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Abstract
We have recently demonstrated that the ventral premammillary nucleus (PMV) plays a key role in
the metabolic control of the female reproductive axis. However, whether PMV neurons modulate
the reproductive neural circuitry and/or the expression of sexual behaviors has not been
determined. Here, we showed that the expression of estrogen and progesterone receptors in the
PMV is modulated by changing levels of sex steroids across the estrous cycle. We also showed
that sexual behavior, not the high physiologic levels of sex steroids, induces Fos in PMV neurons.
Bilateral lesions of the PMV caused no significant changes in proceptive behavior but a high
percentage of PMV-lesioned rats failed to exhibit lordosis behavior when exposed to a sexually-
experienced male rat (50% vs. 18% in the control group). Notably, lesions of the PMV disrupted
the physiologic fluctuations of Kiss1 and GnRH mRNA expression characteristic of the proestrus-
to-estrus transition. This neurochemical imbalance may ultimately alter female reproductive
behavior. Our findings suggest that the PMV is a component of the neural circuitry that modulates
the physiologic fluctuations of key neuroendocrine players (i.e., Kiss1 and GnRH) in the control
of the female reproductive physiology.
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Introduction
Female reproductive physiology is controlled by a myriad of brain areas. These sites
ultimately converge to regulate the synthesis and release of GnRH which, in turn, controls
the pituitary secretion of LH and FSH (Freeman, 2006). In cycling females, the rise in the
circulating levels of estrogens that occurs on the day of proestrus stimulates GnRH release,
which is observed as an increase in the frequency of pulses and sustained high levels of
GnRH secretion, thereby triggering an LH surge and ovulation (Levine et al., 1982; Levine
and Ramirez, 1982; Moenter et al., 1992; Herbison, 2008). Increases in estrogen levels also
induce site-specific changes in the expression of estrogen and progesterone receptors
(Simerly and Young, 1991; Simerly et al., 1996; Österlund et al., 1998; Yamada et al.,
2009). These genomic and neuronal adaptations, in turn, prime the neuroendocrine axis for
the night of behavioral estrus (Pfaff et al., 2006).

Recent studies demonstrated that the hypothalamic ventral premammillary nucleus (PMV)
plays an instrumental role in the coordinated control of the neuroendocrine reproductive axis
(Donato et al., 2009; Donato and Elias, 2011; Donato Jr. et al., 2011b). The PMV innervates
GnRH and kisspeptin neurons and projects to areas involved in the genesis and modulation
of sexual behaviors (Canteras et al., 1992; Rondini et al., 2004; Leshan et al., 2009; Donato
Jr. et al., 2011b). Lesions of the PMV disrupt female cyclicity, generating an initial state of
anestrus followed by the reinstatement of cycles with atypical vaginal cytology. At the time
of the LH surge, PMV-lesioned rats display low levels of estradiol and LH and decreased
activation of GnRH neurons and key brain nuclei, such as the anteroventral periventricular
nucleus (AVPV) (Donato et al., 2009).

Therefore, our previous observation that PMV-lesioned rats display decreased estradiol and
gonadotropin secretion at the time of the LH surge suggested that their reproductive
physiology is compromised. But whether the lack of PMV inputs ultimately leads to
disruption of the related neural circuitry and/or behavioral deficits has not been determined.
In the present study, we initially investigated whether PMV neurons are responsive to
changing levels of sex steroids across the estrous cycle and whether they are a component of
the circuitry engaged in sexual behavior. We then assessed whether the disruption of PMV
inputs compromises the neural circuitry involved in neuroendocrine regulation and/or the
adequate expression of sexual behaviors.

Experimental procedures
Subjects

Adult male and female Sprague-Dawley rats (8 weeks old) were maintained on a 12-h light/
dark cycle in a temperature-controlled (22 ± 2°C) environment with free access to water and
food. All experiments were performed in accordance with the guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (1996) and
Institutional Committee for Research and Animal Care of the University of São Paulo.
Females were perfused in specific periods of their estrous cycles or submitted to stereotaxic
surgeries and sexual behavior. Males were used as breeders in the behavioral tests.

Experiment 1: Expression of sex steroids receptors in the PMV across the
estrous cycle—Increases in estradiol levels during the proestrus day alter the expression
of estrogen receptor alpha (ERα) and the progesterone receptor (PR) in several brain sites
(Simerly and Young, 1991; Simerly et al., 1996; Österlund et al., 1998; Yamada et al.,
2009). These changes prime the neuronal circuitry for neuroendocrine control of ovulation
and sexual behavior (Freeman, 2006; Adachi et al., 2007; Herbison, 2008; Oakley et al.,
2009). PMV neurons express ERα and PR (Warembourg et al., 1986; Simerly et al., 1990;
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Intlekofer and Petersen, 2011); however, whether they are responsive to changing levels of
sex steroids across the estrous cycle is not known. To address this question, we used brain
sections from female rats previously defined as being in diestrus I (second day of
predominant leucocytes in the vaginal lavage) and proestrus (nucleated cells in the vaginal
lavage), according to vaginal cytology and hormone profile (Donato et al., 2009). Rats were
divided into two groups: a) those perfused during diestrus I (low circulating levels of sex
steroids, n = 5) and b) those perfused during proestrus (high circulating levels of sex
steroids, n = 4). The estrous cycle was assessed daily in the morning by analysis of vaginal
cytology as previously described (Donato et al., 2009), and rats were perfused 1 hour before
lights off. Series of hypothalamic sections containing PMV and control sites – i.e., the
ventrolateral subdivision of ventromedial nucleus of the hypothalamus (VMHvl), the medial
tuberal nucleus (MTu) and the posterodorsal subdivision of the medial nucleus of amygdala
(MeApd) – were processed for ERα or PR immunoreactivity.

