 0.20, p < 0.05], Oxtr [F(1,26) = 4.85, η2 = 0.16, p 

< 0.05], and Thra [F(1,27) = 5.08, η2 = 0.16, p < 0.05]. Oxtr also had a significant main 

effect of hormone [F(1,26) = 9.96, η2 = 0.28, p < 0.01], with expression higher in E2 than 

vehicle males. Grm5 had a significant interaction of E2 and age [F(1,29) = 4.79, η2 = 0.15, p 

< 0.05], attributable to the mature-E2 males having higher expression than the aged-E2 

males (p < 0.05). Detailed results for residual genes not significantly affected in the BnST 

are provided in Supplemental Table 3.

3.3. Gene expression in the MePD

Of the three regions studied, the MePD had the largest number of changes. Five genes had 

significant main effects of age (Figure 3), with expression higher in aged than mature males. 

These genes were: Bdnf [F(1,33) = 3.99, η2 = 0.11, p < 0.05], Glo1 [F(1,31) = 11.37, η2 = 

0.27, p < 0.01], Gsr [F(1,32) = 8.58, η2 = 0.21, p < 0.01], Thrb [F(1,33) = 14.62, η2 = 0.31, p 

< 0.001], and Grin2b [F(1,33) = 4.59, η2 = 0.12, p < 0.05]. Grin2b also had a significant 
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effect of hormone treatment, with expression higher in E2 than Vehicle males [F(1,33) = 4.58, 

η2 = 0.12, p < 0.05].

Seventeen genes had significant age by hormone interactions in the MePD, as shown in 

Figure 4. These genes were: Ar [F(1,33) = 12.9, η2 = 0.28, p < 0.001], Avp [F(1,33) = 5.51, 

η2 = 0.14, p < 0.05], Cyp19a1 [F(1,33) = 5.66, η2 = 0.15, p < 0.05], Esr1 [F(1,33) = 8.95, η2 

= 0.21, p < 0.005], Esr2 [F(1,32) = 18.71, η2 = 0.37, p < 0.001], Grm1 [F(1,33) = 4.72, η2 = 

0.13, p < 0.05], Kiss1r [F(1,32) = 15.68, η2 = 0.31, p < 0.001], Mc3r [F(1,33) = 14.64, η2 = 

0.31, p < 0.001], Nos1 [F(1,33) = 6.75, η2 = 0.17, p < 0.05], Npy [F(1,33) = 5.29, η2 = 0.14, p 

< 0.05], Nr3c1 [F(1,33) = 6.92, η2 = 0.17, p < 0.05], Ntrk2 [F(1,33) = 8.29, η2 = 0.20, p < 

0.01], Oxt [F(1,32) = 8.96, η2 = 0.22, p < 0.005], Oxtr [F(1,33) = 14.29, η2 = 0.30, p < 0.001], 

Tac3 [F(1,33) = 12.14, η2 = 0.27, p < 0.001], Th [F(1,32) = 8.11, η2 = 0.20, p < 0.01], and Trh 
[F(1,33) = 22.44, η2 = 0.41, p < 0.001]. Avp also had a significant main effect of hormone, 

higher in E2 than vehicle males: [F(1,33) = 9.71, η2 = 0.23, p < 0.01]. Post-hoc statistics for 

the 17 genes with significant interaction effects are presented in Figure 4. Several of genes 

with significant interactions were up-regulated by E2 in the mature males and down-

regulated or unchanged by E2 in the aged males. Results for residual genes not significantly 

affected in the MePD are provided in Supplemental Table 4.

A summary and comparison of the changes in the POA, BnST and MePD is presented in 

Figure 5. Interestingly, each region had unique expression patterns, with POA genes 

affected only by hormone (increased by E2); the BnST primarily by age (decreased with 

age); and the MePD by age (increased with age) or interactions of age and hormone. The 

only gene identified in all 3 regions was Oxtr, although the directionality of effects differed 

between the regions.

