
Androgen Decreases Dopamine Neurone Survival in Rat
Midbrain

M. L. Johnson, A. E. Day, C. C. Ho, Q. D. Walker, R. Francis, and C. M. Kuhn
Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, NC,
USA

Abstract
Clinical studies show that men are more likely to develop disorders affecting midbrain
dopaminergic pathways, such as drug addiction and Parkinson’s disease (PD). Although a great
deal of focus has been given to the role of oestrogen in the maintenance of midbrain dopaminergic
pathways, little is known about how testosterone influences these pathways. In the present study,
we used stereological analysis of tyrosine hydroxylase-immunoreactive (TH-IR) cell bodies to
determine how testosterone influences the dopaminergic cell bodies of the substantia nigra pars
compacta (SNpc) and ventral tegmental area (VTA). Rats and mice were castrated at post-natal
day (PN) 60, and these midbrain cell populations were counted on PN 90. One month after
castration, TH-IR cell number had increased in the SNpc and VTA of rats and mice. Replacement
with testosterone or the non-aromatisable analogue dihydrotestosterone (DHT) in castrated
animals reduced TH-IR cell number in the SNpc and VTA in rats. In mice, the decrease of TH-IR
cell number with testosterone or DHT replacement was observed only in the SNpc. The apparent
increase in TH-IR neurone number after castration is not explained by an increase in TH
expression because the number of nondopaminergic cells (TH-immunonegative, TH-IN) did not
decrease proportionally after castration. TH-IN cell number did not change after castration or
hormone replacement in rat or mouse SNpc or VTA. These findings suggest that testosterone may
play a suppressive role in midbrain dopaminergic pathways.
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Clinical studies show that many disorders of dopaminergic dysfunction have a higher
incidence in men than women (1–3). For example, men are more likely to develop drug
addiction (although women may develop addiction more quickly) (2,4,5) and Parkinson’s
disease (PD) than women (6,7). The mechanisms mediating these differences are poorly
understood. Although a great deal of focus has been placed on the stimulatory and protective
effects of oestrogen in dopaminergic systems (5,8), considerably less is known about the
role of androgens.

Studies from our laboratory and others have reported that adult male rats are less active in
the open field than females under baseline conditions and after treatment with
psychostimulant drugs (9–11). Castration has been reported to increase locomotor responses
to amphetamine and cocaine and also to increase dopamine release (9,10,12,13), although
negative effects have also been reported (14,15). Testosterone replacement results in a
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decrease of these dopaminergic responses, suggesting that androgens may have a
suppressive effect on dopaminergic function (12,16). The most comprehensive investigation
of androgen effects on dopaminergic function has focused on the dopaminergic projections
to the cortex. An elegant series of studies by Kritzer and colleagues showed that castration
caused an increase in dopaminergic innervation to these areas that is reversed by
testosterone. This is accompanied by worsening in working memory and extradimensional
set shifting in castrated animals (17–19).

Animal models of neurotoxin-induced damage also provide support for androgen
suppression of dopaminergic activity. Males experience more severe behavioural deficits
and cell loss than females after treatment with the dopamine neurotoxin 6-hydroxydopamine
(6-OHDA) (20). Castration in rats protects striatal dopamine content from 6-OHDA lesion
compared to intact males (21,22) and testosterone replacement in castrated mice blocks
protection of striatal dopamine from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(23,24).

Despite accumulating evidence that androgens can influence forebrain dopamine systems
and the demonstration that as many as 50% of tyrosine hydroxylase (TH)-positive neurones
in the substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA) express
androgen receptors (25–27), there has been little study of whether androgen regulates
dopaminergic neurone number as well as innervation density of specific projections. The
present study aimed to determine whether androgens affect TH-immunoreactive (TH-IR)
cell number in the SNpc and VTA. To answer this question, we used unbiased stereology to
estimate dopaminergic neurone number in the SNpc and VTA in sham castrated and
castrated adult rats and mice and castrated rats and mice that had received testosterone and
dihydrotestosterone (DHT) replacement.