Experiment 2: Requirement of PMV neurons for female sexual behavior—
Previous studies have shown that the PMV neurons of ovariectomized estrogen- and
progesterone-primed rats express Fos immunoreactivity after copulation (Pfaus et al., 1993;
Coolen et al., 1996; Pfaus and Heeb, 1997). However, one of these studies also found that
control rats submitted to the hormone replacement regimen showed numbers of Fos
immunoreactive neurons in the PMV that were similar to rats that underwent the behavioral
test (Coolen et al., 1996). To assess whether the physiologic increase in sex steroids levels
induces Fos expression in PMV neurons, cycling females were divided into 3 groups: a) rats
perfused during the afternoon of the proestrus day (high sex steroids levels, Control
Proestrus, n = 6); b) rats perfused during the night of estrus, 3h after lights off (Control
Behavior, n = 5); and c) rats perfused 40 min after sexual behavior 3 h after lights off
(Behavior, n = 9). To further investigate the role played by the PMV in the expression of
sexual behaviors, we produced bilateral lesions of the PMV in adult female rats. During the
night of estrus, rats were housed with a sexually experienced male, and proceptivity and
receptivity were assessed.

Experiment 3: Neuroendocrine characterization of PMV-lesioned female rats
following sexual behavior—To further investigate the role played by PMV neurons in
the neuroendocrine events that occur during behavioral estrus, rats submitted to the sexual
behavior paradigm (same rats of the Experiment 2) were screened for changes in hormone
levels (estradiol, progesterone, prolactin, testosterone, LH and FSH) and neuropeptide
(GnRH and Kiss1) gene expression.

Stereotaxic surgeries
Stereotaxic surgeries were performed on female rats under Equitesin anesthesia (ip, 3 mg/
100 g sodium thiopental, 12.7 mg/100 g chloral hydrate). NMDA (0.15 M, Sigma) was
injected iontophoretically from a glass micropipette into the PMV bilaterally [coordinates:
anteroposterior (from bregma) = −3.9; mediolateral (from midline) = ± 0.7; dorsoventral
(from dura-mater) = −8.5] by applying a −8 μA pulsed current at 7 s intervals for 15 min (n
= 27). NMDA is effective in inducing excitotoxic neuronal lesions without affecting fibers
of passage (Sisk et al., 1988).

Sexual behavior test
The behavioral test was conducted approximately 8 weeks after stereotaxic surgeries in an
acoustically isolated room equipped with red lights. The behavioral test was initiated 2–3
hours after the beginning of the dark cycle on the night of proestrus day (night of estrus),
when female rats are expected to be sexually receptive (Pfaff et al., 2006). Females were
moved to an acrylic box (40 cm height × 40 cm width × 60 cm length) containing bedding
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and were allowed to adapt to the environment for 30 min. Then, a sexually experienced male
was introduced into the cage and sexual behavior was recorded. Males (n = 3) were
randomly allocated to the cages with females, and each male was used in more than one
trial.

We evaluated the sexual proceptivity and receptivity of each female in the presence of a
male. Proceptivity was defined as the occurrence of stereotypic behaviors including darting,
hopping and ear wiggling (Pfaff et al., 2006). To assess sexual receptivity, we evaluated the
occurrence of lordosis behavior following 10 attempts to mount (McGinnis and Gorski,
1980).

Perfusion and tissue sectioning
Female rats were deeply anesthetized with a cocktail containing ketamine (5 mg/100 g),
xylazine (1 mg/100 g), and acepromazine (0.2 mg/100 g). Immediately before the perfusion,
a blood sample was collected from the heart to assess their hormonal profile. Rats were
perfused with 4% paraformadehyde in borate-buffer (pH 9.5 at 4°C). Brains were dissected,
post-fixed for 1 h and cryoprotected overnight at 4°C in diethylpyrocarbonate (DEPC)-
treated 0.1 M phosphate-buffer saline pH 7.4 (PBS) containing 20% sucrose. The brains
were cut (30-μm sections) in the frontal plane on a freezing microtome. Five series of
sections were collected and stored at −20°C in cryoprotectant.

Evaluation of bilateral lesions and definition of experimental groups
The extent of PMV lesions and contamination of adjacent hypothalamic nuclei were
assessed by thionin (Nissl) staining (Donato et al., 2009). We also confirmed the extent of
lesions by assessing the expression of NADPH diaphorase (NADPHd) activity (Donato et
al., 2010a; Donato et al., 2010b) and cocaine and amphetamine regulated transcript (CART)
mRNA by in situ hybridization (Douglass et al., 1995; Cavalcante et al., 2006). Both
NADPHd and CART mRNA are highly expressed in the PMV and in adjacent nuclei.

We classified rats as “PMV-lesioned” if they showed specific and bilateral lesions of the
PMV. As controls, we used NMDA-injected rats that showed an intact PMV and no lesions
of adjacent hypothalamic nuclei (PMV-non-lesioned group). Females with small lesions of
the PMV or with lesions of adjacent nuclei were excluded from the analysis.

NADPH diaphorase
To label neurons that express NADPHd activity, a series of hypothalamic sections
containing the PMV of control and lesioned female rats were rinsed overnight in PBS and
incubated in a solution containing 0.02% of βNADPH (Sigma) and 0.02% of nitroblue
tetrazolium (Sigma) in 1 M Tris-HCl, pH 7.4 with 0.1% Triton X-100 at 37°C in the dark, as
we reported previously (Donato et al., 2010a; Donato et al., 2010b). Following 2 to 5 h, the
reaction was terminated with rinses in PBS. Sections were mounted onto gelatin-coated
slides, dehydrated in ascending concentrations of ethanol, delipidated in xylene and
coversliped with DPX mounting medium.

