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The Androgen 5a-Dihydrotestosterone and Its Metabolite
5a-Androstan-33,173-Diol Inhibit the Hypothalamo-
Pituitary—Adrenal Response to Stress by Acting through
Estrogen Receptor 3-Expressing Neurons in the Hypothalamus

Trent D. Lund, Laura R. Hinds, and Robert J. Handa

Department of Biomedical Sciences, Colorado State University, Fort Collins, Colorado 80523

Estrogen receptor B (ERB) and androgen receptor (AR) are found in high levels within populations of neurons in the hypothalamus. To
determine whether AR or ER plays a role in regulating hypothalamo-pituitary-adrenal (HPA) axis function by direct action on these
neurons, we examined the effects of central implants of 173-estradiol (E2), 5a-dihydrotestosterone (DHT), the DHT metabolite 5a-
androstan-33,173-diol (33-diol), and several ER subtype-selective agonists on the corticosterone and adrenocorticotropin (ACTH)
response to immobilization stress. In addition, activation of neurons in the paraventricular nucleus (PVN) was monitored by examining
c-fos mRNA expression. Pellets containing these compounds were stereotaxically implanted near the PVN of gonadectomized male rats.
Seven days later, animals were killed directly from their home cage (nonstressed) or were restrained for 30 min (stressed) before they were
killed. Compared with controls, E2 and the ERe-selective agonists moxestrol and propyl-pyrazole-triol significantly increased the stress
induced release of corticosterone and ACTH. In contrast, central administration of DHT, 33-diol, and the ERB-selective compound
diarylpropionitrile significantly decreased the corticosterone and ACTH response to immobilization. Cotreatment with the ER antagonist
tamoxifen completely blocked the effects of 33-diol and partially blocked the effect of DHT, whereas the AR antagonist flutamide had no
effect. Moreover, DHT, 33-diol, and diarylpropionitrile treatment significantly decreased restraint-induced c-fos mRNA expression in
the PVN. Together, these studies indicate that the inhibitory effects of DHT on HPA axis activity may be in part mediated via its conversion

to 33-diol and subsequent binding to ER3.
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Introduction

The hypothalamo—pituitary—adrenal (HPA) axis is the major
neuroendocrine axis responding to stress. Stressful events, actual
or perceived, activate neurons within the paraventricular nucleus
(PVN) of the hypothalamus, which results in the enhanced syn-
thesis and secretion of hypothalamic neuropeptides (Spiess et al.,
1981). The major secretogogues regulating the HPA axis are
corticotropin-releasing hormone (CRH) and arginine vasopres-
sin. These neuropeptides can subsequently act alone or in concert
to stimulate the synthesis and release of adrenocorticotropin hor-
mone (ACTH) from anterior pituitary corticotrophs (Spiess et
al., 1981; Muglia et al., 1994, 2000; Whitnall et al., 1985). ACTH
drives adrenal corticosterone hormone secretion. In turn, HPA
axis activity is terminated by a negative feedback loop in which
the major inhibitory tone comes from circulating corticosterone
(De Kloet et al., 1983; Reul and de Kloet, 1985; Reul et al., 1987).
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There exists a sex difference in HPA function attributable, in
part, to circulating sex steroid hormones (Kornstein, 1997; Wil-
helm et al., 1998a; Viau and Meaney, 1991; Burgess and Handa,
1992; Handa et al., 1994b; Suzuki et al., 2001; Lund et al., 2004a).
When stressed, adult female rodents display a more robust HPA
response than adult males (Gaskin and Kitay, 1970; Viau and
Meaney, 1991; Burgess and Handa, 1992; Handa et al., 1994b;
Lund et al., 2004a). It appears that in males, androgens inhibit,
whereas in females, estrogens function to enhance (Handa et al,,
1994a,b; Viau and Meaney, 1996; Lund et al., 2004a), the activity
of the HPA axis.

Within the PVN of both male and female rats, androgen re-
ceptor (AR) (Huang and Harlan, 1994; Zhou et al., 1994) and
estrogen receptor B (ERB) are found in relatively high levels
(Hrabovszky et al., 1998; Somponpun and Sladek, 2003). How-
ever, the role that these receptors play in regulating PVN function
are not well established. Interestingly, the PVN is essentially de-
void of ERa (Shughrue et al., 1997a; Suzuki and Handa, 2005).

ERPB possesses a relative binding affinity (RBA) for several
compounds that different from that of ERa. The RBAs of propyl-
pyrazole-triol (PPT) and moxestrol are several-fold greater for
ERe than for ER3, whereas the binding to ER relative to ERa is
greater for diarylpropionitrile (DPN) (Kuiper et al., 1998;
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Table 1. Binding affinities of selected compounds for ERc and ERb

K; (nw)

Compound ERa ERB
E2 0.12 0.15
DHT 221 73
33-Diol 6 17
DPN 195 25
PPT 0.50 700
Moxestrol 0.50 2.6
4-0H-tamoxifen 0.09 0.04

Binding affinities (K; values in nm) of estrogen receptor subtype-selective ligands compared with 17 3-estradiol. The
values were determined by competitive binding assay using 100 .l aliquots of rabbit reticulocyte lysate supernatant
incubated at optimal time and temperature: 90 min at room temperature (ER) and 18 h at 4°C (ERex), with
increasing (0.01-50 nw) concentrations of [ *HJestrogen.

