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Abstract

Progesterone receptor (PR) activation can modulate the expression of male sexual behavior, both acutely in adulthood as well as during
development, through long lasting effects on neural differentiation. One mechanism by which PR activation may affect behavior, during either
epoch of life, is through alterations of the dopaminergic system. We investigated the effects of PR deletion on the sensitivity of sexual behavior to
dopamine antagonism in male wild-type (WT) and progesterone receptor knockout (PRKO) mice and found that WT mice were more behaviorally
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ensitive to the effects of dopamine D1 receptor blockade. There were also genotype differences in tyrosine hydroxylase-immunoreact
n the substantia nigrapars compacta (SNc) and the ventral tegmental area (VTA) as well as genotype differences in how TH expression
n response to social and sexual experience. In particular, in the VTA, sexually experienced PRKO mice had significantly more cells
H than sexually experienced WT mice. In the SNc, experienced PRKO males had significantly more cells expressing TH than na
ales. Thus, it appears that PR deletion affects the display of sexual behavior and its modulation by dopamine, as well as the differ
opaminergic cells and the plasticity of those cells in response to social environment and behavioral experience.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Progesterone has been shown to modulate the display of sex-
al behavior in adult lizards and rats[24,25,51,56,57]. In addi-

ion, administration of a progesterone receptor (PR) antagonist
o neonatal males diminishes masculine sexual behavior in adult-
ood[26]. Exogenous progesterone affects cellular morphology
nd differentiation during development[41,42] and may affect
exual differentiation of the brain. For example, in the anteroven-
ral periventricular nucleus and medial preoptic nucleus male
ats express higher levels of progesterone receptor perinatally
han do females, and PR has been hypothesized to be involved
n the sexual differentiation of these nuclei[36,37]. Male proges-
erone receptor knockout (PRKO) mice mount less frequently
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during their first sexual encounter than do male wild-type (W
mice[35]. In addition, sexually experienced WT males conti
to copulate after castration, while experienced PRKO male
not [35], which may indicate a difference in neural plastic
between the genotypes. These behavioral differences be
PRKO and WT mice could be due to either the absence o
during development or adulthood.

Dopamine also affects the display of courtship and copula
behaviors in a number of taxa. Dopamine release into the
nucleus accumbens, and striatum increases during copula
rats[11,19], while injections of dopamine agonists and an
onists facilitate and inhibit the display of sexual behavior
mammals[20], birds[3,8], and reptiles[54,55]. In addition, the
number of dopamine producing cells in the substantia nigra
compacta (SNc) has been correlated with the propensity t
play male courtship behavior in two species of lizards[52,53].
In mice PR is expressed perinatally in the SNc and the
tral tegmental area (VTA)[5] and the peak of PR express
in these nuclei is coincident with increases in the number
activity of tyrosine hydroxylase-immunoreactive (TH-ir) n
166-4328/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2005.07.035
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rons and the formation of functional contacts between midbrain
dopaminergic cells and cells in the striatum[2]. The SNc and
VTA have been implicated in motor and motivational aspects of
behavior, including courtship and sexual behavior[20,45,46].
Thus, interactions between PR and catecholaminergic systems,
either during development or in adulthood, may underlie geno-
type differences in behavior and plasticity between PRKO and
WT mice.

We investigated whether behavioral differences between WT
and PRKO males were associated with differences in dopamin-
ergic systems. We first tested the sexual behavior of male WT
and PRKO mice in response to a dopamine D1 receptor antag-
onist and found that the percent of WT males copulating was
significantly decreased by treatment with the antagonist, while
the behavior of PRKO males was not significantly affected. To
begin to investigate the neural correlate of this behavioral dif-
ference, we counted the number of dopamine producing cells
(TH-ir) in WT and PRKO mice in the SNc and VTA of sexually
naive male mice. In addition, we investigated the relationship
between the number of TH-ir cells and recent sexual behav-
ioral experience by counting the number of TH-ir positive cells
in males that had received four behavior tests with a sexually
receptive female.

2. Materials and methods
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to testing. On the day of testing, females were screened for receptivity with sex-
ually experienced CF-1 males. Only receptive females, those that were mounted
and intromitted by at least two different stimulus males, were used as stimulus
females.