3.4. Effects of estradiol and aging on serum hormone concentrations

Ten serum hormones were assayed (Figure 6), with post-hoc statistics shown in the graphs, 

and main effects presented both here and in the figure. Serum E2 was measured to validate 

the efficacy of the hormone treatment regime. A significant main effect of hormone was 

found, with serum E2 concentrations higher in the E2 replacement groups compared to 

vehicle, as expected [KW, η2 = 0.28, p < 0.005]. There was also a main effect of age, with 

estradiol concentrations elevated in aged compared to mature animals [KW, η2 = 0.14, p < 

0.05]. Serum progesterone concentrations were unaffected by age or hormone. Regarding 

the gonadotropins, LH concentrations were down-regulated by E2 [KW, η2 = 0.72, p < 

0.0001]. Serum FSH concentrations were also lower in E2 than vehicle males [KW, η2 = 

0.22, p < 0.01], and were decreased in aged compared to mature males [KW, η2 = 0.24, p < 

0.005]. BDNF had a main effect of age, and was lower in the aged group [F(1, 32) = 32.86, 

η2 = 0.51, p < 0.0001].

Of the thyroid hormones, serum TSH had a main treatment effect, and was lower in E2 than 

vehicle rats [F(1,32) = 29.43, η2 = 0.48, p < 0.0001]. For T4, there was a significant effect of 

age [F(1,33) = 12.45, η2 = 0.27, p < 0.005], with concentrations lower in aged than mature 

males. There was also a significant interaction [F(1,33) = 5.18, η2 = 0.14, p < 0.05], 

attributable to a difference between MAT-V and AG-V rats (p < 0.05). Serum T3 was 

unaffected by age or hormone.

Nutsch et al. Page 6

Mol Cell Endocrinol. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GH concentrations decreased with age [KW, η2 = 0.36, p < 0.0005], and were increased by 

E2 [KW, η2 = 0.22, p < 0.01]. Serum PRL had a main effect of age, greater in aged than 

mature males [KW, η2 = 0.12, p < 0.05], and a main hormone effect, higher in E2 than 

vehicle males [KW, η2 = 0.35, p < 0.0005].

3.5. Heatmaps

To ascertain relationships among groups of genes within each region, and to determine 

clustering of animals by age and treatment, we conducted a hierarchical cluster analysis and 

generated heatmaps (Figure 7). An unbiased group order was generated based on 

similarities of gene groups and the ordering of the treatment groups; these differed for the 

three regions in accordance with differential effects of age, hormones, and their interactions. 

Five to six groups were generated within each region based on top-down hierarchical 

splitting, so that each group would contain at least 5% of the total genes (Yin et al., 2015). 

The results are consistent with data for each region: namely, in the POA, the two vehicle 

groups and the two E2 groups cluster by hormone treatment, irrespective of age; in the BnST 

the clustering is by age but not hormone treatment; and in the MePD, the opposite effects of 

hormone within each age dominate the clustering. These unique gene clustering patterns 

within the color modules for each region may be informative for future studies.

4. Discussion

This study sought to evaluate the effects of estradiol, aging, and their interactions in male 

rats, focusing on gene expression in the POA, BnST, and MePD, and peripheral serum 

hormone levels. The brain regions were selected because of their high concentration of 

steroid hormone receptors, and their high expression of aromatase, the enzyme that converts 

testosterone into estradiol (Mitra et al., 2003, Perez et al., 2003, Stanic et al., 2014, 

Takahashi et al., 2006). In addition, as part of the brain’s social decision-making network, 

these regions are highly conserved across species (O'Connell and Hofmann, 2012) and play 

critical roles in a variety of reproductive, social, olfactory, and affective behaviors and 

underlying physiology. For example, the POA contains the GnRH and kisspeptin neurons 

that are obligatory to reproductive function (d'Anglemont de Tassigny and Colledge, 2010, 

Xue et al., 2014), and kisspeptin is necessary for the mediation of steroid hormone feedback 

actions on the hypothalamus (Clarke et al., 2015, Smith, 2013). The BnST, along with the 

MePD, is involved in olfaction and social recognition (Ervin et al., 2015). It is also sexually 

dimorphic, with males having a larger BnST than females (Bian et al., 2014). The POA, 

BnST and MePD are all modulated by estradiol, mediated primarily by ERα. Of these, the 

POA and BnST have larger roles in social preference, mating and territorial aggression, 

while the MePD is linked to social recognition (Ervin et al., 2015, Russell et al., 2012, Sano 

et al., 2013). Other studies have linked the MePD with aggressive behaviors (Sano et al., 

2016, Unger et al., 2015).