Stauffer et al., 2000; Meyers et al., 2001; Harris et al., 2002; Sun et
al., 2002). In addition, ERB also binds the metabolite of 5a-
dihydrotestosterone (DHT), 5a-androstane-3[3,173-diol (33-
diol) (Kuiper et al.,1998). The binding of 33-diol to ERB can
activate transcription with a potency equivalent to that of 173-
estradiol (E2) (Pak et al., 2005), and in the prostate gland, this
binding is sufficient to regulate growth (Weihua et al., 2002).
To examine the regulatory influence that AR and ERB might
exert on PVN neurons of the male rat in controlling the gain of
the HPA axis, we implanted pellets containing steroid hormones
or selective ER agonists directly above the PVN. Subsequently,
the corticosterone and ACTH response to immobilization stress
was measured and correlated with changes in the activity of PVN
neurons as monitored by examining c-fos mRNA expression.

Materials and Methods

Animals. Male Sprague Dawley rats (250-300 g) were obtained from
Charles River Laboratories (Wilmington, MA). Animals were caged in
pairs and housed in the Colorado State University laboratory animal
research facility and maintained on a 12 h light/dark schedule (lights on
at 7:00 A.M.) with ad libitum access to food and water. The Animal Care
and Use Committee at Colorado State University approved all animal
protocols.

Bilateral cannulation of the PVN. One week after arrival, animals were
gonadectomized (GDX) after anesthetization with ketamine (100 mg/
ml), xylazine (100 mg/ml), and acepromazine (10 mg/ml). After gonad-
ectomy, rats were fitted bilaterally with two 22 gauge stainless-steel can-
nulas (Small Parts, Miami Lakes, FL) with the aid of a small animal
stereotaxic instrument. The tips of the cannulas were packed previously
with one of the following compounds: DHT (Steraloids, Newport, RI),
E2, 5a-androstane-33, 173-diol (33-diol), moxestrol (Sigma, St. Louis,
MO), PPT, or DPN (Tocris Cookson, Ellisville, MO), dissolved into
warmed beeswax (VWR International, Bristol, CT) to a final concentra-
tion of 0.5 uM, and packed to a height of 2 mm within the end of the
cannulas. This concentration and packed height were determined empir-
ically by implanting a wax pellet containing radiolabeled ['*’T]E2 to
establish acceptable/optimal spread of compound (see below, Verifica-
tion of steroid diffusion and cannula placement). Controls received can-
nulas packed with wax alone.

Compounds used in these studies were specifically chosen based on
their unique binding characteristics. E2 binds with similar affinity to
both ERaand ERB. The RBA of PPT and moxestrol is several-fold greater
for ERa than for ERB, whereas the binding to ERf relative to ERa is
greater for DPN (Table 1) (Kuiper et al., 1998; Meyers et al., 2001; Sun et
al,, 2002). Additionally, 3B8-diol also binds ERB (Kuiper et al., 1998), is a
potent modulator of ER mediated transcription (Pak et al., 2005), and
can have physiological actions in prostate (Weihua et al., 2001, 2002).
Table 1 lists these compounds and their binding to ERs relative to E2.

Stereotaxic coordinates to allow placement of the cannula tip to the
region just above the PVN were based on previous work (Glass et al.,
2000) and modified to accommodate a lateral 10° insertion angle to 1.9
mm posterior and 2.0 mm lateral to bregma and 7.0 mm below the skull

J. Neurosci., February 1,2006 - 26(5):1448 —1456 « 1449

surface; trephining was accomplished using a Dremel (Mount Prospect,
IL) Moto-Flex tool. A 28 gauge stainless-steel wire (Small Parts), cut to
extend 1 mm past the length of the cannulas, was inserted into the can-
nulas and the pellet expelled. The cannulas were then retracted and the
surgery incision closed. For all cannulations, the incisor bar was set at 0.5
mm above the ear bars. Animals were killed 7 d after stereotaxic surgery.
To establish the capacity by which androgens exert their effects locally
and under more normal conditions, the approach of delivering androgen
receptor antagonist directly into the PVN in gonadal-intact animals was
initially considered; however, this is not the most informative approach
to determine whether androgen could act at the level of the PVN. The
data in the literature (Viau and Meaney, 1996) show that androgen im-
plants into the medial preoptic area and bed nucleus of the stria termi-
nalis could inhibit HPA responses to stress. Thus, there may be multiple
sites for the actions of androgen that would not necessarily be discerned
by implants of androgen receptor antagonists (such as flutamide) into
the PVN region. Therefore, the approach used in the studies presented
herein is more easily interpretable. Removing all androgen stimulation
(GDX), followed by implants of hormone into the PVN, would establish
arole for androgen thatis independent of androgen actions at other brain
sites.

Verification of steroid diffusion and cannula placement. The distance of
diffusion of hormones from the pellets was established using [ '*°I]E2 or
[*H]E2. A subset of male rats was cannulated, as described above, with a
wax pellet containing either the [ '*°I]E2 or [ *H]E2. After 7 d, the brains
were removed, sectioned, mounted, placed on film, or emulsion coated
and allowed to develop for 7 and 60 d, respectively, and then films were
analyzed to determine location and the diffusion distance from the im-
plantation site.

In the studies presented here, confirmation of pellet placement was
always made in cresyl-violet-stained sections, by identifying pellet loca-
tion relative to the desired region (Kim et al., 2000; Dhillo et al., 2003).
Figure 1 A shows representative pellet placement. Placement was assessed
by an observer blind to the intended pellet placement in slices in which
the desired nucleus (PVN) and pellet were identifiable. Animals with
pellet placement >0.5 mm away from the top of the PVN were excluded
from all data analysis based on the average diffusion of radiolabeled E2
from the pellet in brain tissue. Diffusion of the steroid was mostly con-
tained within a 0.5 mm area surrounding the pellet (Fig. 1 B-D shows
representative pellet locations). This amounted to a total of five animals
that were removed from the analysis.

Flutamide and tamoxifen injections. A subset of animals, implanted
with treatments of DHT, 33-diol, DPN, or empty wax pellet (control)
were given concurrent subcutaneous injections of flutamide [50 mg/kg
body weight (BW)], an AR antagonist, for 7 d after surgery. Another
group, consisting of the same treatments (DHT, 33-diol, DPN, control),
were injected subcutaneously for the 7 d after surgery with the ER antag-
onist tamoxifen (1 mg/kg BW).