Immunohistochemistry
Brain sections of rats on diestrus or proestrus were rinsed in PBS and blocked in 3% normal
donkey serum for 1 h, followed by incubation overnight in anti-ERα antiserum raised in
rabbit (1:100,000, Millipore, C1355) or in anti-PR monoclonal antibody from mouse
(1:2,000, Millipore, MAB462). Subsequently, sections were incubated for 90 min in
AlexaFluor 488-conjugated IgG donkey anti-rabbit or anti-mouse (1:500, Invitrogen) for
ERα or PR, respectively. Sections were rinsed in PBS, mounted onto gelatin-coated slides,
dried and coverslipped with Flouromount G (Electron Microscopy Sciences). Hypothalamic
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sections of PMV-lesioned and PMV non-lesioned rats were also submitted to ERα
immunolabeling to detect lesion in the VMHvl. Additionally, hypothalamic sections of rats
on proestrus were also evaluated for Fos immunoreactivity. Sections were blocked in 3%
normal donkey serum, and incubated overnight at room temperature in anti-Fos polyclonal
primary antisera raised in rabbit (Ab5, 1:70,000, Oncogene). Sections were incubated for 1 h
in biotin-conjugated IgG donkey anti-rabbit (1:1,000, Jackson Laboratories) and for 1 h in
avidin-biotin complex (1:500, Vector Labs). The peroxidase reaction was performed using
0.05% DAB and 0.025% nickel sulfate as chromogens, and 0.03% hydrogen peroxide.

In situ hybridization histochemistry
The brain sections were mounted onto SuperFrost plus slides (Fisher Scientific). Before
hybridization, sections were fixed in 4% formaldehyde for 5 min, pretreated with proteinase
K (Roche) at 37°C for 30 min, followed by triethanolamine plus acetic anhydride for 10
min. Sections were then dehydrated in ascending concentrations of ethanol, cleared in
xylene for 15 min and re-hydrated in descending concentrations of ethanol. The riboprobes
(GnRH, Kiss1, CART and Fos) were generated by in vitro transcription with 35S-UTP.
The 35S-labeled probes were diluted (106 dpm/mL) in the hybridization solution. The
solution consisted of 50% formamide, 10 mM Tris-HCl (Gibco-BRL), 0.01% sheared
salmon sperm DNA, 0.01% yeast tRNA, 0.05% total yeast RNA (Sigma), 10 mM
dithiothreitol, 10% dextran sulfate, 0.3 M NaCl, 1 mM EDTA (pH 8.0) and 1x Denhardt’s
solution (Sigma). The hybridization solution (120 μl) was applied to each slide, and slides
were incubated overnight at 57°C. Sections were then treated with 0.002% RNAase A
solution and submitted to stringency washes in decreasing concentrations of sodium
chloride/sodium citrate buffer (SSC). Sections were dehydrated and enclosed in X-ray film
cassettes with BMR-2 film (Kodak) for 2 to 4 days. Slides were dipped in NTB2
autoradiographic emulsion (Kodak), dried overnight and stored at 4°C for 14 to 30 days
(according to the signal on the film). Slides were developed with a Dektol developer
(Kodak), dehydrated, cleared in xylene, and coverslipped with DPX.

The GnRH cDNA was kindly provided by Dr. Rexford Ahima (University of Pennsylvania,
PA, USA), and its specificity has been described previously (Bond et al., 1989). Kiss1
cDNA was generated in our laboratory, the details and specificity of which has been
published previously (Donato et al., 2009; Cravo et al., 2011). The CART and Fos cDNA
was kindly provided by Dr. P. Couceyro (Finch University of Health Sciences, Chicago
Medical School, North Chicago, IL, USA) and Dr. J.K. Elmquist (University of Texas
Southwestern Medical Center, Dallas, TX, USA), respectively, and the specificity of these
cDNAs has been previously described (Curran et al., 1983; Douglass et al., 1995).

Data analysis and production of photomicrographs
An observer unaware of the experimental groups performed quantifications. Only one
representative section from one side of the brain for each nucleus was quantified; therefore,
the data were not corrected for double counting. Brain levels were defined according to the
Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 1997).

The ERα or PR immunoreactive cells in the PMV (level 33) and in control sites –i.e., the
VMHvl (level 30), MTu (level 31) and MeApd (level 31) – were quantified, and the means
(± SEM) were compared between rats in diestrus or proestrus. ImageJ software (http://
rsb.info.nih.gov/ij) was used to count the number of ERα or PR immunoreactive cells and
each counted cell was marked avoiding double counting in the same section. Only one
section from one side of each nucleus was assessed. The hybridization signal was estimated
by analysis of the integrated optical density (IOD) using ImageJ software. Darkfield
photomicrographs were acquired using the same illumination and exposure time for every
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section. No image editing was performed before quantification. For quantification of GnRH
and Kiss1 mRNA expression, we assessed the IOD of individual cells. We considered only
the cells that had IOD values at least 3 times higher than that of the background, which was
determined from regions adjacent to the region of interest. We determined the number of
cells and the IOD/cell.

Brain sections were analyzed on a Zeiss Axioplan microscope (Carl Zeiss).
Photomicrographs were produced by capturing images with a digital camera (Axiocam,
Zeiss) mounted directly on the microscope. Adobe Photoshop CS3 image-editing software
was used to integrate photomicrographs into plates. Only sharpness, contrast and brightness
were adjusted. Illustrator CS3 was used to produce the schematic drawings using thionin
staining as template.