Materials and methods
Animals, surgery, hormone replacement and housing

In Experiment 1, Sprague-Dawley male rats castrated or sham castrated on postnatal day
(PN) 60 ± 5 were purchased from Charles River Laboratories (Raleigh, NC, USA). Animals
were segregated by surgical condition and housed in plastic cages under a 12 : 12 h light/
dark cycle with ad lib access to food and water. In a parallel study, male C57Bl/6J mice
sham castrated or castrated at PN 60 ± 5 (Charles River Laboratories) were separated by
surgical condition and housed in plastic cages under a 12 : 12 h light/dark cycle with ad
libitum access to food and water. Rats and mice were transcardially perfused with 10%
neutral buffered formalin (VWR International, West Chester, PA, USA) on PN 90. In a
second experiment, castration or sham surgery was performed under aseptic conditions on
adult rats (PN 60) when animals were under ketamine and xylazine (80 : 10 mg/kg)
anaesthesia. For castration, an incision was made through the skin at the tip of the scrotum.
Pressure was placed on the abdomen to push the testis downward. A small incision was
made through the connective tissue of the scrotum and the tissue sac containing the
epididymis. The cauda epididymis was pulled out, accompanied by the testis, caput
epididymis, vas deferens and spermatic blood vessels. The blood vessels and vas deferens
were severed, and testis and epididymis were removed. The incision was closed with a
wound clip. All animals received acetaminophen (500 mg/kg) before surgery and in the
drinking water for 48 h after surgery.

Starting on the day of surgery, animals received daily s.c. injections of vehicle (sesame oil)
or testosterone (1 mg/kg) or DHT (0.5 mg/kg). In a separate study involving mice, surgeries
were performed by the supplier and animals shipped the next morning. Subcutaneous
injections of hormones were started the day after receipt. Mice received daily s.c. injections
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of vehicle or testosterone (0.1 mg/day) or DHT (0.05 mg/day). Animals were housed until
PN 90 for perfusion.

Tissue preparation and immunohistochemistry
Animals were deeply anaesthetised with sodium pentobarbital and transcardially perfused
with 10% neutral buffered formalin. After perfusion, the brains were extracted and post-
fixed overnight in 10% formalin. Brains were then equilibrated in a 30% sucrose
cryoprotectant solution and stored at 4 °C. Serial coronal sections (30 μm) were cut on a
cryostat and thawmounted onto slides. For rats, every third section was collected and, for
mice, every second section was collected. Sections were allowed to dry overnight at 37 °C.
Heat mediated antigen retrieval was performed to increase immunoreactivity of the tissue
for TH (28,29). Sections were pressure cooked (Deni electric pressure cooker; Keystone
Manufacturing Company, Buffalo, NY, USA) at high pressure for 1 min and 30 s in citrate
buffer (pH 6.0) (30). This length of time allowed for optimal staining without compromising
cell morphology. Sections were rinsed in phosphate-buffered saline and incubated in 0.3%
hydrogen peroxide-methanol for 30 min to quench endogenous peroxidase. Sections were
rinsed and blocked in 0.5% bovine serum albumin + 0.3% Triton X-100 for 15 min at room
temperature. After blocking, sections were incubated in primary antibody diluted in blocking
buffer (dilution 1 : 10 000; Immunostar, Inc., Hudson, WI, USA) overnight at 4 °C. The
specificity of this antibody has been verified by the supplier, which demonstrated a lack of
cross reactivity with all other phenotypic proteins for catecholaminergic neurones
(dihydropteridine reductase, dopamine β hydroxylase, phenylethanolamine-N-
methyltransferase) and also verified the presence of expression in cells transfected with the
protein. Other laboratories have also verified specificity by western blotting (31). The next
day, sections were rinsed and incubated in a biotinylated horse anti-mouse secondary
antibody (dilution 1 : 1000; Vector Laboratories, Burlingame, CA, USA) for 1 h at room
temperature. The sections were then rinsed and incubated in avidin-biotin complex for 1 h at
room temperature followed by rinsing and staining with diaminobenzidine (DAB) (Vector
Laboratories). Sections were rinsed, dehydrated through graded alcohols, mounted and
coverslipped. To estimate the number of cells that were TH-immunonegative (TH-IN),
sections in a subset of animals (from the hormone replacement experiment) were
counterstained with 0.5% cresyl violet after DAB staining and coverslipped.
Photomicrographs showing the stained material at low and high magnification in rat and
mouse are presented in Fig. 1.