One week after surgery, animals were assigned randomly to stress or
nonstress groups. Animals in the nonstress group were killed by decapi-
tation after brief halothane anesthesia directly after removal from their
home cages. Animals within the stress groups were restrained for 30 min
in a flat bottom Plexiglas restrainer (Plas-Labs, Lansing, MI) and then
quickly anesthetized (halothane) and killed by decapitation (all animals
were killed between 8:00 and 10:00 A.M.). Trunk blood and brains were
collected for later analysis.

Plasma hormones. When the rats were killed, trunk blood was collected
into ice-chilled tubes containing 0.5 M EDTA (200 wl) and 4 pg/ml
Aprotinin (100 ul). Blood was centrifuged, and plasma was removed and
stored at —20°C until assayed for corticosterone and ACTH by RIA.

Corticosterone was measured as described previously (Handa et al.,
1994a). Briefly, plasma was diluted 1:25 in PBS, and binding proteins
were heat denatured at 60°C for 1 h. Rabbit anti-corticosterone serum
(ICN Biomedicals, Costa Mesa, CA) was used at a final dilution of 1:
2000, according to manufacturer’s protocol. Standard curves were con-
structed from dilutions of corticosterone (4-pregnen-113, 21-diol-3, 20-
dione; 5-500 ng/ml; Steraloids). The interassay and intraassay coeffi-
cients of variation were 4.9 and 8.8%, respectively

ACTH was measured using a RIA kit (DiaSorin, Stillwater, MN) ac-
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cording to manufacturer’s instructions. The assay sensitivity was 15 pg/
ml. The intraassay and interassay coefficients of variation were 4 and
7.1%, respectively.

In situ hybridization. To compare changes in hormone secretory pat-
terns with changes in cellular activity within the PVN, we measured c-fos
mRNA using a 259 bp cRNA probe corresponding to the C-terminal end
of the rat c-fos gene (cDNA kindly provided by T. Curran, University of
Tennessee, Memphis, TN). The cRNA probe was reverse transcribed in
vitro in the presence of *>S-UTP (1000 Ci mmol ~'), as described previ-
ously (Nagahara and Handa, 1997)

Brains were sectioned at 16 wm on a Leitz 1720 digital cryostat, thaw
mounted onto Superfrost plus slides (VWR Scientific, West Chester,
PA), and stored at —80°C until assayed. For assay, tissue sections were
thawed at room temperature, fixed with 10% formaldehyde, acetylated
with 0.25% acetic anhydride, dehydrated in graded alcohols, and air-
dried. Sections were incubated in a hybridization solution (50% form-
amide, 0.60 M NaCl, 0.02 M Tris, 0.01 M EDTA, 10% dextran sulfate, 2X
Denbhart’s solution, 50 mm dithiothreitol, 0.2% SDS, 100 mg/ml salmon
sperm DNA, 500 mg/ml total yeast RNA, and 50 mg/ml yeast transfer
RNA) containing the radiolabeled cRNA at a concentration of 2 X 107
cpm/ml at 60°C overnight. After hybridization, the slides were rinsed in
2X SSC. Nonhybridized RNA was digested with 30 mg/ml RNase A for
30 min at 37°C. The final wash stringency was 0.1X SSC at 60°C. For
autoradiographic detection of hybridization, slides were exposed to
Kodak BioMax MR autoradiographic film (Amersham Biosciences, Pis-
cataway, NJ) for 10 d.

Image analysis. Hybridization density per unit area was quantified
using Scion (Frederick, MD) Image software. Images were captured us-
ing a Sony (Tokyo, Japan) XC-77 CCD camera with a Nikon (Melville,
NY) 55 mm lens and a Dell Precision 3340 computer (Dell Computer
Company, Round Rock, TX). Background hybridization was first deter-
mined in an adjacent region devoid of labeling. The integrated optical
density was calculated for the PVN, and background was subtracted. For
PVN measurements, a circular template of fixed area, encompassing
most of the PVN but not extending beyond its boundaries, was used.
Bilateral measurements were taken from the PVN of five different sec-
tions for each animal. These measurements were then averaged together
to give the mean value for that animal.

Total RNA isolation. Total RNA was isolated from microdissected PVN
according to the method outlined by Chomczynski and Sacchi (1987).
The PVN was micropunched from frozen hypothalamic slices as de-
scribed previously (Price et al., 2000). Quantification of RNA was done