Hormone assays
Commercial radioimmunoassay kits were used to measure the levels of estradiol,
progesterone (BioChem ImmunoSystems) and testosterone (DSL). The lower detection
limits and the intra-assay coefficients of variation were, respectively, 7.5 pg/mL and 2.5%
for estradiol, 4.1 ng/mL and 3.7% for progesterone, and 0.08 ng/mL and 8.5% for
testosterone. LH, FSH and prolactin (PRL) were determined by radioimmunoassay using
kits provided by the National Hormone and Peptide Program (Harbor-UCLA Medical
Center, USA) as described elsewhere (Anselmo-Franci et al., 1997). The reference
preparations were LH-RP3, FSH-RP2 and PRL-RP2. The lower detection limits were 0.05
ng/mL, 0.2 ng/mL and 0.2ng/mL, and the intra-assay coefficients of variation were 4%, 3%
and 3.5%, for LH, FSH and PRL, respectively.

Statistical analysis
The comparisons between diestrus vs. proestrus or PMV-lesioned vs. PMV-non lesioned
groups were carried out using unpaired two-tailed Student’s t test. To compare three groups
simultaneously we used one-way ANOVA followed by the pairwise Newman-Keuls test.
Data on proceptivity and receptivity were described as the percentage of rats in each group,
and no statistical comparisons were performed due to the variability of behavioral data (in
control and lesioned rats) and lack of statistical power. The data are expressed as the mean ±
SEM. Statistical analysis was performed using GraphPad Prism software (San Diego, CA),
and α values of less than 0.05 (P < 0.05) were taken as significant in all analyses.

Results
Experiment 1: Expression of sex steroids receptors immunoreactivity in the PMV across
the estrous cycle

We observed that ERα-immunoreactivity (ERα-ir) in the PMV of rats perfused in the
afternoon of the proestrus day (high estrogen levels) was decreased compared with rats
perfused during the afternoon of diestrus I (low estrogen levels, Fig. 1A–C). This change
follows the pattern observed in the VMHvl and the MTu. By contrast, no difference in the
ERα-ir was observed in the MeApd across the estrous cycle (Fig. 1A). We then assessed
PR-immunoreactivity (PR-ir) in PMV neurons. Virtually no PR-ir was found in the PMV of
females perfused during diestrus (Fig. 1D). However, we observed a small but significant
increase in the number of PR-immunoreactive cells in the ventral aspects of the PMV of
females perfused during proestrus (Fig. 1D–F). In agreement with earlier studies (MacLusky
and McEwen, 1978; Simerly and Young, 1991; Simerly et al., 1996; Österlund et al., 1998;
Yamada et al., 2009), increased PR-ir was observed in the VMHvl and MTu of females
during proestrus, but no changes were detected in PR-ir expression in the MeApd. These
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findings suggest that PMV neurons are responsive to changing levels of sex steroids across
the estrous cycle.

Experiment 2: Requirement of PMV neurons for female sexual behavior
Sexual behavior, not high physiologic levels of sex steroids, induces Fos in
PMV neurons—Previous studies have shown that sexual behavior or sex steroid treatment
alone may induce Fos expression in PMV neurons (Pfaus et al., 1993; Coolen et al., 1996;
Pfaus and Heeb, 1997). Thus, we assessed whether increased physiologic levels of sex
steroids in cycling females induces Fos in the PMV. We observed that females perfused in
the afternoon of the proestrus day (1h before lights off) showed increased Fos expression in
the AVPV and PeN (Fig. 2A), in agreement with previous studies (Le et al., 1999; Donato et
al., 2009). However, virtually no Fos expression (mRNA or protein) was detected in the
PMV of females on proestrus (Fig. 2B, D). Likewise, a very low hybridization signal was
detected in PMV neurons of rats perfused during the night of estrus (Control Behavior, Fig.
2E). In contrast, high densities of Fos mRNA were observed in the PMV of female rats
perfused following sexual behavior (Fig. 2C, F). Our findings indicate that components of
female sexual behavior (e.g., male odor, lordosis, etc.) contribute to the induction of Fos in
PMV neurons independently of changes in sex steroids levels.

Characterization of bilateral PMV lesions—To further investigate the role played by
the PMV in the expression of sexual behaviors, we produced bilateral lesions of the PMV in
adult female rats. The extent of PMV lesions was determined by thionin staining of
hypothalamic sections (Fig. 3A–B). In addition, two neurochemical markers (NADPHd
activity and CART mRNA) that are highly expressed in PMV neurons and in surrounding
nuclei were used to confirm the extent and the specificity of the lesions. We obtained 8 rats
with specific and bilateral lesions of the PMV (PMV-lesioned group, Fig. 3B, D, F, Fig. 4).
In these cases, we observed a marked decrease in the number of cells in the area comprising
the PMV, and absence of NADPHd activity and CART mRNA expression bilaterally in the
PMV. Because the VMHvl plays a critical role in the expression of female sexual behavior
(Kow and Pfaff, 1988; Musatov et al., 2006) and the tuberomammillary nucleus (TMN) is
essential for circadian and seasonal rhythms (Deurveilher and Semba, 2005; I’Anson et al.,
2011), we performed a meticulous evaluation of putative contaminations or lesions of these
sites. The VMHvl expresses a dense collection of ERα and the TMN is readily distinguished
by its magnocellular characteristic. We used these two features to further determine whether
injections of NMDA into the PMV compromised either one or both nuclei. Only rats with
intact VMHvl defined by thionin staining and ERα immunoreactivity (Fig. 5A–B) were
used in our analysis. As previously shown (Gerashchenko et al., 2004), we observed that
TMN neurons are resistant to excitotoxic lesions as no difference in cell number and
morphology was identified in any of the cases with good injections in the PMV (Fig. 5C–D).
Morphology and cell density were also preserved in other adjacent nuclei including the
MTu, the arcuate, the dorsal premammillary and the medial mammillary nuclei (Fig. 3). We
obtained 11 control rats classified as PMV non-lesioned. These rats showed an intact PMV,
as indicated by apparently normal densities of thionin-stained neurons, of NADPHd activity
and expression of CART mRNA and no lesions of adjacent nuclei (Fig. 3A, C, E; Fig 4). In
PMV-non lesioned rats, the normal distributions of NADPHd and CART mRNA, and
normal neuronal density in the PMV, were defined by comparison with intact females
perfused during proestrus (data not shown). Rats with partial lesions of the PMV or
compromise of surrounding nuclei (n = 8) were excluded from all analysis.