Estradiol but not age increases expression of five neuroendocrine genes in the POA

One of our most surprising findings was that in the POA, only 5 of the 46 genes (Avpr1a, 
Bdnf, Mc3r, Oxt, Oxtr) showed significant changes, with expression increased in the E2 

treatment groups. Three of these genes that encode oxytocin, oxytocin receptor, and 
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vasopressin receptor, are critical to the control of social behavior, although most of that 

literature has focused on the paraventricular nucleus and supraoptic nucleus (Hrabovszky et 

al., 2004, Winslow and Insel, 2004). Relatively little is known about E2 regulation of these 

nonapeptide signaling systems in the POA in males. In females, E2 tended to upregulate 

oxytocin mRNA expression in the POA, but this was not significant (Chung et al., 1991). 

Work from our lab on an ovariectomized female rat model found fewer effects of age and E2 

on nonapeptide gene expression in the POA (Yin et al., 2015), suggesting a greater 

sensitivity of the male than the female brain. Oxytocin in the POA facilitates sexual behavior 

in males, and this undergoes age-related impairments (Gil et al., 2011). Furthermore, 

oxytocin colocalizes with the p450 aromatase enzyme in the male POA (El-Emam Dief et 

al., 2013), suggesting the capacity of these cells to convert testosterone to estradiol.

Regarding BDNF, to our knowledge age- and estrogen-induced changes in the POA have not 

been reported in males, but other brain regions have been examined. Katoh-Semba et al. 

(Katoh-Semba et al., 1998) reported age-related increases of BDNF in the hippocampus and 

cortex of male mice. There is also strong evidence for estradiol regulation of BDNF in the 

female brain, including in hypothalamic regions (Yin et al., 2015, Zhu et al., 2013). While 

sex differences in expression of BNDF were reported in hippocampus (Franklin and Perrot-

Sinal, 2006), this was not found in the hypothalamus of mice (Ren-Patterson et al., 2006).

Also surprising in the POA was the lack of effect of age or E2 on expression of ERα and 

ERβ. In intact males, previous studies have found that neither the number of ERα-

immunopositive cells or mRNA expression in the medial preoptic nucleus (MPN) changed 

with age (Madeira et al., 2000, Wu et al., 2009). In males that were castrated and given 

either testosterone or vehicle replacement during the castration surgery, there was no 

difference in numbers of ERα immunoreactive cells with age, but there was a significant 

decrease with testosterone (Wu and Gore, 2010). That study differs from the current one in 

the hormone treatment (testosterone vs. E2), post-castration interval and duration, and level 

of analysis (ERα protein vs. gene expression), but despite these differences, its results 

suggest the possibility that the ERα may be more sensitive to androgen than estrogen 

regulation in the male preoptic area. Further work is needed to better resolve the 

experimental differences.

The BnST is predominately affected by age

The BnST, unlike the POA, showed mainly age-related changes, with most identified genes 

expressed at lower levels in aged than young males. The BnST is involved in social 

recognition, stress responses, duration of fear states, and mating behavior, and projects more 

directly to areas important in activation of the HPA axis than areas in the amygdala (Lebow 

and Chen, 2016). Though no studies were found for the BnST, in the PVN E2 acts through 

ERβ to increase NOS, thereby increasing NO production (Gingerich and Krukoff, 2005, 

Gingerich and Krukoff, 2006). Our results add to this literature by showing that both Nos1 
and Esr2 decrease with age in the BnST. Decreased oxytocin receptor expression and 

binding in the BnST have been reported to be associated with decreased aggression. Rats 

who were first time fathers exhibited facilitated parental care compared to virgins, and lower 

oxytocin receptor expression in the BnST, but not the MeA or POA (Perea-Rodriguez et al., 
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2015). On the other hand, when introduced to a novel male intruder, rats classified as 

excessively aggressive also showed the highest levels of oxytocin receptor binding in the 

BnST (Calcagnoli et al., 2014). Although the phenotypic outcomes of these studies were 

different, results indicate that both age and E2 regulate Oxtr in the BnST.