Tests lasted either 90 min or until the male ejaculated, and for each test we
recorded the time to the first and total number of mounts, intromissions, and
ejaculations. If a male did not mount, intromit, or ejaculate he did not receive
a latency score and was given a frequency score of zero for that behavior. We
define the intromission latency as the time from the first mount to the first
intromission, and ejaculation latency as the time from the first intromission to
ejaculation.

2.2.2. Statistics
We performed Likelihood Ratio Chi-square tests within each genotype with

treatment (SCH or vehicle) as the independent variable and whether males
mounted, intromitted, and ejaculated as dependent variables. In addition, among
individuals that mounted on the behavior test, we performed ANOVAs with
genotype and treatment as the independent variables and the number of mounts
and the latency to mount as dependent variables. Because few males treated with
the dopamine antagonist intromitted or ejaculated, we did not have sufficient
power to investigate treatment effects on intromission or ejaculation latencies
or frequencies. For all tests, we set our alpha toP < 0.05.

2.3. Experiment 2

2.3.1. Behavior testing
Males were divided into two groups. One group (experienced;n = 12/

genotype) included the vehicle-treated males from the study with SCH23390.
These males received a total of four behavior tests (including the first test with
the vehicle injection) with a sexually receptive female each separated by 1 week.
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.1. Animals

All animals were sexually naive WT and PRKO male mice obtained from
olony of Drs. Bert O’Malley and John Lydon at Baylor College of Medic
ales were weaned at 3 weeks of age and housed with brothers in sing

ages of two to four animals. Generation of PR deficient mice has prev
een described[27]. Animals used in this study were approximately F10
29SvEv× C57BL6 background from an initial cross of an F0 male chim
enerated by gene targeting, and a C57BL6 female. This initial cross
ted 50% 129SvEv and 50% C57BL6 F1 heterozygotes that were subse
rossed to generate F2. Generations subsequent to the F2 resulted from
f either cousins or siblings.

Animals arrived at the University of Texas when they were 50–90 day
nd were housed individually in separate polyvinyl cages on a 12-h ligh
ark cycle with food and water provided ad libitum. Males were acclimated
ousing conditions for 3 weeks prior to the commencement of behavioral te
xperimental protocols adhered to institutional guidelines and NIH Guide

or the Use of Animals in Research.

.2. Experiment 1

.2.1. Behavior testing
All males were sexually naive prior to behavior testing. Males were div

nto two groups. One group was injected intraperitoneally with the dopa
1 antagonist SCH23390 (0.5 mg/kg in 0.2% ethanol) 15 min prior to a 9
ehavior test, while males in the second group were injected with vehicle
thanol). Males were immediately returned to their home cage after inje
nd the cage was moved to a separate area of the colony room for testin

Based on studies of sexual behavior in mice (reviewed in ref.[7]), we adapte
ur behavioral testing protocol from that described in ref.[35]. In the curren
tudy, behavioral testing was conducted in the male’s home cage und
ights during the first third of the dark portion of the light:dark cycle. Ma
ere presented with a sexually receptive, peripubertal (25–27 days old),

emale mouse (Charles River Labs). Female receptivity was induced w
njection of 3 IU of pregnant mares serum gonadotropin (Sigma Chem
dministered 48 h prior to testing and a second injection of 1 IU of hu
horionic gonadotropin (HCG, Sigma Chemicals) administered 8–14 h
x

-
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gs

.

d
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he second group (naive;n = 8/genotype) remained sexually naive during th
eek test period. These males were injected with vehicle during the first w

esting to ensure similarity in handling experience. Animals from both gr
ere sacrificed at the same time, 1–3 h after the fourth behavior test f
xperienced group.

Naive males were housed in the same room as the experienced male
andled in a manner similar to experienced males, and were sacrificed at th

ime as experienced males. However, naive males did not have the oppo
o interact with females between weaning and sacrifice.

