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Abstract
The control of reproductive function involves actions of sex steroids upon their nuclear receptors in
the hypothalamus and preoptic area (POA). Whether hypothalamic hormone receptors change their
expression in aging male mammals has not been extensively pursued, although such changes may
underlie functional losses in reproductive physiology occurring with aging. We performed a
stereological analysis of immunoreactive androgen receptor (AR) and estrogen receptor alpha
(ERα) cells in three POA nuclei of male Sprague-Dawley rats [anteroventral periventricular nucleus
(AVPV), median preoptic area (MePO), and medial preoptic nucleus (MPN)], at young (3 mo),
middle-aged (12 mo) and old (20 mo) ages. Serum testosterone and estradiol levels were assayed.
Testosterone concentrations decreased significantly and progressively with aging. Estradiol
concentrations were significantly higher in middle-aged than either young or old rats. Stereologic
analyses of the POA demonstrated that AR-immunoreactive cell numbers and density in the AVPV,
MePO and MPN were significantly higher in old compared with young or middle-aged rats. No
change in the total number or density of ERα immunoreactive cells was detected with age, although
when cells were subdivided by intensity of immunolabeling, the most heavily-labeled ERα cells
increased in number with aging in the AVPV and MePO, and in density in the AVPV. There are
several interpretations to our finding of substantially increased AR cell numbers during aging,
including a potential compensatory up-regulation of the AR under diminished testosterone
concentrations. These results provide further information about how the neural targets of steroid
hormones change with advancing age.
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Introduction
In mammals, the process of aging results in an increased probability of infertility or
reproductive dysfunction (Wise et al, 2002; Mobbs, 2004). However, the mechanisms
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underlying these processes are not well-understood. Nevertheless, it is clear that the three levels
of the hypothalamic-pituitary-gonadal (HPG) axis exhibit age-related changes. From the
hypothalamic perspective, reproductive systems comprise the neural circuits regulating
gonadotropin-releasing hormone (GnRH) neurons, together with the central nervous pathways
that control reproductive physiology. Any of these neural systems may undergo age-associated
alterations, changes to which may underlie some of the reproductive losses during aging.

Critical to reproductive function are actions of sex steroid hormones upon their receptors in
the nervous system. Several groups have assayed concentrations of gonadal steroid
concentrations during aging, although results differ depending upon species and even strain.
Reports on testosterone in male mammals are relatively consistent, showing age-related
declines in humans (Harman, 2001), rhesus monkeys (Downs and Urbanski, 2006) and rats
[Sprague-Dawley (Roselli et al., 1986); Wistar (Bernardi et al., 1998; Taylor et al., 1996);
Brown Norway (Chen et al., 1994; Gruenewald et al., 2000), Fischer 344 (Chambers et al.,
1991; Luine et al., 2007)]. Results for estradiol and aging in males are conflicting. In Fischer
344 rats (Fujita et al. 1990; Luine et al., 2007) and Wistar rats (Herath et al., 2001) serum
estradiol concentrations increase with aging, while for Sprague-Dawley rats (Goya et al.,
1990) and Brown Norway rats (Gruenewald et al., 2000) serum estradiol concentrations do not
change with aging. In primates, a significant age-related increase of plasma estradiol was
reported in normal adult men (Drafta et al., 1982; Vermeulen et al., 2002) but not in rhesus
macaques (Chambers et al., 1982, 1992). Thus, further information on whether and how serum
estradiol levels change with aging is needed. Notably, in adult male rats (Sprague-Dawley)
circulating estradiol concentrations are relatively high, being comparable to those in diestrous
females (see data below, and Smith et al., 1975; Oliveira et al., 2004), consistent with important
and physiologically-relevant roles of estrogens on reproductive functions (Larsson et al.,
1973; Vagell and McGinnis, 1997).