<«

Figure 1. Verification of ligand pellet placement. The locations of pellets were localized in
cresyl-violet-stained sections by identifying pellet location relative to the desired region. A,
Typical histology with hormone-containing pellets indicated. B-D, Placement of the pellets
from a representative experiment with locations plotted onto atlas diagrams of the brain in the
region of the PVN [diagrams adapted from Swanson (1998/1999)]. Each black dot represents
the center of a hormone pellet. V3, Third ventricle; PVH, paraventricular hypothalamic nucleus;
PVHdp, paraventricular hypothalamicnucleus, dorsal parvicellular part; PYHmpd, paraventricu-
lar hypothalamic nucleus, medial parvicellular part; PVHpml, paraventricular hypothalamic nu-
cleus, posterior magnocellular part, lateral zone; PVHpmm, paraventricular hypothalamic nu-
cleus, posterior magnocellular part, medial zone; PVHpv, paraventricular hypothalamic
nucleus, periventricular part; PVHIp, paraventricular hypothalamic nucleus, lateral pariven-
tricular part; RE, nucleus reunions; REd, nucleus reunions, rostral division, dorsal part; REI, nu-
cleus reunions, rostral division, lateral part; REm, nucleus reunions, rostral division, median
part; PVa, periventricular hypothalamic nucleus anterior part; PVi, periventricular hypothalamic
nucleus, intermediate part; SBPV, subparaventricular zone hypothalamus; ZI, zona incerta; fx,
columns of the fornix; AHNa, anterior hypothalymic nucleus, anterior part; AHNc, anterior hy-
pothalymic nucleus, central part; AHNd, anterior hypothalymic nucleus, dorsal part; AHNp,
anterior hypothalymic nucleus, posterior part; RCH, retrochiasmatic area; sup, supraoptic com-
missures; ARH, arcuate hypothalamic nucleus; VMHa, ventromedial hypothalamic nucleus, an-
terior part; VMHc, ventromedial hypothalamic nucleus, central part; VMHdm, ventromedial
hypothalamic nucleus, dorsomedial part; VMHvl, ventromedial hypothalamic nucleus, ventro-
lateral part; MEin, median eminence, internal lamina; MEex, median eminence, external lam-
ina; TU, tuberal nucleus; VM, ventromedial nucleus; SMT, submedial nucleus thalamus; PR,
perireuniens nucleus; mtt, mammillothalamic tract.
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Table 2. Primer sequences and annealing temperatures used for amplification of mRNAs for various steroid

metabolizing enzymes
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Synthesis of hormone receptor proteins. Full-
length human ERa expression vector (pcDNA-

Gene Primers Annealing temperature  Extensiontime R R.H. Price, University of California, San
Francisco, San Francisco, CA) and rat ERS ex-
17-HSD Forward primer, 5’-GTGCGAGAGTCTGGCGATCCTG-3’ 68°C 12s pression vector (pcDNA-ERB; T.A. Brown,
Reverse primer, 5'-GGGTAGGAAGCGGTTCGTGGAG-3' Pfizer, Groton, CT) were synthesized in vitro
Aromatase Forward primer, 5-CCTGGCAAGCACTCCTTATCAA-3' 64°C 22s using the TnT-coupled reticulocyte lysate sys-
Reverse primer, 5'-CCTGTGCATTCTTCCGATGTTC-3’ tem (Promega) with T7-RNA polymerase, dur-
Sa-Reductase 1 Forward primer, 5-CGCGTCCTGCTGGCTATGTT-3" 66°C 195 ing a 90 min reaction at 30°C. Translation reac-
Reverse primer, 5’ -CTGATGGTGCTGCTTCGCTCTG-3 tion mixtures were stored at —80°C until

CYP7B Forward primer, 5'-AGCTATGGAAGTCCTGCGTGA-3 62°C 22s further use.
Reverse primer, 5-GCCCAGAAACATGCGACTGT-3" Saturation isotherms. To calculate and con-
3a-HSD Forward primer, 5-GCAAGATTGAAGACGGCACTG-3 60°C 1:15 firm the binding affinity of DPN and PPT for
Reverse primer, 5'-AGCTGGTAGCGAAGGGCAACTA-3’ ER, 100 wl aliquots of reticulocyte lysate super-
3B-HSD Forward primer, 5’-GGCCAGAGGATCATCCGGATGTT-3" 67°C 10 natant were incubated at optimal time and tem-
Reverse primer, 5'-TGTCCCGATCCACTCCGAGGTTT-3' perature, 90 min at room temperature (ERB)
and 18 h at4°C (ERa), with increasing (0.01-50
nM) concentrations of [*H]E2. These times
R were determined empirically and represent optimal binding of receptor
" . " ml g oSt with estrogen. Nonspecific binding was assessed using a 200-fold excess
=0 s - ™ i ., of the ER agonist diethylstilbestrol in parallel tubes. After incubation,
?”' i Emo bound and unbound [ *H]E2 were separated by passing the incubation
£ = ' B §1so| :. reaction through a 1 ml lipophilic Sephadex LH-20 (Sigma) column.
E”' g Columns were constructed by packing a disposable pipette tip (1 ml;
8% Labcraft; Curtin Matheson Scientific, Houston, TX) with TEGMD (10
‘o:_ 11111 m|_. 1-1-1-1-1- mM Tris-Cl, 1.5 mm EDTA, 10% glycerol, 25 mM molybdate, and 1 mm
®Conrol €2 ?“r;u:Z:""'emﬁ."; T Mox *Control €2 o Sl ";::N. PRT Mox dithiothreitol, pH 7.4)-saturated Sephadex according to previously pub-
lished protocols (Handa et al., 1986; O’Keefe and Handa, 1990). For
Figure 2.  DHT- and ERB-selective ligands suppress the hormonal response to restraint ~ chromatography, the columns were re-equilibrated with TEGMD (100

stress. Wax pellets containing E2, DHT, 3 3-diol, DPN, moxestrol (Mox), or PPT were implanted
directly above the PVN, and the hormonal response to a 30 min restraint stress was measured.
A, Corticosterone levels. B, ACTH levels in stressed animals after central treatment with DHT, the
ERB-selective compounds 33-diol and DPN with E2, or the ERce-selective ligands moxestrol
and PPT. The asterisk indicates groups that were significantly different from vehicle controls
(p < 0.05). Each bar represents the mean == SEM of six or seven animals.

with a Beckman Instruments (Fullerton, CA) DU 530 spectrophotome-
ter. Only those samples with a 260:280 ratio of >1.6 were used in these
studies.

Reverse transcriptase-PCR. Two micrograms of total RNA were
brought up to 11 ul with RNase-free water. One microliter of oligo d(T)
at 0.5 ug/ul (Invitrogen, San Diego, CA) was added, then the reaction
was heated to 65°C to allow the RNA to unfold. The reaction was cooled
on ice, then RNA mix was combined with M-MLV buffer (50 mm Tris-
HCI, pH 8.3, 75 mm KCl, 3 mm MgCl,), 10 mm DTT, and 0.5 mm each
dNTP and M-MLV reverse transcriptase (RT) (Invitrogen). Reverse
transcriptase reaction was for 10 min at room temperature and 50 min at
42°C and then heated to 95°C for 5 min to denature the reverse
transcriptase.