.3.2. Tyrosine hydroxylase (TH) immunocytochemistry
At sacrifice, males from all groups were given a lethal dose of so

entobarbital (0.65 g/kg) and transcardially perfused with 0.9% hepar
aline (50 ml at 8 ml/min) followed by 4% paraformaldehyde in 0.1 M P
H 7.4 (250 ml at 8 ml/min). Brains were removed and soaked overnig
% paraformaldehyde then soaked for 24 h in 20% sucrose. Thereafte
ere frozen in isopentane and stored at−80◦C. Serial 50�m sections wer
ut on a cryostat and four sets of tissue were collected and stored in ant
t −20◦C. Immunocytochemistry was performed on one set of free-flo
0�m sections, and therefore sections were 200�m apart. Sections were rins
vernight in 0.05 M TBS (pH 7.7), then incubated in 3% hydrogen peroxid
% normal goat serum in TBS for 20 min. After blocking for 1 h in 4% n
al goat serum with avidin, sections were incubated for 72 h at 4◦C in primary
ntibody (1:1000; rat anti-TH, Chemicon International, Temecula, CA)
% goat serum, biotin, and TBS. Sections were then incubated at room
erature in goat anti-rat secondary antibody (1:500; Vector Labs, Burling
A) for 2 h followed by an incubation in avidin–biotin complex (Vector L
BC kit) for 2 h. Immunoreactivity was visualized using 3,3-diaminobenze

DAB, Vector Labs). Sections were then mounted and dehydrated onto
nd counterstained with cresyl violet. Sections incubated in 4% goat serum
bsence of primary antibody were used as negative controls; negative c
ere always devoid of staining.

.3.3. Cell counting and analysis
Slides were randomized and coded so that we were blind to the experi

roups (genotype and experience). Sections were imaged using a Zeiss
cope fitted with a Ludl Electronic Products MAC 2002 motorized stage (
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NY), an Optronics DEI 750 camera (Optronics, CA), and a Dell Pentium III
XPS B733r computer.

We counted the number of TH-immunoreactive cells in two nuclei in the
midbrain, the VTA and the SNc. Differences in the number of TH-ir cells
may be due either to differences in the expression of the enzyme or to actual
differences in the number of cells capable of producing TH. Nuclei were
delineated based on both TH and Nissl staining using[33]. For the SNc, we
counted cells that were in the rostral most portion of the SNc that extended
out from dorsolateral to ventromedial and in the VTA we counted cells that
were located medially and often were located on the same sections as those
with the SNc. For each individual, we counted cells unilaterally at 40× in each
nucleus on all sections where the nucleus was present using StereoInvestigator
software (MicroBrightfield, VT). Cells were counted manually and were con-
sidered labeled if they had dark DAB staining around the edge of the soma
and dendrites and more diffuse staining in the cytoplasm. To ensure a similar
threshold for considering cells as labeled, we compared examples of labeled
cells representing the minimum staining intensity across sections and across
individuals.

2.3.4. Statistics
2.3.4.1. Behavior. Behavior for the four behavior tests was analyzed using
an ANOVA with genotype (WT or PRKO) and test (1–4) as the indepen-
dent variables. Male identity was also included as a random variable nested
within genotype; adding this factor eliminates the variability among subjects
due to individual differences from the error term[48,49]. The dependent vari-
ables were the latency to and number of mounts and intromissions and the
ejaculation latency. When the interaction between genotype and test day was
significant we performed planned contrasts using Student’st-tests comparing
the genotypes on each test day. When there was a significant effect of test
day, we performed planned contrasts using Student’st-tests comparing tests
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Fig. 1. Sexual behavior of WT and PRKO mice given either the dopamine
D1 antagonist SCH 23390 or vehicle. (A) The percent of individuals of each
genotype showing mounts, intromissions, and ejaculations after treatment with
vehicle (black bars) or SCH 23390 (white bars). (B) Number of mounts to ejac-
ulation for WT (black bars) and PRKO mice (white bars) given vehicle or SCH
23390 prior to testing.

mounts in both genotypes (Fig. 1B; F = 6.9,P = 0.014) but had
no effect on the latency to mount.