Understanding the expression of steroid hormone receptors in the brain is crucial for elucidating
the causes and consequences of reproductive aging. In young adults, brain nuclei that are
abundant in nuclear steroid hormone receptors including, but not limited to, androgen receptor
(AR; Simerly et al., 1990) and the estrogen receptors (ER), ERα and ERβ (Shughrue et al.,
1997; Mitra et al., 2003)] mediate effects of testosterone and estradiol, respectively, and play
key roles in the control of reproductive physiology and behavior. Observations that sociosexual
behaviors decline in male rats with aging (Gray, 1978; Chambers et al., 1991; Smith et al.,
1992; Taylor et al., 1996), and that these cannot be rescued by replacing steroid hormones to
young levels (Hsu et al., 1986, Taylor et al., 1996), are consistent with both steroid-dependent
and -independent neurobiological changes including potential alterations in numbers or
responsiveness of steroid hormone receptors in the brain. However, with the exception of
pathological disorders, the aging brain does not appear to undergo a wholesale loss of neurons
(Finch, 2003). Rather, there appear to be changes to or losses in specific cell phenotypes that
may underlie functional losses. This point can be applied to those neurons expressing nuclear
steroid hormone receptors, although to date, there are few published reports on how AR and
ER expression change with aging in male hypothalamus. Thus, studies on changes in hormones
and neural receptors in aging mammals will contribute to better understanding these biological
processes.

In the current study, we used immunohistochemistry and stereology to quantify the number of
cells expressing AR and ERα in the hypothalamus of aging male rats. Three preoptic brain
regions were chosen because of their robust expression of both ERα and AR: two, the
anteroventral periventricular nucleus (AVPV) and medial preoptic nucleus (MPN), play
functional roles in reproductive physiology and/or behavior (Wiegand and Terasawa, 1982;
Simerly and Swanson, 1988). Less is known about the median preoptic nucleus (MePO) in
reproduction, although it is involved in the control of vasopressin release (Xu et al., 2003), a
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hormone involved in pair bonding behaviors (Winslow et al., 1993), and which is anatomically
interconnected to the AVPV (Thompson & Swanson, 2003; Gu & Simerly, 1997).

Methods
Animals

Male Sprague-Dawley rats were purchased at 3 months (young, N=7), 12 months (middle-
aged, N=8) and 20 months (old, N=8), from the rat colony at the Animal Resource Center,
University of Texas at Austin (UT). This rat colony originally derived from a Harlan Sprague-
Dawley colony and is regularly introduced with new Harlan Sprague-Dawley rats. The middle-
aged and old rats were retired breeders. Although exact sexual experience was not known, our
animal colony allows a male to mate with two females periodically over the course of three to
four months. It is not possible to match this exact life history of sexual experience in young
rats, but for the young group, we placed each male rat in a cage with two receptive female rats
(rotated among males) at least five nights in a row. Mating was confirmed by checking for
sperm in the females’ vaginas. Rats were housed in an AAALAC-approved facility (two per
cage, cage dimensions 47 × 20 × 25 cm) with Rat Sterilizable Diet (Harlan Teklad LM −485
7012, Madison, WI) and water available ad libitum. The light cycle was 12 h light, 12 h dark
cycle (lights on 2300h), and temperature was 21 ± 1°C. All animal procedures performed herein
were approved by the UT-Austin IACUC (Protocol number: 05031102) and studies were
performed following the Guide for the Care and Use of Experimental Laboratory Animals.

Perfusion
Animals were deeply anesthetized with ketamine (100 mg/ml) and xylazine (20 mg/ml) (0.4
ml + 0.4 ml, respectively). Rats were perfused (48 ml/min) sequentially with 0.9% saline (24
ml), 0.9% saline with 10% heparin (24 ml), and 1% paraformaldehyde with 3.75% acrolein
(48 ml), followed by 4% paraformaldehyde (480 ml; Chakraborty et al., 2003b). All fixatives
were dissolved in PBSA (phosphate-buffered saline A: 0.08 M, PO4: 0.12 M, pH=7.3). The
brains were removed from the skull and post-fixed for 3 hours in 4% paraformaldehyde and
then transferred into PBSA with 0.05% sodium azide for storage at 4°C. Tissue sections (40
μm-thick) were cut on a vibrating microtome (Leica VT 1000S, Leica Microsystems, Nussloch,
Germany) and stored in PBSA with sodium azide at 4°C.