Other affected genes in the BnST included Cyp19a1 (aromatase), the age-related decrease in 

which may affect local estradiol synthesis if aromatase activity is similarly affected as its 

genes. The kisspeptin receptor, encoded by Kiss1r, was also identified. The kisspeptin 

system has been studied in the amygdala in the context of estrogen signaling in males 

(Stephens et al., 2016) and in sexual behavior (Gresham et al., 2016). Another gene, Thra, to 

our knowledge has not bee studied in the BnST of males, but knockout mice exhibit 

increased anxiety, as well as facilitated sexual behavior, with decreased mount and 

intromission latencies (Vasudevan et al., 2013). Thra has also been shown to interfere with 

ER-mediated transcription of other genes, such as Oxtr (Vasudevan et al., 2001). Finally, we 

found an effect of E2 on expression Grm5, a metabotropic glutamate receptor 5 (mGluR5). 

MGluR5 antagonists have anxiolytic effects, and induce induce c-Fos expression in the 

BnST (Inta et al., 2012, Palucha and Pilc, 2007). In that study, young mGluR5 knockout 

mice showed anti-depressive like effects of antagonist treatment, but aged mGluR5 

knockouts showed increased anxiety (Inta et al., 2013). Taken together, these studies suggest 

that the mGluR5 changes in its behavioral and hormone-responsiveness with aging.

Genes in the MePD were affected by interactions of age and E2 treatment

Seventeen genes in the MePD, falling into several functional classes including nuclear 

hormone receptors, neurotransmitters and neuropeptides and their receptors, had significant 

interaction effects. The MePD is involved in both olfaction and social behavior, and receive 

projections from the medial amygdala (MeA), the latter conveying chemosensory 

information (Maras and Petrulis, 2006, Maras and Petrulis, 2010) but the former having 

higher density of steroid hormone receptors (Maras and Petrulis, 2010). The MePD itself 

makes reciprocal projections with areas involved in reproductive behavior, including the 

POA and BnST (Morrell et al., 1984, Pardo-Bellver et al., 2012). Either castration or lesions 

of the MePD resulted in decreased preference for female odors by males (Maras and 

Petrulis, 2006, Xiao et al., 2015). Interestingly, oxytocin receptor binding densities in the 

medial amygdala correlated positively with social interest in males, but negatively in 

females, and males also showed higher overall levels of oxytocin receptor binding than 

females (Dumais et al., 2013).

It is notable that many affected genes in the MePD showed a pattern by which E2 increased 

expression in mature animals, but had no effect or decreased expression in older animals. 

For those genes that were up-regulated by E2 in mature males and were unaffected in aged 

males, this result is consistent with a loss of E2-responsiveness with aging. By contrast, 

genes that were up-regulated by E2 in mature males and down-regulated by E2 in aging 

males, continue to be responsive to this hormone, and the expression pattern may represent a 

compensatory mechanism caused by E2 treatment with aging. For these latter genes, 

castrated males had higher gene expression with aging, and E2 treatment in the aging 

animals “normalized” expression to the mature castrate baseline.
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There were also 5 genes undergoing age-related increases: Bdnf, Glo1, Grin2b, Gsr, and 

Thrb. Since these genes come from different families we cannot infer any generalities, but it 

is notable that the directionality of this response is the opposite from that in the BnST, in 

which all age effects were a decrease with age. This result underscores the importance of 

assessing effects of aging in a brain region-specific manner.