Unbiased stereology
Unbiased stereological estimation of the total number of TH-IR cell bodies in the SNpc and
VTA was performed using the optical fractionator method (32). In rats, every third section
was collected through the extent of the midbrain, and every sixth section was analysed for
cell counting in rostral–caudal fashion, resulting in a total of six to eight sections sampled
for both the right and left sides of the brain. For mice, every second section was collected
through the extent of the midbrain and every fourth was analysed for stereology, resulting in
six or seven sections per animal. A computerised counting system containing a Nikon
Optiphot-2 microscope (Nikon, Tokyo, Japan), a camera (Dage MTI, Michigan City, IN,
USA) and motorised stage (Ludl Electronic Products, Hawthorne, NY, USA) was used to
estimate the total number of cells. Each region of interest was projected onto a monitor,
traced at low (× 4) magnification and a sampling grid was superimposed on the traced region
by the StereoInvestigator software (MicroBrightField, Williston, VT, USA). After
shrinkage, final thickness of the sections used averaged 12 μm. Therefore, a 40 × 40 μm
counting frame with a dissector height of 8 μm was used. Each counting frame was
randomly spaced 80 μm apart and guard zones of 2 μm from the top and bottom of the
section were used. Individual cell bodies were visualised with a × 100 oil immersion lens
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(numerical aperture = 1.3). Cells that were stained for TH and at least 10 μm in diameter
were counted as TH-IR. Cells that were stained with cresyl violet but not TH and were at
least 10 μm in diameter were counted as TH-IN. Sufficient cells were counted to achieve a
coefficient of error that was ≤ 0.10. The stereologer was blinded to all surgical and treatment
groups for each experiment.

Cell size
To verify that neither surgery nor endocrine treatment influenced cell size, cell diameters
were counted in a subset of animals from the replacement study. To estimate cell size, seven
to ten representative TH-IR cells from the SNpc and VTA were randomly selected by
sampling one section from the same location (rostral–caudal and lateral–medial) for each
animal. All measured cells and sections were matched in their rostral–caudal location across
animals. A 40 × 40 μm counting frame was used for both rats and mice, with a sampling grid
spacing of 200 × 200 μm for rats and 120 × 120 μm for mice. Because cell shape varies from
spherical to ovoid, the ‘diameter’ was measured along the longest axis of TH-IR cells
contained within the counting frame. The mean value of cell diameters from each animal
was used to represent cell size. The mean ± SEM were computed for each experimental
group (cell size from each animal constituted n = 1). The mean cell size in the SNpc and
VTA were measured for all experimental groups for which the identical section was
available (n = 5 per group for rats and n = 3 per group for mice).

Prostate weights
Prostate weights were collected as a measure of successful replacement in comparison with
intact controls. After fixation of tissues by transcardial perfusion, the ventral prostate was
removed. All connective tissues associated with prostates were removed prior to weighing.

Light microscopy
Low magnification photomicrographs were obtained using a Leitz Diaplan microscope
(Leitz Wetzlar GmbH, Wetzlar, Germany) at × 6.4 magnification using a Sony DCX-500
Color Digital Camera (Sony Corp., Tokyo, Japan).

Statistical analysis
All statistical analyses were performed using ANOVA (NCSS, Kaysville, UT, USA) with P
< 0.05 considered statistically significant. Cell number was analysed by one-way ANOVA
with treatment (sham, castrated, testosterone or DHT replaced) as the between subjects
factor. Tissue weights were analysed by one-way ANOVA with treatment (sham, castrated,
testosterone or DHT replaced) as the between subjects factor. Cell diameter was analysed by
three-way ANOVA repeated measures with area as within and species and treatment as
between subjects factors). Post-hoc analysis was performed using the Fisher’s least
significant difference test to determine group differences. Post-hoc tests were conducted on
all planned comparisons (Sham versus cast, cast versus testosterone, cast versus DHT).

Results
Effect of castration on TH-IR cell number

To investigate how the loss of testicular hormones influences TH-IR cell number in the
SNpc and VTA, animals were sham castrated or castrated at PN 60 and neurones counted 1
month post-surgery. Figure 2 shows representative high and low magnification images of
SNpc from a representative sham and castrated rat section that were stained for TH and
counterstained with cresyl violet. Castration at PN 60 resulted in an increase in TH-IR cell
number the SNpc and VTA of male rats (Fig. 3) and mice (Fig. 4) at PN 90 relative to the
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sham surgery controls. In rats, ANOVA revealed a significant effect of castration in the
SNpc (F1,10 = 10.0, P < 0.05) and VTA (F1,9 = 11.6, P < 0.05). In mice, ANOVA also
revealed a significant effect of castration in the SNpc (F1,10 = 13.8, P < 0.01) and VTA
(F1,10 = 23.7, P < 0.01).