Lack of PMV inputs cause behavioral deficits—Following 8 weeks of recovery from
surgery, we assessed changes in well-defined stereotypic behaviors indicative of sexual
proceptivity and receptivity (Pfaff et al., 2006) in PMV-lesioned and PMV-non lesioned
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rats. We observed that lesions of the PMV caused no major changes in proceptive behaviors,
as 60% of PMV-non lesioned rats and 50% of PMV-lesioned rats displayed similar pattern
of darting, hopping and ear wiggling in the presence of the male. On the other hand, 50% of
PMV-lesioned rats were non-receptive (no lordosis behavior in the first 10 attempts to
mount), whereas only 18% of control rats failed to show lordosis. In those PMV-lesioned
rats that show lordosis, we also report a decrease in the mean number of mounts resulting in
lordosis compared to controls. PMV-lesioned rats also showed 40% decrease in the mean
number of lordosis in 10 attempts to mount (3.5 ± 1.4 vs. 5.7± 1.2 in control rats), although
this data did not reach statistical significance (P = 0.25).

Sexual proceptivity and receptivity can significantly affect aspects of the male’s sexual
performance, including latency to mount and ejaculation rate (Landau and Madden, 1983;
Erskine et al., 1989; Dewsbury, 1990). We did not observe a significant difference in the
latency to mount between the PMV-lesioned and PMV-non lesioned groups. We observed
that 30% of the males attained ejaculation during the first 10 attempts to mount when mating
with PMV non-lesioned rats, whereas 12% of the males ejaculated when mating with PMV-
lesioned rats.

Experiment 3: Neuroendocrine characterization of PMV-lesioned female rats following
sexual behavior

Lesions of the PMV induce no changes in sex hormone levels after behavior
test—To determine whether PMV neurons exert any effect on sex hormone levels after the
behavioral test, we assessed the serum concentrations of LH, FSH, prolactin, estradiol,
testosterone and progesterone in PMV-lesioned and PMV non-lesioned rats. No significant
changes between the experimental groups were observed in serum levels of LH (PMV-non-
lesioned: 46.4 ± 18.7 ng/mL; PMV-lesioned: 19.0 ± 9.0 ng/mL; P = 0.25), FSH (PMV-non-
lesioned: 7.5 ± 1.4 ng/mL; PMV-lesioned: 8.1 ± 2.8 ng/mL; P = 0.82), prolactin (PMV-non-
lesioned: 337 ± 100 ng/mL; PMV-lesioned: 657 ± 125 ng/mL; P = 0.06), estradiol (PMV-
non-lesioned: 10.0 ± 1.1 pg/mL; PMV-lesioned: 8.4 ± 0.7 pg/mL; P = 0.27) or testosterone
(PMV-non-lesioned: 0.14 ± 0.03 ng/mL; PMV-lesioned: 0.12 ± 0.02 ng/mL; P = 0.72). We
also found no changes in mean levels of progesterone (PMV-non-lesioned: 99.6 ± 12.5 ng/
mL; PMV-lesioned: 85.6 ± 21.3 ng/mL; P = 0.56). Nonetheless, we observed that
progesterone levels were increased in females that showed lordosis compared to those that
were non-receptive (120.7 ± 9.0 ng/mL vs. 35.0 ± 5.2 ng/mL in non-receptive; P < 0.0001).
This pattern was observed in PMV-lesioned and PMV-non lesioned rats indicating that
components of sexual behavior – perhaps uterine cervical stimulation – are the primary
stimulus responsible for the observed increase in progesterone secretion (Adler et al., 1970).

PMV-lesioned rats display suppressed Kiss1 mRNA expression in the AVPV
and PeN—The PMV densely projects to the AVPV, a site involved in the preovulatory LH
surge (Canteras et al., 1992; Rondini et al., 2004; Hahn and Coen, 2006). In addition, we
have recently shown that fibers originating from PMV neurons are in close apposition to
AVPV Kiss1 neurons (Donato Jr. et al., 2011b). As kisspeptin neurons are key players in
reproductive physiology (de Roux et al., 2003; Seminara et al., 2003; Clarkson et al., 2008;
Oakley et al., 2009; Clarkson et al., 2010; Pineda et al., 2010), we assessed the expression of
Kiss1 mRNA by in situ hybridization in the AVPV and the anterior periventricular nucleus
(PeN) of PMV-lesioned and PMV-non lesioned rats after the sexual behavior test. On the
night of the behavioral estrus, PMV-non lesioned rats show similar number of neurons
expressing Kiss1 mRNA (3× higher than background level) in the AVPV (Fig. 6A–C) and in
PeN (Fig. 6E–G) compared to rats perfused in the afternoon of the proestrus day. On the
other hand, we found a significant decrease in the number of neurons expressing Kiss1
mRNA (3× higher than background level) in the AVPV (Fig. 6A–D) and in PeN (Fig. 6E–
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H) of PMV-lesioned rats compared to PMV-non-lesioned rats and rats perfused in the
afternoon of the proestrus, indicating a likely effect in intensity (mRNA levels) not absolute
cell number.