Immunohistochemistry
For tissue processing and analyses, tissues were henceforward recoded so that the experimenter
was blind to age group. Sections at the level of the POA were rinsed in TBST (Trizma-buffered
saline/Triton X, Trizma base: 0.1 M, NaCl: 0.15 M, Triton X-100: 0.1%, pH = 7.3) at room
temperature on a shaker. Although there were too many sections to process in a single run,
animals from each age group were equally represented in every run. Sodium borohydride [1%
in PBSB (phosphate-buffered saline B: saline: 0.16 M, PO4: 0.01M, pH=7.3)] was used to clear
the acrolein for 20 minutes. Sections were washed until no bubbles were observed. Then, the
sections were treated to eliminate any endogenous peroxide activity [3:1 methanol:3% H2O2,
20 minutes at room temperature]. For AR immunohistochemistry, sections were then washed,
and incubated in the AR antibody PG21−36 (1:2000; generously provided by Dr. Gail S. Prins,
University of Illinois-Chicaco). This antibody is a rabbit polyclonal raised against amino acids
1−21 of the rat AR and has been extensively characterized by Prins et al. (1991) and Zhou et
al. (1994). These laboratories have demonstrated that preabsorption of this antibody with the
antigen resulted in an abolition of immunoreactivity, and western blots showed strong
immunoreactivity at the expected molecular weight of 110 kDa. Furthermore, application of
the antibody to AR-negative tissue (rat spleen) resulted in no detectable immunoreactivity
(Prins et al, 1991). In one of those published studies, castration resulted in a loss of nuclear
ARir, a finding that could be attributable either to an up-regulation/maintenance of ARir by
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peripheral testosterone that is lost after castration, or to the possibility that the antibody only
binds to liganded AR receptor (Zhou et al., 1994). However, in the current studies, all males
were gonadally intact and had detectable concentrations of serum testosterone.

In our study, the primary antibody incubation was performed in 10% normal goat serum (NGS)
and 0.1% Triton-X overnight at 4°C on a shaker. The sections were then washed and incubated
in biotinylated anti-rabbit immunoglobulin G (IgG, 1:600, Vector Laboratories, Burlingame,
CA) for 2 hours followed by rinsing in TBST. After rinsing, sections were incubated in ABC
(Vector Laboratories) for 1 hour. They were rinsed in buffer and developed using 3,3-
diaminobenzidine (DAB) as a chromogen. Sections were rinsed, dried at room temperature
and then Nissl-stained (Toluidine blue; Chakraborty et al., 2003a; Salama et al., 2003), and
coverslipped with Vectashield (Vector Laboratories, Burlingame, CA). Controls were also run
with the primary antibody omitted, and no specific binding was observed.

The procedure of ERα immunohistochemistry was identical to that described above for AR
immunohistochemistry with the following exceptions. The assay buffer was PBSB. The ERα
antibody was the rabbit polyclonal anti-estrogen receptor alpha antibody (1:20,000, C1355,
Upstate Biotechnology, Waltham, MA) that was produced against the last 15 amino acids of
ERα. This region has no homology to the corresponding region of ERβ, so detection of
immunoreactivity should reflect the presence of ERα receptor only. In addition, Friend et al.
(1997) showed using immunoblots that the antibody recognizes the recombinant ERα of the
appropriate molecular weight, and recognizes both liganded and unliganded ERα (Friend et
al., 1997). Specific binding was eliminated in that study by preabsorption with the antigen.
Previously published work from our own laboratory, using ovariectomized female rats, showed
the ability of the antibody to detect nuclear ERα both in estradiol- and vehicle-replaced animals,
again suggesting that the antibody can bind to liganded and unliganded ERα (Chakraborty et
al., 2003a, 2003b). In the present study, when either primary antibody, AR or ERα, was omitted
as a negative control, no immunoreactivity was detected.