Testosterone suppresses TH-IR cell number in SNpc
All hormone replacements were confirmed with the collection of ventral prostate weights
(Fig. 5). For rats, ANOVA showed a significant effect of treatment (F3,25 = 33.4, P <
0.0001). Post-hoc analysis revealed that castration resulted in a significant reduction in
prostate weight, whereas replacement with testosterone restored prostate weights to that of
the sham controls. Prostate weights from DHT-treated rats were significantly higher than
castrated animals but lower than sham controls. In mice, ANOVA indicated a significant
effect of treatment (F3,28 = 38.8, P < 0.0001). Post-hoc tests revealed that castration
decreased prostate weight relative to the sham controls and that replacement with
testosterone or DHT resulted in prostate weights greater than the castrated animals. DHT
replacement also yielded prostate weights that were greater than those of the sham animals.

TH-IR cell number was increased after castration relative to sham controls in the rat SNpc
and VTA (Fig. 6). The global ANOVA indicated a significant effect of treatment (F3,25 =
4.1, P < 0.02) in the SNpc, whereas the global analysis of VTA was not significant (F3,25 =
2.7, P < 0.08). Post-hoc tests of the planned comparisons revealed that castration resulted in
an increase in TH-IR cell number in both regions relative to the sham controls. This increase
was reversed by testosterone in both areas. DHT treated-animals were intermediate and were
not significantly different from castrated animals in SNpc. In mice, treatment affected TH-
IR cell number in the SNpc (F3,28 = 4.6, P < 0.011) (Fig. 7). Castration increased cell
number relative to sham, and testosterone and DHT both significantly decreased cell number
relative to castration. The global ANOVA for treatment in the VTA was not significant but
the planned comparisons showed that castration increased cell number. Neither testosterone
nor DHT significantly decreased cell number in the mouse VTA compared to castrated
animals.

Testosterone effects on TH-IN neurone number
The number of TH-IN neurones was estimated in control and hormone-replaced animals to
determine whether the increase in TH-IR cell bodies in the SNpc and VTA after castration
was a result of increased TH expression. In rat, no differences between treatment groups
were observed in TH-IN cell number in the SNpc and VTA (Table 1). TH-IR and total
neurone number in the SNpc in castrated animals differed from sham (F3,24 = 4.1, P < 0.02)
and (F3,24 = 4.5, P < 0.01), respectively, but TH-IN cells in castrated or testosterone-treated
rats did not differ from shams. For total neurone number, both sham and testosterone
differed from castrated in a post-hoc test of planned comparisons. In the VTA, the global
ANOVA was not significant but TH-IR neurone number in castrated animals differed from
sham by post-hoc test of planned comparisons, and both sham-surgery and testosterone-
treated animals differed from castrated animals. There were no differences between
treatment groups of TH-IN cells observed in the VTA. Similar results were obtained with
mice (Table 2). TH-IR and total neurone number in castrated animals differed from sham
(F3,27 = 4.6, P < 0.01) and (F3,27 = 5.7, P < 0.004), respectively, for the ANOVA by
treatment. Sham, testosterone-treated and DHT-treated differed significantly from castrated
in post-hoc tests of planned comparisons. TH-IN cells in castrated, testosterone-treated and
DHT-treated mice did not differ from shams. In the VTA, the global ANOVA was not
significant but TH-IR and total neurone number in castrated animals differed from sham by
post-hoc test of planned contrasts. Although the global ANOVA for TH-IN cell in the VTA
was not significant, the post-hoc test of planned contrasts indicated a significant difference
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between testosterone-treated animals and castrated animals, although sham animals did not
differ from castrated animals.