3.2. Experiment 2

3.2.1. Behavior
There was a significant effect of genotype on the ejaculation

latency (Fig. 2A; F = 10.65,P = 0.002), with PRKO males tak-
ing longer to ejaculate than WT males. There was a significant
effect of test day on the intromission latency (Fig. 2B; F = 6.02,
P = 0.002), with shorter latencies on test 2 (t = 3.40,P = 0.001),
test 3 (t = 3.88,P = 0.003), and test 4 (t = 3.31,P = 0.002) than
on test 1 for both genotypes.

There was a trend toward a significant genotype by test day
interaction for the number of mounts (F = 2.45,P = 0.07) and
planned contrasts revealed that PRKO mice mounted more often,
though not significantly with the Bonferroni correction, than WT
mice on test 4 (Fig. 2C; t = 2.25,P = 0.028). Similarly, there was
also a trend toward more intromissions by PRKO than WT males
(Fig. 2C; t = 3.53,P = 0.067).

We found that on the fourth test, PRKO mice took longer
to ejaculate than WT mice (Fig. 3A; F = 7.09, P = 0.022). In
addition, PRKO mice mounted (Fig. 3B; F = 7.95,P = 0.01) and
intromitted (Fig. 3B; F = 6.03,P = 0.023) significantly more fre-
quently than WT mice.

3
c

eno-
t O
m ales
–4 to test 1. For all planned contrasts, we set ourα to 0.0125 (Bonfer
oni correction 0.05/4) to account for the increased number of compar
ales were only allowed to ejaculate once per test, making the ejacu

requency an ordinal variable. Consequently, we analyzed the proport
ales that ejaculated on each test day using Likelihood Ratio Chi-s

ests.
Because we also wanted to know whether there were any differen

ehavior immediately prior to sacrifice that might be associated with differe
n the number of TH-ir cells, we also performed ANOVAs with the latenc
nd number of mounts, intromissions, and ejaculations on the fourth test

he dependent variables and genotype as the independent variable.

.3.4.2. Number of tyrosine hydroxylase-immunoreactive cells. We performed
NOVAs with genotype and experience (naive versus experienced) as the
endent variables and the number of cells in the SNc and VTA as depe
ariables. When the interaction between genotype and experience was sig
e performed planned contrasts, comparing the genotypes within each
nce group (e.g. naive WT versus naive PRKO) and comparing each expe
roup within each genotype (e.g. naive WT versus experienced WT).

Finally, to investigate the relationship between neural and behaviora
otype we performed linear regressions of the number of TH-ir cells in the
nd VTA and the log of the latency to and number of mounts, intromission
jaculations on the fourth behavior test.

. Results

.1. Experiment 1

Among WT males, significantly more males treated w
ehicle intromitted relative to males treated with the D1 an
nist (Fig. 1A; χ2 = 4.27,P = 0.039). In addition, there was

rend toward fewer SCH treated WT males ejaculating rel
o vehicle-treated males (χ2 = 3.02,P = 0.082). Drug treatmen
ad no effect on the percent of PRKO males mounting, in
itting or ejaculating. The D1 antagonist also resulted in fe
.2.2. Number of tyrosine hydroxylase-immunoreactive
ells

In the SNc, there was a significant interaction between g
ype and experience (F = 6.93, P = 0.01). Experienced PRK
ales had more TH-ir cells in the SNc than naive PRKO m
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Fig. 2. Sexual behavior of WT and PRKO mice across all four behavior tests. (A) Across all four tests, PRKO males (white bars) had significantly higher ejaculation
latencies relative to WT males (black bars), while there were no differences in the time to the first mount, or the time from first mount to first intromission. (B) The
only behavioral parameter to show a significant effect of sexual experience was the intromission latency. Data for both genotypes is pooled. Different letters indicate
groups that are significantly different (P < 0.01). Both WT and PRKO males showed decreases in intromission latency on tests 2–4 relative to test 1. (C) Across
all four tests, PRKO males (white bars) engaged in more mounts than did WT males (black bars). A similar, though not significant trend, was also apparentin the
number of intromissions.

(Fig. 4A; t = 4.79, P = 0.04), while there were no differences
among WT males. In addition, there was a trend toward more
cells in experienced PRKO males relative to experienced WT
males (Fig. 4A; t = 3.29,P = 0.06). In the VTA there was a sig-
nificant interaction between genotype and experience (F = 4.01,
P = 0.05). Planned contrasts revealed that experienced PRKO
males had significantly more cells than experienced WT males
(Fig. 4B; t = 6.43,P = 0.02).