Stereological analysis
A stereological analysis was performed according to methods described in detail previously
(Chakraborty et al., 2003a, 2005). For the AVPV and MePO, every other section was used to
provide a 1:2 series for analysis of each nuclear receptor. For the MPN, every fourth section
was used to provide a 1:4 series of each receptor. A wet-mount of fresh tissue showed that
average tissue thickness was 40.9 μm. For each rat, 6−7 sections containing AVPV and MePO,
and 8−9 sections containing MPN were chosen. The sections were carefully matched for
rostral-caudal landmarks among all the animals, and the AVPV, MPN and MePO were
identified in Nissl-stained sections by comparing anatomical landmarks to an atlas of the rat
brain (Swanson, 1998). Quantitative analyses were done using a computer-assisted
morphometry system that consisted of a MAC 5000 Manual joystick control (Ludl Electronic
Products Ltd. Hawthorne, NY), MicroFire S99808 video camera (Optronics, Goleta, CA), Dell
computer (Dimension 4550 series, Austin, TX), and Cintiq 15× screen (Wacom, Vancouver,
WA) and Stereo Investigator® software. Using the Stereo Investigator® software
(MicroBrightField, Williston, VT), closed contours were drawn to surround the region of
interest (AVPV, MPN and MePO) at low magnification (4×) using the laboratory Olympus
BX-61 microscope. Each section mount thickness was measured within the contour. A buffer
zone at the top and bottom of the tissue, where the slice thickness is most likely to have been
affected by tissue processing and is not representative of the tissue specimen from the volume,
was set at 3 μm for all experimental stereology. For each rat, the volume of the regions of
interest in each section was extrapolated based on the contours and tissue thickness (Volume
= regional area × thickness). The Stereo Investigator software randomly placed 135 μm × 80
μm grids (“disector frames”) within each contour. Within these disector frames, the DAB-
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stained ERα or AR labeled nuclei were counted within a 40 μm × 40 μm counting frame
(“optical disectors”). The counting criteria were: 1) only nuclei that came into focus as we
focused down from the top of the counting frame were counted; 2) only nuclei falling entirely
within the counting frame or touching/crossing the top or right lines of the counting frame were
counted. Nuclei touching/crossing the bottom or left lines were excluded. These counting rules
ensured that the same cells would not be counted twice. In addition, because the diameter of
nuclei is approximately 10 μm, tissue thickness is 40 μm, and either a 1:2 series (or AVPV,
MePO) or 1:4 series (MPN) was used, nuclei could not be double-counted. Based on these
parameters, the number and density (# immunoreactive cells/volume of each nucleus) of AR-
immunoreactive (ARir) nuclei or ERα-immunoreactive (ERαir) nuclei falling within the
regions was quantified. The coefficients of error and variation of the estimates were calculated
as per Schmitz and Hof (2000) and shown in Tables 1 and 2. CE's were low and never exceeded
0.09 (see Tables 1 and 2). Photomicrographs were taken to produce the figures, and images
were subjected to only minor adjustments using Adobe Photoshop 7.0 (Adobe, San Jose, CA),
with any adjustments applied equally to tissues from rats of different ages to avoid any bias,
and so as not to alter the appearance from the original tissues.

During the course of stereologic analyses we noted that ARir and ERαir cell nuclei fell into
two qualitatively distinct classes that we have defined as “heavily labeled” and “lightly
labeled” (Figure 1) similar to a recent report (Phillips-Farfán et al., 2007). Criteria for “heavily
labeled” cells included a markedly more intense nuclear coloration (black) that was largely
evenly distributed through the nucleus (nuclei indicated by thick arrows in Figure 1). Criteria
for “lightly labeled” cells were a notably less intense coloration (gray) often characterized by
a spotty appearance (nuclei indicated by thin arrows in Figure 1). We used an internal scale of
cell density from 1−6, with 1=most lightly immunolabeled and 6=most heavily immunolabeled
that we used in characterizing the cells during analysis. Cells that were in the range 1−3 were
considered lightly-labeled and those 4−6 were heavily-labeled. There was virtually no
ambiguity in the assignment of cells to one of the other of these two classes, as most cells fell
into one of the two extremes. Therefore, in stereologic analyses we subdivided immunoreactive
cells in these two classes separately, and also combined data for analysis and presentation.

Serum Hormone Concentrations
A terminal blood sample was collected from the anesthetized rat by cardiac puncture just prior
to euthanasia by perfusion. The serum was separated by centrifugation (8000 rpm, 5 min) and
stored at −80 °C for hormone assays.

Enzyme immunoassay (EIA) of serum testosterone—Testosterone concentrations
were measured by a single testosterone enzyme immunoassay using the EIA kit DSL-10−4000
according to the method described by Diagnostic Systems Laboratories, Inc. (Webster, TX).
Duplicate samples were run at a volume of 50 μl each. The minimum detectable level of
testosterone was 0.04 ng/ml per tube. Intra-assay variability was 2.00%.

Radioimmunoassay (RIA) of serum estradiol—Estradiol concentrations were
measured in a single ultra-sensitive estradiol RIA using the DSL-4800 RIA kit according to
the method described by Diagnostic Systems Laboratories, Inc. (Webster, TX). Duplicate
samples were run at a volume of 200 μl each. The minimum detectable level of estradiol was
2.2 pg/ml per tube. Intra-assay variability was 1.41%.