Androgen does not affect cell size
Castration and/or hormone replacement could theoretically influence cell size so much that
TH-IR cells no longer met the size criteria used to positively assign a cell as dopaminergic.
To verify that this was not the case, we measured cell diameter in ten cells at the same
rostral/caudal and medial/lateral location to obtain an average cell size per animal, and
computed means for five rats from each treatment group and for three mice from each
treatment group. Preliminary analysis indicated that cell size did not vary with species, and
so all the data were analysed by three-way ANOVA (species × treatment × region) with
region as a repeated variable. These data are shown in Table 3. ANOVA indicated a
significant effect of region (F1,60 = 11.68, P < 0.002), with cells in the SNpc being larger
than those in the VTA. Cell size did not vary significantly by species or surgical/endocrine
state. All of the cell diameters were above the size threshold for identification as
dopaminergic (10 μm).

Discussion
The present study showed that castration in adulthood increases TH-IR cell number in the
SNpc and VTA of both rats and mice relative to the intact controls. In these same areas,
testosterone replacement reduced TH-IR neurone number to that of sham castrated controls.
Findings with DHT were intermediate because TH-IR neurone numbers in DHT-treated
animals were equal to testosterone-treated animals but were not statistically different from
castrated animals. These findings show that testosterone has a tonic, ongoing role in
regulating midbrain TH-IR neurone survival in adult male rodents and suggest that androgen
receptors could contribute to this effect on cell number.

These findings contrast with a recent report that castration does not affect dopaminergic
neurone number in the SNpc and VTA (33), which employed a different duration of
hormone deprivation and a different method for estimating neurone number. However, they
are consistent with previous studies showing that castration in rats or mice results in
increased dopamine release relative to gonadally intact males (13,14,34). Furthermore, these
findings are consistent with reports that testosterone either fails to protect from or worsens
neurotoxin-induced damage to dopaminergic neurones. In mice, testosterone does not
protect against depletion of striatal dopaminergic concentration after MPTP lesion (23). In
rats receiving unilateral 6-OHDA lesions, castration was shown to prevent the loss of striatal
dopamine (DA) content, whereas testosterone replacement made it worse (21,22),
suggesting that androgens do not play a tropic or protective role in the nigrostriatal pathway.
The weight of available evidence indicates that testicular hormones may tonically suppress
dopaminergic neurone number, but certainly are not neuroprotective for dopaminergic
neurones in the midbrain.

The suppressive effects of testosterone on TH-IR cell number may explain in part why male
rats exhibit less psychostimulant-stimulated behaviour and dopamine release than females.
We have shown that males exhibit less cocaine-induced locomotion and less electrically
stimulated dopamine release (9,11,35,36). Several other studies have also reported that
testosterone replacement decreases cocaine and amphetamine-stimulated behaviour relative
to castrated animals (12,16,37), although these differences are partly the result of differences
in amphetamine metabolism (38). One study has shown that testosterone can decrease
dopaminergic function: in castrated mice, potassium-stimulated striatal dopamine output
was greater than in testosterone-replaced mice (34). However, there are few studies
comparing dopaminergic neurone function in intact and castrated adult males, so the impact
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of cell survival on terminal function remains to be established. Such studies are ongoing in
our laboratory.

The effective reduction in dopaminergic cell number by testosterone in both rats and mice
suggests that gonadal steroid hormone receptors in part mediate these effects. The androgen
receptor (AR) is one candidate to mediate effects of testosterone on dopaminergic neurone
number. An increasing weight of evidence supports an important role for AR, especially in
organisational effects of testosterone in the brain (39). Studies have shown that a significant
subset of TH-IR cells in the SNpc and VTA expresses AR (25–27). AR is particularly
common in TH-IR cells projecting to cortical regions in male rats, with estimates that
approximately 25% of the dopaminergic neurones projecting to the frontal cortex express
AR (26,27). AR is also expressed in at least 10–12% of neurones in the VTA that project to
the nucleus accumbens (18). However, testosterone can also act via aromatisation to
oestradiol, and both oestrogen receptor (ER) α and ERβ are expressed in subsets of cells in
the SNpc and VTA, although fewer TH-IR cells express ER than AR (18,26,40). Results
with DHT, the non-aromatisable testosterone derivative, were mildly suggestive that AR
contributes to this effect. However, the present study is not definitive.