PCR was performed using a DNA Master SYBR Green I kit and a
Roche (Indianapolis, IN) Lightcyler. MgCl, concentration was deter-
mined empirically to be optimal at 5 mm final concentration. DNA-free
water, MgCl,, and SYBR Green mix were prepared according to kit di-
rections, then 0.8 U of Platinum Taq antibody (Invitrogen) was added
and allowed to incubate at 4°C for ~10 min. Five picomoles of forward
and reverse primer per reaction were aliquotted into capillary tubes
(Roche), and 1/20th of the reverse transcription mix was added to each
sample, except for the control tubes, which received DNA-free water of
the same volume. Capillary tubes were heated to 95°C for 2 min, then a
repeated cycle of 95°C for 2 s, annealing temperature (Table 2) for 10s,
and 72°C for extension time (Table 2) with fluorescence detection at the
end of each 72°C step. Hybrids were then melted with continuous flores-
cence detection to 95°C. PCR for 3a-hydroxysteroid dehydrogenase (3a-
HSD) was performed with an Eppendorf Scientific (Westbury, NY) Mas-
tercycler Personal thermocycler. Tubes were heated for 2 min at 95°C,
then a repeated cycle of 95°C for 45 s, 60°C for 30 s, and 72°C for 1 min
and 15 s. Samples were subjected to electrophoresis in a 2% agarose
matrix in Tris borate—EDTA alongside a 100 bp ladder (Promega, Mad-
ison, WI).

ul), and the incubation reactions were added individually to each col-
umn and allowed to incubate on the column for an additional 30 min.
After this incubation, 600 ul of TEGMD were added to each column,
flow-through was collected, 4 ml of scintillation fluid was added, and
samples were counted (5 min each) in an 2900 TR Packard scintillation
counter (Packard Bioscience, Meriden, CT).

Statistics and analysis. Where appropriate, data were analyzed by
ANOVA followed by Newman—Keuls post hoc tests. Significance was set
at p < 0.05. Curve fitting, scientific graphing, and analysis were com-
pleted using GraphPad Prism 3.0 software (GraphPad Software, San Di-
ego, CA).

Results

DHT- and ER3-selective ligands suppress the hormonal
response to restraint stress

Wax pellets containing E2, DHT, 33-diol, DPN, moxestrol, or
PPT were implanted directly above the PVN to determine the
direct influence of these compounds on the hormonal response
to restraint stress. Two-way ANOVA of plasma corticosterone
levels in restrained and nonrestrained animals revealed a signifi-
cant treatment (Fq 46) = 6.83; p < 0.01), stress (F(, 4¢) = 882.48;
p < 0.01), and treatment-by-stress (Fs 46 = 6.99; p < 0.01).
Using post hoc analysis, it was determined that corticosterone
levels in stressed animals were significantly reduced by central
treatment with DHT or the ERB-selective compounds 33-diol
and DPN compared with vehicle controls ( p < 0.05). On the
other hand, plasma corticosterone levels were significantly in-
creased after central treatment with E2 or the ERa-selective li-
gands moxestrol and PPT, when compared with controls ( p <
0.05). These data are shown in Figure 2 A. Similarly, as shown in
Figure 2 B, significant treatment (Fs 66y = 8.36; p < 0.01), stress
(F166) = 645.66; p < 0.01), and treatment-by-stress (Fiq¢6) =
7.36; p < 0.01) effects were seen in the ACTH response to re-
straint. Post hoc analysis of ACTH levels showed a pattern that
was similar to that exhibited by plasma corticosterone. ACTH
levels after restraint stress were significantly reduced in DHT,
3B-diol, and DPN treated males ( p < 0.05), whereas ACTH lev-
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Figure 3.  Androgen receptor antagonism does not block the effects of centrally adminis-

tered DHT 33-diol or DPN on plasma corticosterone response to restraint stress. Corticosterone
(A) and ACTH (B) levels were determined 30 min after restraint stress in animals treated cen-
trally with DHT, 3 3-diol, or DPN and treated concomitantly with flutamide. *p << 0.05 signifi-
cant difference compared with control treatment. **p < 0.05 significantly higher corticoste-
rone levels than DHT males not treated with flutamide. Each bar represents the mean = SEM of
8-10 animals.

elsin E2-, moxestrol-, and PPT-treated animals were significantly
increased relative to controls ( p < 0.05).

Androgen receptor antagonism does not block the effects of
centrally administered DHT or 3 3-diol