Statistical Analysis
Statistical analysis was done with each rat as the unit of analysis. Using SPSS statistical
software (13.0) (SPSS Inc., Chicago, Illinois), effects of age were evaluated on the following
endpoints: number of ARir or ERαir cell numbers (subdivided into heavily-labeled, lightly-
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labeled, and total, as described above), regional volume of each brain nucleus, ARir or ERαir
density (calculated as cell numbers/volume), and serum hormone levels. First, datasets were
tested for homogeneity of variance and normality. For datasets that met these criteria,
comparisons were made by one-way ANOVA followed by Tukey post hoc analysis when
indicated by a significant main effect. Otherwise the nonparametric Kruskal-Wallis H test was
applied and followed by Mann-Whitney U test in the event of significant main effects.
Correlations between serum testosterone with total AR- and ERα-immunoreactive cell
numbers or density were evaluated by regression analysis using SPSS. In all cases, the criterion
for statistical significance was p < 0.05.

Results
Stereology of AR in AVPV, MePO and MPN of aging male rats

Representative photomicrographs of the expression and distribution of AR are shown in
Figures 2 and 3, and demonstrate the robust expression of AR in the nucleus of cells in the
AVPV, MePO and MPN. Stereologic analysis of ARir cell numbers was performed in the three
regions, taking into consideration whether nuclei were lightly- or heavily-labeled. As shown
in Figure 4, numbers of ARir cells increased significantly with age from young to middle-aged
to old for heavily-labeled, lightly-labeled and total numbers of ARir cells. In all cases, numbers
and densities of ARir cells were significantly higher in old than young male rats, and in most
cases (with the sole exception of lightly labeled AR cell numbers in AVPV) old rats had higher
AR cell numbers and densities than middle-aged rats. Middle-aged rats also had higher AR
numbers and densities than young rats in MePO for total AR cell numbers and density, and for
lightly labeled AR cell density in MPN (Figure 4).

Stereology of ERα in AVPV, MePO and MPN of aging male rats
Representative photomicrographs of the AVPV, MePO and MPN are shown in Figures 2 and
5, showing the regions of analysis and the expression and distribution of ERα. The data
demonstrate that ERαir is abundant in the selected hypothalamic areas. Stereologic analyses
of ERαir cell numbers were performed, taking into consideration whether cell nuclei were
lightly- or heavily-labeled (see Figure 1). No age-related change in the total number of ERαir
cell numbers and densities were detected (Figure 6). When cells were subdivided into the
lightly- or heavily-immunolabeled subgroups, there were no significant age differences on
lightly-labeled cells (Figure 6). However, a significant effect of age on the heavily-labeled
ERα cell numbers was detected in AVPV (p < 0.05) and MePO (p < 0.05), with a trend in the
MPN (p = 0.065). Post-hoc analyses of significant main effects showed that in the AVPV and
MePO (but not the MPN) numbers of heavily-labeled ERαir cells were significantly higher in
middle-aged than in young rats and higher in old than young rats. An effect of age on the density
of heavily labeled ERα immunoreactive cells was found only in AVPV (p < 0.05), with a trend
in MePO (p = 0.086) and MPN (p = 0.065). Post-hoc analysis of the AVPV showed this effect
was attributable to a difference between the young and middle-aged groups.

Serum testosterone and estradiol concentrations
Serum testosterone levels declined significantly with age (p < 0.001). Testosterone
concentrations were significantly lower in the old group than in the young or middle-aged rats
(p < 0.001 for both; Figure 7A). There was also a significant difference between middle-aged
and young rats (p < 0.05).

Serum estradiol levels varied significantly with age (p < 0.001) and were highest in middle-
aged rats and lowest in the old rats (Figure 7B). A significant difference between middle-aged
and old rats was detected (p < 0.001), as was a significant difference between old and young
rats (p < 0.01).

Wu et al. Page 6

J Comp Neurol. Author manuscript; available in PMC 2009 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Correlations between androgen receptor and serum testosterone levels
Based on observations for overall age-related increases in ARir cells, and decreases in serum
testosterone concentrations, regression analyses were performed between ARir cells (total
number and density) and serum testosterone levels (Figure 8) irrespective of age. Both ARir
cell number and density in AVPV, MePO and MPN were negatively correlated with serum
testosterone levels (p < 0.05 for all).

Discussion
In this study, we demonstrated a 3 to 4-fold age-related increase in AR immunoreactive cells
in three preoptic brain areas, the AVPV, MePO and MPN, in male Sprague Dawley rats. During
this same period, total serum testosterone levels decreased profoundly. Thus, there is a
significant inverse relationship between ARir cells and circulating testosterone. Although
ERαir cells increased modestly in these same three regions with age, effects were only
significant for the most heavily-labeled cells. Serum estradiol levels peaked in middle age,
suggesting that the regulation of expression of ERα by estradiol in male rats of increasing age
may be controlled by differing mechanisms, and at the very least, that there is a non-linear
relationship between the serum hormone and its nuclear receptor. These results demonstrate
the capacity of the aging male brain to continue to express nuclear hormone receptors, and
even its ability to increase the numbers of cells that synthesize these proteins.