The effects of oestradiol aromatised from testosterone must be considered, as they mediate
many effects of testosterone in the mammalian brain (41). Although a role for aromatase in
sexual differentiation of catecholamine neurones is well described in quail (42), there has
been very little study of aromatase in rodent midbrain dopamine neurones. In addition, a
recent study suggests that DHT is also metabolised to a compound, 5α-androstan-3β, 17β-
diol (3β-diol), which has actions via ERβ. Therefore, effects of either testosterone or DHT
could reflect actions on an oestrogen receptor (43). Three findings suggest that oestradiol
does not mediate the suppressive effects of testosterone or DHT on dopaminergic neurone
number observed in the present study. First, a companion study in this issue (44) shows that,
in females, oestradiol increases rather than decreases cell number in this midbrain area.
Second, a recent study in mice showed that oestradiol similarly increased dopaminergic
neurone number in the SNpc of male mice (45). Finally, another study of dopaminergic
neurone function reported that aromatase knockout mice had lower dopaminergic neurone
number than wild-type (46). Even more intriguing, the latter study reported that these
animals had an increase in circulating testosterone. The opposite finding would be expected
if testosterone treatment was decreasing neurone number in the present study after
aromatisation to oestradiol. In sum, although the findings with DHT were somewhat
indeterminate, the weight of evidence suggests that aromatisation of testosterone to
oestradiol does not suppress DA neurone number.

The global increase in DA neurone number in both SNpc and VTA after castration was
unexpected because AR expression is wide-spread in the VTA but much sparser in the VTA
(17,26). This reported distribution of AR would have predicted that greater effects might be
expected in the VTA than in the SNpc. However, global effects of androgen deprivation also
occur in the locus coeruleus, where TH-IR cell number is increased in male wild-type mice
castrated during adolescence relative to intact animals (47). One challenge to interpreting the
latter study is the effects of androgen on TH expression, which was enhanced in
noradrenergic neurones in the locus coeruleus.

The finding that the number of TH-IN cells did not change significantly suggests that the
increased dopaminergic neurone number observed after castration in the present study does
not reflect a gain in TH expression, which would increase the number of TH-IR cells with a
corresponding decrease in TH-IN cells. Although, in rats, the number of TH-IN cells fell
slightly (by approximately 1000 cells), it could not account for the much larger increase in
TH-IR cells (more than 5000 cells). In mice, a similar trend was noted, with a slight
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decrease in TH-IN cells that was not proportionate to the rise in TH-IR. The lack of effect
on TH-IN cells distinguishes the SNpc and VTA from the noradrenergic neurones in the
locus coeruleus in which testosterone may influence TH expression through actions on ERβ
(43). Androgen effects on TH expression are probably highly dependent on cell context
because another study which has evaluated testosterone effects on transcriptional control of
TH showed that testosterone increased TH expression in SK-N-BE(2)C or MN9D cells that
were transfected with AR (48). If androgen does increase TH expression, then a decrease
rather than an increase after castration would be predicted. The present results suggest that
testosterone aromatisation to oestradiol would not mediate decreases in TH expression
because oestradiol increases TH in those neurones in which it acts, and effects in the SNpc
have not been reported (48–51).

One intriguing explanation for the present results could be that castration increased the
production of new TH-IR cells, either by enhancing maturation from a precursor or through
de novo neurogenesis. It is well established that neurogenesis occurs in the adult
hippocampus (52,53). Studies have shown that hippocampal neurogenesis can be influenced
by gonadal hormones (54,55). However, a low rate of neurogenesis has been shown to occur
in the adult rodent midbrain, with very few if any of these newly-formed cells adopting a
dopaminergic phenotype (56–58). Furthermore, the cell diameter of TH-IR cells did not
change at all after castration, which might have been expected if newly-differentiated cells
were contributing to the population. However, the estimates of cell size were underpowered
in comparison to estimates of cell number, and it is possible that a modest change in cell size
was not detected. In addition, a recent study showing that oestradiol increased dopaminergic
cell number in SNpc of adult mice supports the possibility (45). Although dopaminergic
stimulation of adult neurogenesis in the subventricular zone has been widely documented,
the formation of new DA neurones is controversial at best (59,60).