There was a significant correlation between the log of the
latency to mount on the final behavior test and the number of
cells in the SNc in PRKO but not WT males (Fig. 4C; R2 = 0.84,
F = 31.62, P = 0.001). There were no significant correlations
between any of the behavioral measures and the number of cells
in the VTA for either WT or PRKO males.

4. Discussion

While there is considerable information on the role of PR in
the display of sexual behavior in females[28], the role of PR in
modulating sexual behavior in males has only begun to be elu-
cidated. Here we report that PRKO males require more mounts
and intromissions and have longer latencies prior to ejaculation
than do WT males. This effect was present across all four behav-
ior tests, and was statistically significant on the fourth behavior
test. However, it is unclear whether this behavioral difference is
a result of the absence of PR during adulthood or development.
Studies in rats have demonstrated that adult males have low
mount frequencies when given the PR antagonist RU486[51].
However, it is also the case that blocking PR with RU486 perina-

F t. (A) RKO males
( n WT
ig. 3. Sexual behavior of WT and PRKO males on the final behavior tes
white bars) mounted and intromitted females significantly more often tha
PRKO males took significantly longer to ejaculate than WT males. (B) P
males (black bars).
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Fig. 4. Number of TH-ir cells in the SNc and VTA of naive and experienced WT and PRKO males. (A) Photomicrograph of TH staining in the SNc and VTA. Scale
bar = 100�m. (B) In the SNc, experienced PRKO males had significantly more TH-ir cells than naive PRKO males, and there was a non-significant trend (P = 0.06)
toward more cells in experienced PRKO males than in experienced WT males. (C) In the VTA, experienced PRKO males had significantly more TH-ir cells than
experienced WT males. (D) Among PRKO mice there was a significant, positive correlation between the latency to mount and the number of TH-ir cells in theSNc.

tally results in fewer males showing ejaculatory behavior when
tested as adults[26]. Our data differ from both of these exam-
ples as PRKO males copulate, but take more time and require
more mounts and intromissions to do so. Manipulations of PR
expression during different developmental epochs may help to
elucidate the role of PR in modulating the display of male sexual
behavior.

We also found genotype differences in the expression of the
dopamine synthesizing enzyme tyrosine hydroxylase in the VTA
and SNc. In the VTA, the number of TH-ir cells was signifi-
cantly higher in experienced PRKO males than in experienced
WT males, while in the SNc, experienced PRKO males had
more TH-ir cells than naive PRKO males and there was a trend
towards more TH-ir cells in experienced PRKO males relative to
experienced WT males. Given that the main differences between
the genotypes occur among males that have received social and
sexual experience, it is possible that the differences in TH expres-
sion arise as a consequence of behavioral experience. Across all
4 weeks of testing, PRKO males had longer latencies to ejaculate
and on the final day of testing PRKO males displayed signifi-
cantly more mounts and intromissions than WT mice. We also
found that the number of TH-ir cells was positively correlated
with the latency to mount and intromit in PRKO but not WT
mice. Sexual experience has been shown to alter neural phe-
notype in a number of species. Sexually experienced males are

more resilient to lesions of neural areas involved in sexual behav-
ior [1,12,18,22,29]and have smaller cell somata and nuclei in the
spinal nucleus of the bulbocavernosus[6]. In addition, metabolic
activity in the preoptic area of sexually experienced lizards and
rats is higher than in sexually naive males[43,44]. It is possi-
ble that the genotype differences in behavior or differences in
TH-ir cell plasticity due to the absence of PR may drive dif-
ferences in TH-ir expression among experienced males. Such
an effect would be of particular interest because, while there is
considerable work demonstrating that decreases in the number
of TH-ir cells, such as those that occur in the SNc with Parkin-
son’s disease, MPTP treatment, or 6-hydroxydopamine lesions
of the striatum, can affect movement and behavior[14,21,47],
there is less support for the idea that differences in behavioral
performance may affect the number of TH-ir cells.