Roles of three preoptic regions in male reproduction
The regions of interest in the current study were chosen based on their reported roles in
reproductive physiology and behavior, evidence for sexual dimorphisms, along with our own
pilot analyses showing their abundant expression of both AR and ERα in aging male rats. The
AVPV is a sexually dimorphic nucleus (Simerly, 1998) the function of which in male rats is
not well-understood, although it appears to be necessary for female ovulatory function
(Wiegand and Terasawa, 1982). The AVPV is smaller in male than female rats, and this effect
is organized perinatally by sex differences in steroid hormones (Polston et al., 2004). Finally,
the AVPV has abundant expression of both AR and ERα (Simerly et al., 1990; Chakraborty et
al., 2003a, 2003b). The MPN is a central integrative site for the regulation of male sexual
behavior. It receives inputs from sensory systems (Simerly and Swanson, 1986) and projects
to structures that are involved in copulatory behavior (Simerly and Swanson, 1988). Like the
AVPV, neonatal steroid hormones organize the size of the MPN, which is larger in males than
females (Bloch and Gorski, 1986; Portillo et al., 2006), and both AR and ERα are expressed
in this region (Chakraborty et al., 2003a, 2003b; Portillo et al., 2006). Although the MePO is
not well studied in the context of reproduction, it is highly interconnected with the AVPV
(Thompson and Swanson, 2003; Gu & Simerly, 1997) and it expresses ERα and AR (Yokosuka
et al., 1997; Iqbal et al., 1995). Thus, these three regions were chosen from the many
hypothalamic-preoptic regions that express AR and ERα as a first step in understanding how
these receptors change during male aging.

Androgen receptor cell numbers increase robustly with aging in POA, while serum
testosterone concentrations decrease

Quantitative stereologic analyses of numbers and densities of cells expressing AR
immunoreactivity in AVPV, MPN and MePO demonstrated abundant labeling and similar
densities in all three regions. Although there were some small differences between the regions,
in general, AR cell numbers and density were highest in old rats, with this age group having
roughly 3−4 times higher total AR cells compared to the young group, which had the lowest
AR expression. During this same period, total serum testosterone decreased from the young to
the old group, with young rats having approximately four times higher testosterone levels than
old rats. Indeed, our regression analysis showed a significant inverse relationship between
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serum testosterone and expression of total ARir cell numbers and density in the AVPV, MePO
and MPN. This result is surprising, as other studies evaluating the relationship between
androgen receptor and circulating testosterone have reported the opposite, namely, that the
presence or administration of androgen maintains or up-regulates the nuclear AR (Coolen and
Wood, 1999), and castration down-regulates AR mRNA (Handa et al. 1996), or changes its
localization from nuclear to cytoplasmic (Wood and Newman, 1993; Krey and McGinnis,
1990). These relationships do not appear to be the case in aging male rats.

There are several interpretations of our data that are not mutually exclusive. First, our
testosterone assay measured total testosterone (both bound and free), leaving open the
possibility that there may be differential age-related changes in free, as opposed to total
testosterone. To our knowledge this issue has not been addressed in aging male rats, although
human studies demonstrate that both total and free testosterone decline with age (Kang et al.,
2003; Feldman et al., 2002). Ongoing studies are investigating this question in a new cohort
of animals. A second and related possibility is that age-related differences in sex hormone
binding globulin, which increases with age (Kang et al., 2003; Feldman et al., 2002), decreases
the amount of bioavailable testosterone, and as a consequence, there is a compensatory up-
regulation of the AR. A third possibility is related to the sexual experience of the rats.
Fernandez-Guasti reported that sexual activity in male Wistar rats reduced hypothalamic AR
immunoreactivity in MPN compared to naive rats, but had no effect on total androgens
(Fernandez-Guasti et al., 2003). In the current study, although males were sexually experienced
they were used at time points post-experience that differed considerably. Our young rats were
perfused 1−2 weeks after they gained sexual experience while middle-aged and old rats were
retired breeders that were used 4- or 12-months, respectively, after retirement. Fourth, although
evidence in young male rodents discussed above indicates a positive correlation between serum
androgen and AR expression in hypothalamus-POA, it is possible that this relationship
becomes disconnected or dysregulated when rats reach middle age. In fact, our results are
suggestive of a compensatory up-regulation of the AR in response to diminished testosterone
concentrations. Fifth, testosterone may be synthesized within the brain (rat: Hojo et al.,
2004; human: Stoffel-Wagner et al., 1999) and this may change with aging, or compensate for
the age-related loss in peripheral steroids. Finally, the aging brain may increase its synthesis
of the AR independent of influences by gonadal steroids. We are currently performing
experiments on male rats that are castrated and given testosterone (or vehicle) replacement to
test what role, if any, testosterone plays in the regulation of its receptor with aging, or if the
age-related increase in AR is a function of aging that is independent of peripheral gonadal
hormones.