Previous research has shown that androgens act to inhibit the
activity of the HPA axis (Gaskin and Kitay, 1970; Handa et al.,
1994a; Viau and Meaney, 1996; Lund et al., 2004a), and androgen
receptors are found in neurons of the PVN (Bingaman et al.,
1994; Zhou et al., 1994). Therefore, the inhibitory influence of
DHT, 38 diol, and DPN on corticosterone and ACTH secretion
could be androgen receptor mediated. Consequently, we admin-
istered the androgen receptor antagonist flutamide to animals
centrally implanted with DHT, 33-diol, or DPN. Examination of
corticosterone levels before and after restraint stress showed a
significant treatment (F(; ;) = 6.47; p < 0.01), stress (F, ;) =
533.31; p < 0.01), and treatment-by-stress (F; ,,) = 6.68; p <
0.01) effect. However, no flutamide (F, ,,, = 0.2; p = 0.21),
treatment-by-flutamide (F;,,) = 0.9; p = 0.45), stress-by-
flutamide (F(, ;;y = 0.45; p = 0.5), or treatment-by-stress-by-
flutamide (F;,,) = 0.62; p = 0.6) effects were seen (Fig. 3A).
Similar differences were identified in ACTH levels. Significant
ACTH treatment (F(;,,) = 5.97; p < 0.01), stress (F, 5y =
517.11; p < 0.01), and treatment-by-stress (F; ,,) = 7.04; p <
0.01), but no flutamide (F, ;) = 0.2; p = 0.21), treatment-by-
flutamide (F; ;7y = 0.9; p = 0.45), stress-by-flutamide (F, ;,, =
0.45; p = 0.5), or treatment-by-stress-by-flutamide (F;,,, =
0.62; p = 0.6), effects were identified (Fig. 3B). In concert with
our previously described observations, DHT, 33-diol, and DPN
significantly decreased corticosterone plasma levels compared
with control animals ( p < 0.05), regardless of whether the animal
was treated with flutamide. Interestingly, although both stressed
males treated with DHT and DHT plus flutamide showed a sig-
nificant decrease in corticosterone and ACTH levels compared
with control-treated, stressed males, those animals treated with
flutamide had significantly higher corticosterone and ACTH lev-
els than did DHT males not treated with flutamide ( p < 0.05).
Such data suggest that DHT could be working partially through
an AR-mediated mechanism.

Although it is possible that the dose of flutamide used was
insufficient to block AR in the PVN, similar doses of flutamide
have been used to block AR-mediated behaviors (Mathias et al.,
1999; Lund et al., 2000), and this dose inhibited prostate growth
in the DHT-treated males (data not shown).
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Figure4. The estrogen receptor antagonist tamoxifen blocks the effects of centrally admin-

istered DHT, 3 3-diol, and DPN. Plasma corticosterone (A) and ACTH (B) levels were determined
in restrained (30 min) or nonrestrained males with PVN implants containing DHT, 33-diol, or
DPN and then treated with tamoxifen did not differ from controls. *p < 0.05, significant
difference compared with control treatment. Double asterisks indicate groups treated with
tamoxifen that had significantly higher corticosterone levels than did comparably treated group
but without tamoxifen ( p << 0.05). Each bar represents the mean = SEM of 8 —10 animals.

An estrogen receptor antagonist prevents the effects of
centrally administered DHT and 3 3-diol

Because the inhibitory effects of 38-diol or DPN on the hormonal
stress response do not seem to be mediated by androgen receptor,
we next sought to determine whether the effects are ER mediated.
To accomplish this, the ER antagonist tamoxifen was adminis-
tered to GDX males implanted with carrier alone or DHT, 3f3-
diol, or DPN. Examination of corticosterone levels before and
after restraint stress revealed a significant treatment (F; ;5 = 6.8;
p < 0.01), stress (F(, ;5 = 936.57; p < 0.01), and treatment-by-
stress (F 3 75 = 6.69; p < 0.01) effect. Furthermore, a significant
tamoxifen (F, ;5) = 17.65; p < 0.01), treatment-by-tamoxifen
(F75 = 2.75 p < 0.05), and stress-by-tamoxifen (F, ;5 =
16.38; p < 0.01) effect was also found. Similarly, ACTH levels
before and after restraint stress revealed a significant treatment
(F3.75) = 7.27; p < 0.01), stress (F(, ;5 = 898.73; p < 0.01), and
treatment-by-stress (F(; ;5) = 7.11; p < 0.01) effect as well as a
significant tamoxifen (F(, ;5) = 15.98; p < 0.01), treatment-by-
tamoxifen (F; .5 = 4.83; p < 0.01), and stress-by-tamoxifen
(F1,75) = 18.45; p < 0.01) effect. In confirmation of the studies
presented above, DHT, 33-diol, and DPN again significantly de-
creased poststress plasma corticosterone and ACTH levels com-
pared with control males ( p < 0.05). However, when males im-
planted with DHT, 3B-diol, or DPN were injected with
tamoxifen, the inhibitory effects of these compounds on post-
stress corticosterone and ACTH were eliminated. Plasma corti-
costerone and ACTH levels in stressed males implanted with
DHT, 33-diol, or DPN and then treated with tamoxifen did not
differ from controls ( p > 0.05). These data are presented graph-
ically in Figure 4, A and B, respectively.

E2 and DHT differently influence restraint induced c-fos
expression in the PVN

In situ hybridization was used to detect c-fos mRNA levels and to
examine the influence of various compounds on the activation of
PVN neurons after stress. Significant treatment (F, 45, = 3.2;p <
0.05) and stress (F 3 40y = 13.9; p < 0.05) effects were identified.
c-fos mRNA expression was low in all unstressed animals and was
significantly elevated in control animals 30 min after restraint.
Post hoc analysis showed that restraint-induced c-fos mRNA
expression was significantly greater in E2- and PPT-treated
animals relative to the stressed control group. In contrast,
after restraint, c-fos mRNA in the PVN of DHT-, 33-diol-, and
DPN-treated animals was significantly lower relative to
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Figure5. E2andDHTinfluence restraintinduced c-fos mRNA expression inthe PVN. 4, In situ
hybridization was used to semiquantitate c-fos mRNA levels in the PVN and to examine the
influence of various compounds on the activation of PVN neurons after stress. * indicates groups
that were significantly greater relative to the stressed control group ( p < 0.05). ** indicates
groups that, after restraint, showed c-fos mRNA levels in the PVN that were significantly lower
relative to stressed controls ( p << 0.05). B, Representative photomicrographs from each of
these groups. Each bar represents the mean == SEM of 8 —10 animals. 3V, Third ventricle.

stressed controls ( p < 0.05). Graphic representation of these
data is presented in Figure 5.