The genotype differences in neural phenotype may also be
a consequence genotype differences in plasticity of TH-ir cells
resulting from the absence of the PR during development. In
mice, PR is expressed perinatally in the midbrain[5] and PR
expression peaks at a time when the number and activity of mid-
brain TH neurons are increasing to adult levels and beginning
to form functional contacts in the striatum[2]. Thus, genotype
differences in TH-ir cell number may result as a consequence
of the absence of PR during this developmental epoch. Estro-
gen receptor (ER) expression also increases during this time
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[38], and ER is regulated by, and often requires, the cooperative
action of PR[15]. Estrogen stimulation of midbrain neurons
during development affects the differentiation of dopaminergic
cells and increases TH mRNA expression[39], alters dopamine
uptake[13], and regulates neurite outgrowth of TH-ir neurons
[40]. Thus, in the absence of regulation by PR, ER may dif-
ferentially affect TH expression or cell morphology. It will be
interesting to investigate whether acute manipulation of PR dur-
ing development and in adulthood also affects neural changes in
response to social and sexual experience and in addition whether
other aspects of these nuclei differ between the genotypes, for
example the number of GABAergic interneurons or nuclear vol-
ume.

Among PRKO males there was a positive correlation between
the number of TH-ir cells in the SNc and the latency to mount,
indicating that males with potentially higher levels of dopamine
release into the striatum took longer and required more time
interacting with the female to initiate copulation. In addition,
across all four tests, PRKO males generally required more
mounts and intromissions and a longer latency to ejaculate
than did WT males. The greater sensory feedback and stim-
ulation necessary for copulation in PRKO males may be an
indication of a genotype difference in sensory processing or
sensorimotor integration. One possibility is that the genotypes
differ in the regulation or expression of dopamine receptors
in areas involved in motivation and sensorimotor integration
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genotype differences in other behaviors that recruit these neural
systems.

Previous work in this laboratory[35] found that on their first
behavioral test PRKO mice had lower mount frequencies than
WT mice, while on subsequent behavioral tests there was no
difference in mounting between WT and PRKO males. In con-
trast, we found no significant differences in mounting between
the genotypes on the first day, though there were trends toward
more mounts and intromissions and longer ejaculation latencies
by PRKO males, and by the fourth test, these trends were statisti-
cally significant. There are a number of procedural differences in
the handling and testing of the males between the two studies that
may account for the differences in results. For example, males
in the current study were tested under red light illumination dur-
ing the dark portion of the light:dark cycle, while those in ref.
[35] were tested under fluorescent lights during the first 3 h after
lights came on. Time of day and illumination have been shown
to affect behavior in ER�KO mice [23,30–32]. In addition, in
order to increase the probability that males would ejaculate on
the first test, our tests lasted 90 min rather than 20 min. Finally,
whereas males in our study received four behavior tests each
separated by 1 week, males in ref.[35] were tested every day for
4 days. These changes in testing condition were implemented in
an effort to make this study more comparable to other studies of
sexual behavior in mice[7]. However, the behavior of knockout
mice has been shown to be quite sensitive to variation in testing
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f the immediate early gene FOS can occur after a single e

ation[4,10]. Similarly, in male Japanese quail, sexual beha
nduces expression of both FOS and EGR-1 in catecholam
ic cells in areas such as the VTA[9]. The TH gene has an AP
ite which binds c-fos and TH transcription can be activ
y both egr-1 and c-fos in vitro[16,17,34]. Thus, it is possi
le that through the effects transcription factors such as c-f
gr-1 or through other rapidly changing second-messenge
ems such as cyclic AMP, changes in TH expression could o
fter only minimal sexual experience. Additional manipulat
f sexual experience, for example providing males with fe
ehavior tests, would provide insight into how rapidly chan

n TH expression occur, while increasing the time from the
exual experience to sacrifice would indicate how persisten
hanges in TH are. Finally, because all males ejaculated
east one test, we cannot determine which aspects of int
ng with a female are paramount to producing the chang
H between naive and experienced males, in particular wh
exual experience, social experience, or simply an increa
otoric activity is necessary for the changes in TH expres
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