Estrogen Receptor α immunoreactive cells undergo limited changes with age, whereas
serum estradiol peaks at middle age

The results of our stereologic analyses showed small and primarily non-significant age-related
increases in total ERα in the POA of male rats. This finding is consistent with the report of
Madeira et al. (Madeira et al., 2000), who showed no difference in ERα cell numbers in the
aging male MPN. In addition, Jarry's laboratory reported that ERα mRNA did not change
significantly in the POA of aging Wistar male rats (Böttner et al., 2007), a result consistent
with our relative lack of change of the ERα protein. We also quantified ERαir cells in the MePO
and AVPV, in which we found significant increases in heavily-labeled ERα cells, but not lightly
labeled or total numbers of cells, similar to the MPN. As discussed above for the AR, we do
not know whether there is any functional difference between heavily- and lightly-labeled
ERαir cells, although this observation is not unique to our laboratory, as the classification of
ERα cells into lightly- and heavily-immunolabeled was published by another group (Phillips-
Farfán et al., 2007). Heavily-immunolabeled cells may express more estrogen receptors, may
have a different post-translational status (e.g., phosphorylation states), and/or may be
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differentially sensitive to estradiol. The most parsimonious interpretation of our results,
however, is that total ERα immunoreactive cell numbers do not change significantly in the
POA of aging male rats.

Despite our finding of little change in total ERα cell numbers, serum estradiol levels were about
two-fold and eight-fold higher in middle-aged than young or old males rats, respectively,
indicating that there is no obvious relationship between serum estradiol level and ERαir cell
numbers. Thus, if ERαir cell numbers are negatively regulated in male rats, as they are in
females (Lauber et al., 1990), there is a disconnection in this regulation with aging. Notably,
our current results on estradiol are not consistent with previous reports showing either no
change or an overall increase in estradiol with aging (Fujita et al. 1990; Luine et al., 2007;
Herath et al., 2001; Goya et al., 1990; Gruenewald et al., 2000; Drafta et al., 1982; Vermeulen
et al., 2002; Chambers et al., 1982, 1992). We do not know the reason for this difference but
it may be attributable to species/strain, and/or sexual experience. Finally, in considering the
regulation of nuclear receptors in the POA, it is necessary to understand the role of local
aromatization of testosterone to estradiol. Roselli et al. (1986) reported that hypothalamic
aromatase activity was unchanged in aging male rats, and there may be sufficient estrogen in
the POA of aged males, even with their lower testosterone levels, to maintain ERα protein
expression at a relatively similar level.

It should be noted that there is a second nuclear receptor for estrogens, the estrogen receptor
beta (ERβ), which is expressed in the MPN and AVPV of male and female rats (Zhang et al.,
2002; Chakraborty et al, 2003c; Bu & Lephart, 2007). In female rats, aging is associated with
a decrease in ERβ immunoreactive cell numbers in the AVPV (Chakraborty et al, 2003c).
ERβ mRNA in another hypothalamic region of female rats, the suprachiasmatic nucleus,
declined with age, although it did not change in periventricular preoptic nucleus (roughly
equivalent to AVPV), MPN or paraventricular nucleus (Wilson et al, 2001). To our knowledge,
age-related changes in ERβ in male brains have not been reported. We were unable to quantify
ERβ in the current study due to failure of available antibodies to work in our tissues, but this
is an interesting future area of research, particularly considering the changes of serum estradiol
in aging mammals discussed above.