The PVN contains relevant steroid hormone

metabolizing enzymes

In order for DHT to be converted to ERB-binding ligands such as
3B-diol, it is necessary for the appropriate steroid metabolizing
enzymes to be present in or around the PVN. Given the relatively
short half-life of 38-diol in peripheral circulation (Grover and
Odell, 1975), coupled with the fact that we administered 33-diol
directly above the PVN, these data suggest that local synthesis of
the hormone is an absolute requirement for its regulatory action.
Previous studies have demonstrated that DHT is produced in the
brain by the 5a-reduction of testosterone (Krieger et al., 1983).
Subsequently, DHT can be metabolized to either 3a-diol or 33-
diol by the actions of 3a-HSD or 38-HSD, respectively. Although
previous studies indicated two distinct fates of DHT, recent stud-
ies indicate that the metabolism to 3a-diol is a reversible reaction
(Steckelbroeck et al., 2004). 33-Diol is also produced from DHT
through the actions of 3a-HSD and 178-HSD (Gangloff et al.,
2003; Torn et al., 2003; Steckelbroeck et al., 2004).

Using RT-PCR, we determined that the mRNAs of enzymes
critical for the metabolism of testicular androgens to endogenous
ER ligands are present within cells of the PVN (see supplemental
material, available at www.jneurosci.org). Specifically, mRNAs
for aromatase (Fig. 6A), 5a-reductase (Fig. 6 B), 173-HSD (Fig.
6C), 3a-HSD (Fig. 6 D), and cytochrome p450 7b (CYP7B) (Fig.
6 F) enzymes were found to be expressed in microdissected PVN.
3B-HSD mRNA, however, was not detected in the PVN (Fig. 6 E).
These data provide for the possibility that the regulation of these
enzymes can tightly coordinate the absolute level of ligand deliv-
ered to ERB.
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Figure 6.
tomicrographs of agarose gels after electrophoresis of RT-PCR products from microdissected
PVN of gonadectomized male rats are shown. Bands represent mRNAs for aromatase (4), 5a-
reductase (B), 17 3-HSD (€), 3x-HSD (D), 33-HSD (E), and CYP7B (F). Hypo, Hypothalamus.

The PVN contains relevant steroid hormone metabolizing enzyme mRNAs. Pho-

Discussion

Sex steroid hormones are primarily responsible for sex difference
in adult HPA function; androgens inhibit whereas estrogens en-
hance HPA axis activation after a stressor (Viau and Meaney,
1991, 1996; Burgess and Handa, 1992; Handa et al., 1994a,b;
Lund et al., 2004a). Whether these hormones act directly on hy-
pothalamic neurons to alter HPA axis reactivity to stress is
unknown.

It is of interest that the PVN contains relatively high levels of
AR (Bingaman et al., 1994; Zhou et al., 1994) and ERS (Alves et
al., 1998; Hrabovszky et al., 1998; Somponpun and Sladek, 2003)
but is essentially devoid of ERa (Shughrue et al., 1997a), thus
implicating the PVN as a potential site for the integration of sex
steroid effects on HPA reactivity. Here, we sought to determine
the actions of estrogen or androgen on AR- and ER-containing
neurons in the PVN and whether these actions might regulate
HPA axis function. This was accomplished by directly introduc-
ing compounds, via stereotaxic surgery, to a region near the PVN.
This approach was used previously by Kovacs and Mezey (1987)
and Sawchenko (1987) to evaluate the direct actions of glucocor-
ticoids on the regulation of PVN function. The hormone was not
introduced directly into the PVN to prevent mechanical lesions,
which could disrupt HPA axis function.

With these studies, we demonstrated that the nonaromatiz-
able androgen DHT and the nonselective ER ligand E2 influence
HPA reactivity by acting on neurons within or surrounding the
PVN. This inhibitory action of DHT is detectable at both the level
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of hormone secretion as well as PVN c-fos mRNA expression.
Furthermore, the inhibition can be mimicked by the DHT me-
tabolite 3 3-diol and by the subtype selective ER3 agonist DPN. In
contrast, E2 acts to enhance HPA reactivity to restraint, a re-
sponse that is imitated by the selective ERa agonists moxestrol
and PPT. Finally, the ability of the ER antagonist tamoxifen, but
not the AR antagonist flutamide, to block the inhibitory actions
of DHT, speaks to the intracellular mechanism by which this
inhibitory signal might be transduced.

We found that the DHT metabolite 38-diol and the ERB-
subtype-selective agonist DPN suppressed ACTH, corticoste-
rone, and c-fos mRNA responses to restraint stress in a manner
similar to DHT. This finding seemingly indicates that metabo-
lism of DHT to 33-diol and subsequent binding to ERf can be
inhibitory to HPA reactivity, and this is one possible mechanism
for the action of DHT. This finding is similar to previously pub-
lished findings in mice in which peripheral 3B-diol injections
inhibited the corticosterone response to restraint stress, similar to
the effect of DHT in adult male mice (Lund et al., 2004b).

To verify that the actions of DHT, 383-diol, and DPN were
ERpB not AR mediated, the AR antagonist flutamide was injected
into animals centrally implanted with these compounds. Plasma
corticosterone levels were decreased compared with control ani-
mals, regardless of whether the animal was treated with flut-
amide. Interestingly, although both stressed DHT and DHT plus
flutamide males showed a significant decrease in corticosterone
levels compared with stressed males, those males treated with
flutamide had significantly higher corticosterone levels than did
DHT males not treated with flutamide, suggesting that the inhib-
itory effects of 33-diol or DPN on the hormonal stress response
are not mediated by AR and that the effect of DHT is only par-
tially AR mediated.