Androgen could also decrease TH neurone survival or change phenotypic expression. The
data reported in the present study support the former conclusion, although findings with TH-
IN cells are somewhat ambiguous. Furthermore, the ability of castration to increase apparent
neurone number in just 1 month, in males that have experienced adult levels of androgen for
many weeks, argues against this possibility. Given the extremely slow rate of cell
replacement in the SNpc that was noted above, the slowing of neurone elimination would
not likely result in such an abrupt increase in cell number in a month. An effect on
dopaminergic phenotype may be a more likely explanation because phenotypic expression
can change quickly. Sex-determining factors could also contribute to the determination of
dopaminergic phenotype. Sry, the testis-determining gene, may be important in regulating
expression of TH, one phenotypic protein, independent of androgen. The present results
suggest that Sry and androgen could function in opposition to maintain TH expression and/
or neurone number. Neurones with an inducible dopaminergic phenotype have been
described in the striatum after dopamine denervation (61). Evaluation of expression of other
phenotypic markers of dopaminergic neurones including Nurr-1, Lmx1b or might be useful
to resolve this question.

In summary, the present study shows that testicular hormones contribute to regulation of
midbrain DA neurone number, either through regulation of cell survival or through the
expression of dopaminergic phenotype. These changes occur uniformly across both the
SNpc and VTA rather than being restricted to the small population of DA neurones that
express AR or ER. Future studies will be necessary to elucidate the specific gonadal steroid
hormone receptor and mechanism by which this occurs.
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Fig. 1.
Low and high magnification photomicrographs of tyrosine hydroxylase staining in rat and
mouse. (A) Rat substantia nigra pars compacta (SNpc) at × 5. (B) Mouse SNpc and ventral
tegmental area at × 5. (C) Rat SNpc at × 100. (D) Mouse SNpc at × 100. Scale bars on top
images = 400 μm. Scale bars on bottom images = 10 μm. [For clarity, Fig. 1. is reproduced
in the companion paper: Journal of Neuroendocrinology 2010; 22: 226–237).
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Fig. 2.
Low and high magnification of tyrosine hydroxylase staining with counterstaining with
cresyl violet in sham and castrated male rat to illustrate the increase in cell body number but
not size after castration. (A) Sham substantia nigra pars compacta (SNpc) at × 10. (B)
Castrated SNpc at × 10. (C) Sham SNpc at × 100. (D) Castrated SNpc at × 100. Scale bars
on top images = 200 μm. Scale bars on bottom images = 10 μm.
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Fig. 3.
Total tyrosine hydroxylase-immunoreactive neurone (TH-IR) number in the substantia nigra
pars compacta (SNpc) and ventral tegmental area (VTA) of castrated (Cast) compared to
sham cast male rats after 1 month of castration during adulthood. Data are represented as the
mean ± SEM (n = 4–5 per group). *Statistically significantly different from sham cast, for
SNpc: P < 0.02 and for VTA: P < 0.05.
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Fig. 4.
Total tyrosine hydroxylase-immunoreactive neurone (TH-IR) number in the substantia nigra
pars compacta and ventral tegmental area of castrated (Cast) compared to sham cast male
mice after 1 month of castration during adulthood. Data are represented as the mean ± SEM
(n = 5 per group). *Statistically significantly different from sham cast, P < 0.01.
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Fig. 5.
Effect of testosterone (T) and dihydrotestosterone (DHT) on prostate weight in male rats and
mice compared to vehicle-treated sham castrated (Sham) and castrated (Cast) animals.
Animals were castrated or sham castrated at postnatal day (PN) 60 and treated with vehicle
or testosterone or DHT for 1 month post-surgery. Data are represented as the mean ± SEM
(n = 6–7 per group for rat and n = 5–8 per group for mice). *Statistically different from
sham castrated; **statistically different from castrated (P < 0.0001).
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Fig. 6.
Effect of testosterone (T) and dihydrotestosterone (DHT) on tyrosine hydroxylase-
immunoreactive neurone number in the substantia nigra pars compacta (SNpc) and ventral
tegmental area (VTA) of male rats compared to vehicle-treated sham castrated (Sham) and
castrated animals (Cast). Animals were castrated or sham castrated at postnatal day (PN) 60
and treated with vehicle or testosterone or DHT for 1 month post-surgery. Data are
expressed as the mean ± SEM (n = 5–7 per group). *Statistically different from sham
castrated; **statistically different from castrated, P < 0.05.
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Fig. 7.
Effect of testosterone (T) and dihydrotestosterone (DHT) on tyrosine hydroxylase-
immunoreactive neurone number in the substantia nigra pars compacta (SNpc) and ventral
tegmental area (VTA) of male mice compared to vehicle-treated sham castrated (Sham) and
castrated animals (Cast). Animals were castrated or sham castrated at postnatal day (PN) 60
and treated with vehicle or testosterone or DHT for 1 month post-surgery. Data are
expressed as the mean ± SEM (n = 5–8 per group). *Statistically different from sham
castrated; **statistically different from castrated, P < 0.05.
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Table 1