Serum hormones change as a result of age and estradiol

A hallmark of aging is changes in concentrations of the release patterns of peripheral 

hormones (Gore, 1998). Our results add to the literature of effects of castration and E2 

treatment during aging in male rats. Interestingly, while E2 treatment was effective in 

increasing serum E2 concentrations, aged males, whether given vehicle or E2, had higher 

serum E2 concentrations than their younger counterparts. These aged males are significantly 

heavier and have much larger fat depots, so this difference may be due to peripheral 

aromatization of adrenal hormones. The interpretation of our gene expression results 

therefore needs to be made in this context. Notably, the serum E2 concentrations achieved 

by hormone replacement were lower than those reported by our labs in intact male Sprague-

Dawley rats of similar ages (Wu and Gore, 2009, Wu et al., 2009) so we were not in the 

supraphysiological range – in fact, we were in the subphysiological range compared to intact 

male rats. This underscores the exquisite sensitivity of the male brain, that even low 

concentrations of E2 have profound gene expression effects.

Our results in castrated male rats showed a profound decrease in serum LH in response to 

E2, consistent with E2’s negative feedback actions. Our data extend previous work by 

showing that this response is maintained even in our aging male rats, similar to what has 

been reported for aging men (Veldhuis and Dufau, 1993) and female rats (Yin et al., 2015). 

Previous studies in intact male rats and men have reported decreases in LH during aging 

(Bonavera et al., 1997, Veldhuis et al., 2005, Walker et al., 2013). While there was not a 

main effect of age in our study, serum LH concentrations were lower in AG-V than MAT-V 

rats, consistent with the intact literature.

The serum PRL results were very interesting, as they showed a profound age-related 

increase, together with an up-regulation by E2 that was much greater in the old than the 

young male rats. The age-related increase in prolactin has been reported previously in intact 

male rats (Estes and Simpkins, 1980), but to our knowledge, this change in sensitivity to E2 

with age is a novel finding of our study, and differs from our aging female rats whose LH 

response to E2 treatment was comparable in young and aging animals (Yin et al., 2015).

Concentrations of several protein hormones were decreased with age; this finding for FSH, 

GH, and BDNF is largely consistent with the literature in rats and men (Dobado-Berrios et 

al., 1996, Driscoll et al., 2012, Heaton, 2003, Lommatzsch et al., 2005, Raven et al., 2006). 

For FSH, we also found a down-regulation with E2 treatment, the latter expected based on 

negative feedback effects of E2 on gonadotropins in humans of both sexes (Greenblatt et al., 

1976, Raven et al., 2006) as well as in female rats (Yin et al., 2015).

Finally, the thyroid hormone axis hormones also showed regulation by age and hormone. 

Serum T4 was lower in aged than mature males, a result that was not found for T3. By 
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contrast, TSH was decreased by E2 compared to vehicle, but there was no aging effect. 

These results are quite different to what we reported in ovariectomized females, in which 

TSH was increased by E2 (the opposite of our castrated males in the current study), and T4 

was decreased by E2 at all ages in the females but there was no effect of age (Yin et al., 

2015). Further work in males on the regulation of the hypothalamic-pituitary-thyroid axis by 

E2 is merited.

Summary, conclusions and limitations

Based on our results in castrated male rats, it is clear that the efficacy of hormone treatments 

on gene expression and hormone concentrations is profoundly influenced by chronological 

age. In fact, for many genes, the aging brain continues to be very responsive to E2 treatment, 

albeit differentially from the young adult brain. Because our study was limited to an array of 

48 genes in 3 brain regions, future work ought to extend findings to more gene targets, e.g. 

by RNA sequencing methods, and to more brain regions. Moreover, while our goal for the 

present study was to disentangle effects of E2 from those of other hormones on gene 

expression in brain nuclei, it would be interesting to compare these results in castrated males 

with gonadally-intact counterparts, or animals castrated and given other hormone treatments 

such as DHT or a combination of estrogen and androgen.