Because the inhibitory effects of DHT, 3 3-diol, or DPN on the
hormonal stress response do not appear to be solely mediated by
AR, the effect of the ER antagonist tamoxifen was examined.
Again, DHT, 33-diol, and DPN treatment significantly decreased
stress induced circulating corticosterone levels; however, this ef-
fect was blocked by tamoxifen. Together, these studies suggest
that the inhibitory effects of DHT on HPA axis activity are medi-
ated via its conversion to 33-diol and subsequent binding to ER.
Evidence of the effectiveness of DPN in binding hypothalamic ER
has been identified previously (Lund et al., 2005).

Our data also suggest that E2 enhances the reactivity of the
HPA axis to stress by acting on or near neurons of the PVN.
Furthermore, the actions of E2 appear to be through an ERa-
dependent mechanism, because PPT mimicked the actions of E2.
Although the PVN has been reported to be devoid of ERa-
containing neurons (Shughrue et al., 1997a), the population of
neurons surrounding the PVN is ERa immunoreactive (Suzuki
and Handa, 2005). The phenotypic identity of these neurons is
not known; however, given the large number of GABA-
containing interneurons surrounding the PVN (Boudaba et al.,
1996), one could hypothesize that E2 acts via these ERa-
containing neurons to inhibit GABAergic inhibition of the PVN
and consequently enhance HPA reactivity. This mechanism has
been proposed for other estrogen-sensitive systems, including the
actions of estrogen on dendritic spine growth (Murphy et al.,
1998) and the positive-feedback response of gonadotropin-
releasing hormone neurons (Grattan et al., 1996).

Using c-fos mRNA as a marker for neuronal activation, we
demonstrated that local administration of estrogens and andro-
gens can alter the stress-induced activity of PVN neurons in a
manner corresponding to the amplitude of the hormonal re-
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sponse to restraint. Such data indicate not only that the activity of
PVN neurons is closely related to the amplitude of the stress
response, but that the actions of estrogens and androgens in reg-
ulating HPA axis activity are by modulating synaptic activity in
relevant neuronal populations of the PVN. Regarding the en-
hancement of c-fos mRNA expression by ERe, this observation is
consistent with the reported inhibitory effects of estrogen on
GABA function, as described above.

The neuroanatomical basis for ER inhibition of PVN neuro-
nal activity is perhaps more complicated. Within the PVN, ERB is
expressed predominantly in magnocellular neurons containing
oxytocin and vasopressin and in preautonomic projecting neu-
rons (Somponpun and Sladek, 2003; Stern and Zhang, 2003; Su-
zuki and Handa, 2005). Although the possibility exists that 33-
diol and DPN can directly activate ERf in neuroendocrine
neurons of the PVN to inhibit their activity, only a small popula-
tion of neuroendocrine CRH neurons in the parvocellular PVN
appear to contain ERB (Laflamme et al., 1998; Suzuki and Handa,
2005). An alternative hypothesis regarding the mechanism for
ERB inhibition of PVN neuron activity could be that ER acts via
those ERB-containing PVN neurons that project to brainstem
nuclei involved in autonomic regulation. Subsequently, via recip-
rocal connections, such nuclei could act to inhibit the activity of
the PVN. A third possibility could be that ER directly activates
oxytocin- and vasopressin-containing magnocellular neurons in
the PVN, and through a paracrine action, these neurons inhibit
activity of adjacent parvocellular neuroendocrine neurons. In
support of this, vasopressin has been shown to be released within
the PVN in response to a stressor (Wotjak et al., 1996), and intra-
PVN vasopressin and oxytocin are thought to be inhibitory to
PVN tone (Kalsbeek et al., 1996; Wotjak et al., 1996; Windle et al.,
2004). Whether one or all of these potential regulatory mecha-
nisms are involved remains to be determined.

Although the verification criteria for cannula placement was
stringent, the likelihood still exists that steroid, from the pellets,
diffused to areas outside of the PVN, which may result in alter-
native explanations for the findings presented herein. Of partic-
ular interest, because of its proximity to the PVN and ERp ex-
pression, is the dorsomedial nucleus (Shughrue et al., 1997b).
Because the dorsomedial nucleus also projects to the PVN, it is
possible that DPN and 3B-diol act on ER cells in the dorsome-
dial nucleus. Lesions of the DMN have been shown to cause
increases in corticosterone and CRH mRNA response to osmotic
stress but not basal CRH mRNA levels (Kiss and Jezova, 2001).
This suggests that the dorsomedial nucleus is inhibitory and ac-
tivation of the dorsomedial nucleus could be responsible for in-
hibition of PVN activity. However, the dorsomedial nucleus is
>0.5 mm away from the PVN and the location of the pellets. In
addition, projections from the dorsomedial nucleus to the PVN
are predominantly to preautonomic cells (Thompson et al.,
1996).

Finally, our data regarding ERB and HPA reactivity are in
potential contrast to those of Isgor et al. (2003), who demon-
strated that administration of the nonselective ER antagonist
ICI182,760 (7a[9-(4,4,5,5,5-pentafluoro-pentylsulphinyl)-
nonyl]oestra 1,3,5(10)-triene-3,173-diol) to the PVN of intact
female rats causes a reduction in HPA reactivity to restraint. It
was hypothesized that this response was caused by blockade of
ERP in the PVN, seemingly indicating that ERf activation by
estrogen was HPA enhancing. However, such treatment would
also block ERa-containing neurons surrounding the PVN,
which, according to our data, would be consistent with the reduc-
tion in HPA reactivity observed. Furthermore, it should be em-
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phasized that the studies described in this report used male rats,
whereas those of Isgor et al. (2003) examined intact female rats.

In summary, these studies suggest that ERB3, within the male
hypothalamus, acts to inhibit the HPA axis and that the inhibi-
tory effects of DHT may be, at least in part, via its intracellular
conversion to 33-diol and subsequent binding to ERB. Conse-
quently, the possibility that ERB is an important receptor in the
male brain for sensing levels of androgen metabolites such as
3B-diol is an attractive hypothesis that must be further explored.
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