The number of Kiss1 expressing cells in the arcuate nucleus of female rats is markedly
reduced during proestrus and estrus compared with other phases of the estrous cycle (Smith
et al., 2006). Accordingly, we found very low expression of Kiss1 mRNA in the arcuate
nucleus of rats perfused on the night of estrus, and no difference between PMV-lesioned and
PMV-non lesioned rats was detected (P = 0.68, data not shown).

PMV-lesioned rats show abnormally high GnRH mRNA expression on the
night of the behavioral estrus—GnRH secretion or central infusion of GnRH analogs
or antagonists significantly affects sexual behavior (Moss and Foreman, 1976; Sakuma and
Pfaff, 1980, 1983). The PMV projects directly to GnRH neurons and likely modulates
GnRH synthesis and/or secretion (Beltramino and Taleisnik, 1985; Rondini et al., 2004;
Donato et al., 2009; Leshan et al., 2009; Donato Jr. et al., 2011b). Therefore, in order to
assess the effects of lesions of the PMV on GnRH expression, we performed in situ
hybridization for GnRH mRNA in brain sections of PMV-lesioned and PMV-non lesioned
rats perfused after the sexual behavior test. We quantified the number of GnRH expressing
neurons in a neuronal population located in the vicinity of the vascular organ of the lamina
terminalis (OVLT). Unexpectedly, we observed that PMV-lesioned rats showed a higher
number of neurons expressing GnRH mRNA (3× higher than background level) compared
to PMV-non lesioned rats (P = 0.006; Fig. 7), indicating a likely effect in intensity (mRNA
levels) not absolute cell number. Because GnRH mRNA expression is expected to decrease
during the night of estrus compared to the expression level at the time of the LH surge (Park
et al., 1990; Porkka-Heiskanen et al., 1994; Wang et al., 1995), we assessed the number of
cells expressing GnRH mRNA in a group of rats perfused one hour before lights off on the
proestrus day. As predicted (Park et al., 1990; Porkka-Heiskanen et al., 1994; Wang et al.,
1995), PMV-non lesioned rats show a significant reduction in the number of cells expressing
GnRH mRNA (3× higher than background) compared to proestrus rats, whereas PMV-
lesioned rats displayed similar number of GnRH-expressing neurons compared to females
perfused at the time of the LH surge (Fig. 7). Our findings indicate that lesions of the PMV
disrupt the physiologic fluctuation of GnRH mRNA expression observed across the
proestrus day and the night of estrus.

Discussion
In the present study, we demonstrate that PMV neurons are responsive to changing levels of
sex steroid hormones and are activated during the expression of sexual behavior. Notably,
lesions of the PMV altered the physiologic changes in Kiss1 and GnRH gene expression
characteristic of the proestrus-to-estrus transition and decreased the occurrence of lordosis
behavior.

The role played by PMV neurons in reproductive physiology was initially proposed by
studies showing its involvement in odor-induced LH secretion (Beltramino and Taleisnik,
1985). Subsequently, it was made clear that the PMV is a putative target of sex steroid
hormones, as it has a high concentration of ERα and androgen receptors, and ERβ to a
lesser extent (Simerly et al., 1990; Merchenthaler et al., 2004). Using labeled progestin
ligands, earlier studies also suggested that the PMV concentrates PR (Parsons et al., 1982;
Rees et al., 1985), and recently it was demonstrated that PMV neurons express PR mRNA
(Intlekofer and Petersen, 2011). Estrogen’s effects on ERα and PR expression are well
described. Elevated levels of estrogen downregulate ERα and induce PR expression in a
variety of brain areas such as the AVPV, the MPN and the mediobasal hypothalamus,
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whereas other sites (e.g., the medial amygdala) show no changes or more complex responses
(MacLusky and McEwen, 1978; Simerly and Young, 1991; Simerly et al., 1996; Österlund
et al., 1998; Yamada et al., 2009). Our findings indicate that, in physiologic conditions of
high estrogens (proestrus), PMV neurons exhibit lower ERα-ir and higher PR-ir compared
to diestrus. Although these differences indicate that the activity and/or gene expression of
PMV neurons is modulated by changing levels of sex hormones across the estrous cycle, the
number of cells positive to PR was very low in both conditions. Whether methodological
issues (e.g., fixative use in the detection of PR immunoreactivity) decreased the labeling
efficiency of PR immunoreactivity is not known. In any case, the physiological relevance of
these findings needs further investigation.

The sustained high level of estrogen in proestrus is a crucial event; it triggers GnRH
secretion and induces genetic and neurochemical modifications in specific neuronal
populations involved in behavioral responses (Levine et al., 1982; Levine and Ramirez,
1982; Moenter et al., 1992; Pfaff et al., 2006; Herbison, 2008). The current literature
supports the concept that the positive feedback action of estrogen upon GnRH secretion is
mediated by interneurons (Wintermantel et al., 2006; Herbison, 2008). Of those
interneurons, the kisspeptin cells located in the AVPV and PeN are of fundamental
importance (Popolow et al., 1981; Wiegand and Terasawa, 1982; Herbison, 2008). The high
estrogen levels characteristic of the afternoon of proestrus, or induced by hormone
replacement, stimulate Kiss1 gene expression in AVPV and PeN neurons that, in turn,
induces GnRH secretion (Gottsch et al., 2004; Navarro et al., 2005; Smith et al., 2005; Smith
et al., 2006; Navarro et al., 2009). But, as expected from a highly redundant circuitry, other
brain sites also play a role. In agreement with this notion, lesions of PMV neurons caused a
condition of low levels of estrogen and LH and decreased activation of Kiss1 and GnRH
neurons at the time of the LH surge (Donato et al., 2009). Herein, we investigated the
consequences of this imbalanced condition on female sexual behavior. In cycling females,
Kiss1 expression in the AVPV and PeN remains high during the transition from the
afternoon of the proestrus day to the night of estrus (Kinoshita et al., 2005; Smith et al.,
2006; Adachi et al., 2007). During the night of behavioral estrus, PMV-lesioned rats
displayed decreased Kiss1 mRNA in the AVPV and PeN compared to PMV-non-lesioned
rats. Whether these effects are the consequence of the lack of PMV inputs to Kiss1 cells or
of the neuroendocrine imbalance caused by PMV lesions at the time of LH surge is
unknown. However, lower expression of Kiss1 mRNA in the AVPV and PeN likely has a
negative impact on preparation of the reproductive system for the night of behavioral estrus.