Summary and Conclusions
Data from the present study add to previous observations showing that the AR and ERα are
expressed abundantly in AVPV, MePO and MPN, and extend these findings to the aging male
brain. ERα immunoreactivity increased modestly with age, an effect largely limited to the most
heavily immunoreactive cells, as total ERαir cell numbers and density did not change with
aging. Numbers and density of ARir cells in these three preoptic regions increased robustly
with aging, a period during which circulating testosterone declines precipitously. Indeed, a
significant negative correlation between serum testosterone concentrations and AR cell
numbers was detected in the AVPV, MePO and MPN, regardless of chronological age. These
findings provide quantitative evidence for differential expression of nuclear hormone receptors
in the aging compared to the young adult male POA.
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Figure 1. Criteria for assignment of cells as heavily and lightly immunolabeled
Data shown are for ERα, and similar criteria were applied to the AR analysis. The nuclei
indicated by large arrows are identified as heavily labeled based on black coloration and
relatively homogeneous distribution of label. Nuclei numbers indicated by small arrows are
identified as lightly labeled, as they are gray in color and have a spotty, uneven appearance.
Cells were easily categorized into one of the two classes using an internal scale of 1 to 3=lightly
labeled, 4 to 6=heavily labeled. Scale bar = 50 μm.
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Figure 2. Photomicrographs of representative ERα and AR immunolabeled sections
The POA is shown at 4× magnification at the level of the AVPV and MePO (panels A, C) and
the MPN (panels B, D) of a representative old male rat. Sections shown in A and C were
adjacent, as were B and D. Sections were labeled for AR immunoreactivity (top row) or
ERα immunoreactivity (bottom row), and counterstained by Nissl labeling. The contours of
the AVPV, MePO and MPN are drawn based on Nissl staining and in comparison to Swanson's
rat brain atlas (1998). [Note that during the actual stereological analysis, contours were drawn
according to the Nissl staining which is out of focus in the figure.] Scale bar = 500 μm.
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Figure 3. Photomicrographs of AR immunoreactivity in young, middle-aged and old rats
Representative sections from a young (panels A, B, C) middle-aged (panels D, E, F) and old
(panels G, H, I) male rat of the three brain regions [AVPV (left column), MePO (middle
column) and MPN (right column)] are shown. The contours of the AVPV, MePO and MPN
are drawn based on Nissl staining and according to Swanson's rat brain atlas (1998). Scale bar
= 200 μm.
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Figure 4. Stereologic analysis of AR immunoreactive cell numbers and density
AR immunoreactive cell numbers were counted in young, middle-aged and old rats in AVPV,
MePO and MPN. There were significant age-related increases detected for heavily labeled (A),
lightly labeled (B) and total numbers (C) of AR cells. Similar observations were made for AR
density in the three regions (panels D, E and F for heavily, lightly and total AR cell densities,
respectively). *, p < 0.05; **, p < 0.01.
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Figure 5. Photomicrographs of ERα immunoreactivity in young, middle-aged and old rats
Representative sections from a young (panels A, B, C) middle-aged (panels D, E, F) and old
(panels G, H, I) rat of the three brain regions [AVPV (left column), MePO (middle column)
and MPN (right column)] are shown. The contours of the AVPV, MePO and MPN are drawn
based on Nissl labeling and in comparison to Swanson's rat brain atlas (1998). Scale bar = 200
μm.
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Figure 6. Stereologic analysis of ERα immunoreactive cell numbers and density
ERα immunoreactive neuron numbers were quantified in young, middle-aged and old rats in
the AVPV, MePO and MPN. Data are shown for heavily labeled (A), lightly labeled (B) and
total (C) ERαir cell numbers. Although there were no differences with age in total or lightly
labeled ERαir cells, there was a significant increase in heavily labeled cells with age from
young to middle-aged in the AVPV and MePO. Panels D, E and F present similar data for
ERα cell densities in aging rats. The only significant difference in density was found for heavily
labeled ERαir cells, with an increase from young to middle-aged rats in the AVPV. *, p < 0.05;
**, p < 0.01.
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Figure 7. Serum testosterone and estradiol concentrations in aging male Sprague-Dawley rats
Serum testosterone (A) and estradiol (B) concentrations are shown. Both hormones were
affected significantly by age. *, p < 0.05; **, p < 0.01.
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Figure 8. Correlations between total androgen receptor cell (number and density) and serum
testosterone concentrations in aging male Sprague-Dawley rats
Regression analyses were performed for ARir numbers and density in AVPV (panels A, B),
MePO (panels C, D) and MPN (panels E, F). There were significant negative correlations
between serum testosterone concentrations and ARir cells in AVPV (p < 0.05), MePO (p <
0.05) and MPN (p < 0.01).
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