Estimated Total Number of Tyrosine Hydroxylase-Immunoreactive (TH-IR), TH-Immunonegative (-IN) and
Total Neurones in the Substantia Nigra Pars Compacta (SNpc) and Ventral Tegmental Area (VTA) of Intact,
Castrated and Castrated, Hormone-Replaced Male Rats.

Treatment TH-IR cells TH-IN cells Total cells

SNpc

 Sham castrated 19 944 ± 1270** 3 517 ± 802 22 875 ± 1031**

 Castrated 25 415 ± 1076* 2 811 ± 303 28 227 ± 1 176*

 Testosterone 20 619 ± 1340** 4 383 ± 997 25 002 ± 979**

 DHT 22 654 ± 1034 2 629 ± 374 25 284 ± 883

VTA

 Sham castrated 18 725 ± 914** 2 372 ± 653 20 702 ± 930

 Castrated 22 281 ± 636* 1 721 ± 375 20 289 ± 3958

 Testosterone 18 761 ± 1191** 2 124 ± 469 20 795 ± 972

 DHT 18 958 ± 939** 1 676 ± 321 20 635 ± 892

TH-IR and TH-IN cell number was determined in male hormone replacement groups. Results are expressed as the mean ± SEM, n = 5–7.

*
P < 0.05 or better relative to sham-castrated.

**
P < 0.05 or better relative to castrated.

DHT, dihydrotestosterone.
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Table 2

Estimated Total Number of Tyrosine Hydroxylase-Immunoreactive (TH-IR), TH-Immunonegative (TH-IN)
and Total Neurones in the Substantia Nigra Pars Compacta (SNpc) and Ventral Tegmental Area (VTA) of
Intact, Castrated and Castrated, Hormone-Replaced Male Mice.

Treatment TH-IR cells TH-IN cells Total cells

SNpc

 Sham castrated 7 022 ± 564** 1 089 ± 288 8 111 ± 540**

 Castrated 10 508 ± 947* 1 403 ± 191 11 911 ± 1015*

 Testosterone 7 923 ± 639** 910 ± 176 8 478 ± 623**

 DHT 8 030 ± 400** 1 116 ± 370 9 146 ± 511**

VTA

 Sham castrated 7 348 ± 549 394 ± 69 7 742 ± 505

 Castrated 9 246 ± 641* 671 ± 107 9 917 ± 639*

 Testosterone 8 345 ± 780 312 ± 61** 8 657 ± 777

 DHT 8 297 ± 790 580 ± 236 8 877 ± 737

TH-IR and TH-IN cell number was determined in male hormone replacement groups. Results are expressed as the mean ± SEM, n = 5–8.

*
P < 0.05 relative to sham-castrated.

**
P < 0.05 relative to castrated.

DHT, dihydrotestosterone.
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Table 3

Estimated Cell Diameter of Tyrosine Hydroxylase-Immunoreactive (TH-IR) Cells in the Substantia Nigra Pars
Compacta (SNpc) and Ventral Tegmental Area (VTA) of Rat and Mice that were Castrated and Hormone-
Replaced.

Treatment

Rat Mouse

SNpc VTA SNpc VTA

Sham castrated 23.2 ± 1.3 21.4 ± 0.8 22.1 ± 1.0 20.8 ± 1.2

Castrated 23.5 ± 1.9 20.2 ± 0.6 22.1 ± 1.0 21.4 ± 0.8

Testosterone 24.5 ± 0.8 22.2 ± 0.9 22.1 ± 1.2 21.0 ± 1.7

DHT 24.2 ± 2.0 19.4 ± 0.6 23.1 ± 2.1 20.0 ± 1.4

Data are expressed as the mean ± SEM, n = 5 per group for rat treatment groups, and 3 per group for mouse treatment groups. DHT,
dihydrotestosterone.
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