The GnRH gene expression is highly variable across the proestrus day (Park et al., 1990;
Porkka-Heiskanen et al., 1994; Wang et al., 1995). At the time of the LH surge, GnRH
neurons located adjacent to the OVLT are more transcriptionally active and exhibit high
GnRH mRNA expression. However, during the night of estrus, this same neuronal
population displays suppressed GnRH mRNA expression (Park et al., 1990; Porkka-
Heiskanen et al., 1994; Wang et al., 1995). Accordingly, our control rats that were perfused
during the estrus night had lower numbers of GnRH expressing neurons compared to rats
perfused at the time of the LH surge. Notably, however, PMV-lesioned rats displayed
abnormally high GnRH expression indicating that the expected suppression of GnRH
mRNA observed during the night of estrus had not occurred. We postulate that the lack of
excitatory inputs from PMV neurons caused a non-homeostatic steady state of GnRH
expression across the transition from the proestrus day to the night of estrus.

Female sexual behavior relies on the rise and sustained high levels of estrogen (Davidson et
al., 1968; Sodersten and Eneroth, 1981; Pfaff et al., 2006). Therefore, the low levels of
estrogen during mid-proestrus (Donato et al., 2009) may be the major cause of the higher
percentage of PMV-lesioned rats that did not express lordosis during the sexual behavior

Donato et al. Page 10

Neuroscience. Author manuscript; available in PMC 2014 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



test. However, it is worth mentioning that GnRH also facilitates lordosis behavior (Moss and
McCann, 1973; Pfaff, 1973; Sakuma and Pfaff, 1980), which raises the possibility that
altered GnRH secretion or neurotransmission may have blunted the behavioral responses in
this experimental model. Taken together, our findings suggest that removal of PMV inputs
generates a vicious cycle in which decreased activation of GnRH and Kiss1 neurons in the
AVPV/PeN results in decreased gonadotropins and estrogen secretion and, consequently, a
deficient feedback action on GnRH neurons during the proestrus day. Ultimately, this
condition may have a negative impact on female sexual behavior.

Of note, we have recently shown that PMV neurons play an essential role in mediating the
effects of the adipocyte hormone leptin in the reproductive system (Donato Jr. et al., 2011a;
Donato Jr. et al., 2011b). Interestingly, reports have suggested that leptin facilitates lordosis
behavior in hamsters and rats (Wade et al., 1997; Donato Jr. et al., 2011a; García-Juárez et
al., 2011), and these effects seem to be mediated by nitric oxide (Garcia-Juarez et al., 2012).
Because the PMV houses the largest population of neurons that colocalizes nitric oxide and
leptin receptors (Donato et al., 2010b; Leshan et al., 2012), the putative action of leptin on
lordosis may be attained via direct stimulation of PMV neurons. Further studies will be
necessary to test this hypothesis.
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Highlights

• Changes in sex steroid levels modulate the expression of ERα in the PMV

• Bilateral lesions of the PMV decrease receptive (lordosis) behavior

• PMV-lesioned rats exhibit abnormal Kiss1 and GnRH mRNA expression in the
estrus night
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Figure 1.
Regulation of sex steroid receptors in PMV neurons. A. Bar graphs showing the number of
estrogen receptor α-immunoreactive (ERα-ir) neurons in the PMV of rats perfused during
the afternoon of diestrus I (n = 5) or during the afternoon of the proestrus day (n = 4). B–C.
Fluorescent photomicrographs of brain sections showing neurons that express ERα-ir in the
PMV of rats perfused during diestrus (B) or the proestrus day (C). D. Bar graphs showing
the number of progesterone receptor-immunoreactive (PR-ir) neurons in the PMV of rats
perfused during diestrus or during the afternoon of the proestrus. E–F. Fluorescent
photomicrographs of brain sections showing neurons that express progesterone receptor-
immunoreactivity (PR-ir) in the PMV of rats perfused in the afternoon of proestrus. F is a
higher magnification of the area highlighted in E. Data in the bar graph are expressed as
mean ± SEM. *, statistically different (P < 0.05) from diestrus groups. We used unpaired
two-tailed Student’s t tests. Abbreviations: 3v, third ventricle; Arc, arcuate nucleus; Scale
bar: B–E = 160 μm; F = 40 μm.
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Figure 2.
Sexual behavior, not high physiologic levels of sex steroids, induces Fos in PMV neurons.
A–B. Brightfield photomicrographs showing the distribution of Fos immunoreactivity (Fos-
ir) in the anteroventral periventricular nucleus (AVPV, A) and in the ventral premammillary
nucleus (PMV, B) of females on the afternoon of proestrus. Note the absence of Fos-ir in the
PMV. C. Bar graphs showing the quantification of neurons that express Fos mRNA
(Fos35S) in the PMV of rats perfused on the afternoon of proestrus (1h before light off,
Control Proestrus, n = 4), of rats perfused 40 min after sexual behavior (3h after lights off,
Behavior, n = 9) or control rats (3h after lights off, Control Behavior, n = 5). D–F. Darkfield
photomicrographs showing Fos expression in the PMV of a rat perfused on proestrus, of a
control rat (Control Behavior) and a rat perfused 40 min after expressing lordosis
(Behavior). Of note is the increased Fos expression in the PMV only after sexual behavior.
Data in bar graphs are expressed as mean ± SEM. *, statistically different (P < 0.05) from
both control groups. For statistical analysis, we used the one-way ANOVA followed by the
pairwise Newman-Keuls test. Abbreviations: 3v, third ventricle; Arc, arcuate nucleus. Scale
bar: 160 μm.