It is notable that the mature and aging rats did not have identical sexual experience and our 

results should be interpreted accordingly. We tried to take this into account as much as 

possible by trying to estimate the amount of experience a retired breeder would have, and to 

allow our mature animals to mate to ejaculation in 8 trials. Nevertheless, the timing between 

the last experience in the two age groups is different and was not possible to match perfectly 

based on the limited availability of aged rats from the vendor. We addressed this in a 

previous study in which we compared the effects of sexual experience and age on expression 

of ERα and AR (Wu and Gore, 2009) and found no effect of time lag after the last mating 

experience.

Despite these limitations, our study demonstrates conclusively that the E2 regulation of gene 

expression is region-specific and changes during aging in male rats. In particular, our 

molecular results in the BnST and MePD suggest that these are important regions for future 

research on functional outcomes. The gene expression results may also provide information 

for identifying targets for further analysis, to determine if the protein products change in a 

similar manner, and to ascertain consequences on other behavioral or physiological 

endpoints.
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• E2, aging, and their interactions altered gene expression in a region-specific 

manner.

• In the preoptic area of male rats, E2 increased expression of 5 genes.

• The BnST showed age-related changes in 7 genes, 6 decreasing with aging.

• In the amygdala, 22 genes were altered, most due to E2-age interactions.

• The aging male brain is highly sensitive to E2, albeit differently from the 

young brain.
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Figure 1. 
Genes in the POA for which there were significant main effects of hormone treatment are 

shown. Expression of all was higher in E2 than Vehicle male rats. There were no interactions 

or age effects. P-values for significant main effects of hormone treatment are specified for 

each panel. Data are shown as mean + SEM. Abbreviations here and in other figures are: 

MAT-V, mature-vehicle; MAT-E2, mature-estradiol; AG-V, aged-vehicle; AG-E2, aged-

estradiol.
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Figure 2. 
Expression of genes in the BnST that were significantly affected by age, hormone, or an 

interaction are shown. Significant main effects of age were found for Cyp19a1, Esr2, Kiss1r, 
Nos1, Oxtr, and Thra, all lower in aged than mature male rats. Oxtr also had a main hormone 

effect. Grm5 had a significant interaction of age and hormone, attributable to the mature-E2 

rats having higher expression than the aged-E2 rats (*, p < 0.05). P-values for significant 

main effects are indicated for each panel. Data are shown as mean + SEM.
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Figure 3. 
Genes with significant main effects of age, but no interactions, are shown for the MePD. 

Five genes had increased expression in aged compared to mature animals: Bdnf, Glo1, 
Grin2b, Gsr, and Thrb. Grin2b also had a significant main hormone effect, higher in E2 than 

Vehicle males. P-values for significant main effects are shown for each panel. Data are 

shown as mean + SEM.

Nutsch et al. Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Genes with significant interactions between age and hormone treatment are shown for the 

MePD. Significant effects of hormone within an age group are indicated by bold brackets. 

Significant effects of age within a hormone group are indicated by thin brackets. For Avp, 

there was also a significant main effect of hormone, higher in E2 than vehicle males. P-

values for post-hoc analyses of the interaction effects are indicated as: *, p < 0.05; **, p < 

0.01; ***, p < 0.001. Data are shown as mean + SEM.
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Fig 5. 
Summary of genes in the POA, BnST and MePD with significant main effects of age (left), 

hormone (middle), or a significant interaction (right).
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Fig 6. 
Serum hormone concentrations are shown. P-values for main effects of age or hormone are 

indicated on the graphs. For interactions, significant effects of hormone within an age group 

are demarcated by bold brackets, and significant effects of age within a hormone group are 

indicated by thin brackets. Interaction p-values are indicated as: *, p < 0.05, **p < 0.01, 

***p < 001. Data are shown as mean + SEM.
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Fig 7. 
Heatmaps of gene expression in the POA, BnST, and MePD are shown. Five to six groups 

were generated within each region based on top-down hierarchical splitting, indicated by 

color codes, so that each group would contain at least 5% of the total genes.
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