Donato et al. Page 18

Neuroscience. Author manuscript; available in PMC 2014 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Characterization of bilateral excitotoxic lesions of the PMV. A–B. Brightfield
photomicrographs of brain sections stained with thionin showing the PMV of a PMV-non-
lesioned (A) and a PMV-lesioned rat (B). C–D. Brightfield photomicrographs of brain
sections showing neurons that express NADPHd diaphorase (NADPHd) activity in a PMV-
non-lesioned (C) and a PMV-lesioned rat (D). E–F. Darkfield photomicrographs showing
the expression of cocaine and amphetamine regulated transcript (CART) mRNA (CART35S)
in a PMV-non-lesioned (E) and a PMV-lesioned rat (F). The PMV neurons are intact in
PMV-non-lesioned rats and absent in PMV-lesioned rats. Also, adjacent nuclei are preserved
indicating the specificity of the lesions. Abbreviations: 3v, third ventricle; Arc, arcuate
nucleus; f, fornix; Pfx, perifornical area; PMD, dorsal premammillary nucleus. Scale bar: A–
B = 500 μm; C–D = 140 μm; E–F = 200 μm.
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Figure 4.
Schematic illustration of control and excitotoxic lesions of the ventral premammillary
nucleus (PMV). A, line drawings showing two rostro-to-caudal levels of brain sections from
rats used as control (PMV non lesioned, small lesions are depicted in gray, F = individual
rats). B, line drawing showing two rostro-to-caudal levels of brain sections from PMV-
lesioned rats (lesions depicted in gray, F = individual rats). Only cases with intact
ventromedial nucleus of the hypothalamus (VMH, rostral sections in B) were used. Please
refer to cases F1 and F3 for abbreviations: 3v, third ventricle; Arc, arcuate nucleus; DMH,
dorsomedial nucleus of the hypothalamus; f, fornix; mt, mammillothalamic nucleus; PMD,
dorsal premammillary nucleus.
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Figure 5.
Lack of contamination of the ventromedial and the tuberomammillary nuclei by the
excitotoxic lesions (NMDA injections) of the ventral premammillary nucleus (PMV). A–B,
Images showing distribution of estrogen receptor α (ERα) immunoreactivity in the arcuate
nucleus (Arc) and in the ventrolateral subdivision of the ventromedial nucleus of the
hypothalamus (VMHvl) in a control (PMV non-lesioned, A) and in a PMV-lesioned (B) rat.
Note the similarity of ERα-ir distribution in both cases, indicating lack of contamination of
the VMHvl. C–D, Images showing the distribution of neurons of the tuberomammillary
complex (dorsal and ventral tuberomammillary nuclei, TMN) in a control (PMV non-
lesioned, C) and in a PMV-lesioned (D) rat. Note the similarity of TMN neurons
(magnocellular and dark cytoplasm) distribution indicating lack of compromise of TMN
neurons. Abbreviations: 3v, third ventricle; f, fornix; PMD, dorsal premammillary nucleus.
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Figure 6.
Lesions of the PMV suppressed Kiss1 mRNA expression in the anteroventral periventricular
nucleus (AVPV) and the periventricular nucleus (PeN) during the behavioral test (night of
estrus). A, E. Bar graphs showing quantification of the number of cells expressing Kiss1
mRNA (Kiss135S) of rats perfused in the afternoon of the proestrus (n = 5), of PMV-non-
lesioned rats (n = 10) and of PMV-lesioned rats (n = 8) in the AVPV (A) and the PeN (E).
PMV-lesioned rats showed a decreased number of Kiss1 cells in the AVPV and the PeN
after the sexual behavior test compared to proestrus and PMV-non-lesioned rats. B–D, F–H.
Darkfield photomicrographs showing the expression of Kiss1 mRNA in a proestrus (B, F), a
PMV-non-lesioned (C, G) and a PMV-lesioned (D, H) rat in the AVPV (B–D) and the PeN
(F–H). Data in bar graphs are expressed as mean ± SEM. *, statistically different (P < 0.05)
from the proestrus group. #, statistically different (P < 0.05) from the PMV-non-lesioned
group. For statistical analysis, we used the one-way ANOVA followed by the pairwise
Newman-Keuls test. Scale bar = 200 μm.
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Figure 7.
GnRH mRNA expression is abnormally increased in PMV-lesioned rats during the
behavioral test (night of estrus). A. Bar graphs showing the quantification of the number of
cells expressing GnRH mRNA (GnRH35S) of rats perfused in the afternoon of the proestrus
(n = 5), of PMV-non-lesioned rats (n = 10) and of PMV-lesioned rats (n = 8). B–D.
Darkfield photomicrographs showing the expression of GnRH mRNA in a proestrus (B), a
PMV-non-lesioned (C) and a PMV-lesioned (D) rat. Data in bar graphs are expressed as
mean ± SEM. *, statistically different (P < 0.05) from proestrus group. #, statistically
different (P < 0.05) from the PMV-lesioned group. For statistical analysis, we used the one-
way ANOVA followed by the pairwise Newman-Keuls test. Scale bar = 200 μm.
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