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Abstract
Progesterone initiates female sexual behavior of rodents (lordosis) through actions at intracellular
progestin receptors in the ventromedial hypothalamus. Progesterone’s metabolite, 5α-pregnan-3α-
ol-20-one, mediates the intensity and duration of lordosis through its actions at GABAA receptors
in the ventral tegmental area. Whether progestins can influence sexual behavior through actions
that involve N-methyl-D-aspartate receptors (NMDARs) in the ventromedial hypothalamus and
ventral tegmental area was investigated. The current study examines the effect of bilateral ventral
tegmental area or ventromedial hypothalamus infusions of the non-competitive NMDAR
antagonist (+)-MK-801 hydrogen maleate (MK-801; 0, 20, or 200 ng) on lordosis, motor activity,
and NMDA R1 subtype (NMDAR1) immunoreactivity in estradiol benzoate (10 μg)+
progesterone (50 μg)- and estradiol benzoate+vehicle primed rats. Compared to vehicle infusions,
infusions of MK-801 to the ventral tegmental area facilitated lordosis of estradiol benzoate (10
μg)+progesterone (50 μg)- and estradiol benzoate+vehicle primed rats. Infusions of MK-801 to
the ventromedial hypothalamus inhibited lordosis of estradiol benzoate (10 μg)+progesterone (50
μg)- and estradiol benzoate+vehicle primed rats, compared to vehicle. There was no effect of
MK-801 infusions to the ventral tegmental area or the ventromedial hypothalamus on motor
behavior. Immunocytochemistry for NMDAR1 revealed MK-801 (200 ng) infusions to the ventral
tegmental area or ventromedial hypothalamus of estradiol benzoate (10 μg)+progesterone (50 μg)-
or estradiol benzoate+vehicle primed rats significantly reduced the number of darkly stained
NMDAR1-immunoreactive cells, compared to vehicle infusions. These data suggest NMDARs
may be important in the mediation of hormonal actions in both the ventral tegmental area and the
ventromedial hypothalamus for sexual receptivity of rodents, but in different ways.
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1. Introduction
Progesterone has actions to facilitate sexual receptivity of rats via intracellular estradiol-
induced progestin receptors in the ventromedial hypothalamus, an important area of the
brain for endocrine processing, and independent of progestin receptors in the midbrain
ventral tegmental area, a critical neural substrate for motivation and reward signaling
(Laviolette and van der Kooy, 2001; Wise and Rompre, 1989). Lesions to the ventromedial
hypothalamus or ventral tegmental area, respectively, abolish or decrease estradiol- and
progesterone-facilitated lordosis of rats (Herndon, 1976; Malsbury et al., 1977; Mathews et
al., 1983). Implants to the ventromedial hypothalamus of estradiol and progesterone are
sufficient to induce receptivity and proceptivity of rats (Rubin and Barfield, 1983a,b).
Progesterone implants to the ventral tegmental area can enhance lordosis of estradiol-primed
rats with or without implants to the ventromedial hypothalamus (Frye and Gardiner, 1996a;
Pleim et al., 1991).

Progesterone’s actions in the ventromedial hypothalamus and the ventral tegmental area for
facilitation of sexual receptivity depend upon different mechanisms. Although there are
many progestin receptors in the ventromedial hypothalamus, few progestin receptors have
been localized to the ventral tegmental area (Frye, 2001a,b; Frye and Vongher 1999a). In
addition, reducing progestin receptor immunoreactivity with infusions of anti-sense
oligonucleotides to the ventromedial hypothalamus has an inhibitory effect on lordosis of
naturally-receptive or hormone-primed rats (Mani et al., 1994; Frye and Vongher, 1999a, b;
Frye et al., 2000). Whereas infusions of anti-sense oligonucleotides to the ventral tegmental
area has no effect on lordosis of naturally-receptive or hormone-primed rats (Frye and
Vongher, 1999a,b; Frye et al., 2000). Application of progestins to the ventral tegmental area
that are impermeable to neuronal membranes (Frye and Gardiner, 1996a), or have low
affinity for progestin receptors (Frye and Vongher, 1999b), facilitate lordosis rapidly. These
effects of progestins are so rapid that it is unlikely that there is adequate time for
transcription and/or translation of proteins, which progestins’ actions at intracellular
progestin receptors would require (Pfaff and McEwen, 1983). Progesterone’s actions in the
ventral tegmental area for modulating lordosis may require metabolism to 5α-pregnan-3α-
ol-20-one (3α,5α-THP) and subsequent actions at various non-progestin receptor substrates,
such as γ-aminobutyric acid type (GABAA)/benzodiazepine receptor complexes (GBRs;
Frye, 2001a, b). Interfering with progesterone’s metabolism to 3α,5α-THP, the most
effective endogenous GBR agonist (Harrison et al., 1987; Majewska et al., 1986), in the
ventral tegmental area attenuates female sexual behavior of rats (Frye and Vongher, 2001).
Infusions to the ventral tegmental area of GBR agonists or blockers respectively enhance
and inhibit progesterone-facilitated lordosis of rats (Frye, 2001a, c; Frye and Vongher,
1999a). Thus, progesterone facilitates the onset and duration of receptivity in rodents via
“genomic” effects, through progestin receptor interactions with DNA and induction of gene
transcription, in the ventromedial hypothalamus. However, in the ventral tegmental area
progesterone’s actions occur via “non-genomic” or non-classical membrane-mediated
effects that involve metabolism to 3α,5α-THP, and its actions at neuronal membranes, that
produce rapid changes in ion flux and/ or second messenger activity.

Progesterone may also have actions in the ventral tegmental area to modulate sexual
receptivity by interacting with N-methyl-D-aspartate receptors (NMDARs). First, ventral
tegmental area GABAergic neurons have NMDARs on them (Steffensen et al., 1998).
Second, progestins can directly and indirectly modulate NMDARs. For example, NMDA
binding, measured by autoradiography, is decreased in the frontal cortex of ovx rats
following administration of progesterone or estradiol benzoate+progesterone (Cyr et al.,
2000; Wu et al., 1991). As well, progestins can rapidly alter NMDAR function by increasing
or decreasing NMDA-activated calcium influx and blocking progesterone’s metabolism to

Petralia et al. Page 2

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3α,5α-THP attenuates this effect (Gibbs et al., 1999; Smith, 1991). Progestins also
indirectly alter NMDAR function in the hypothalamus and preoptic area by modulating the
release of glutamate (Carbone et al., 1995; Fleischmann et al., 1990). Third, progesterone’s
actions at NMDARs in some areas of the brain can lead to functional changes. Notably,
NMDA agonists produce excitatory responses in cerebellar Purkinje cells and persistent
inflammatory hyperalgesia and administration of progesterone attenuates these effects by
reducing NMDAR activity (Ren et al., 2000; Smith, 1991). Finally, NMDARs have been
localized to the ventral tegmental area (Paquet and Smith, 2000) and pharmacological
manipulations of NMDARs in the ventral tegmental area elicit electrophysiological and
behavioral changes in rats (Narayanan et al., 1996; Willick and Kokkinidis, 1995; Zhang et
al., 1992). Together these findings suggest progestins are capable of mediating changes in
NMDAR function that produce alterations in behavior and leave open the possibility that, in
the ventral tegmental area, progestins may modulate NMDARs, directly or indirectly, to
produce changes in lordosis of rodents. This has been demonstrated by blocking NMDAR
activity with systemic administration of (+)-MK-801 hydrogen maleate (MK-801) or
dextrorphan — selective non-competitive antagonists at NMDARs. This treatment
attenuates lordosis and motor behavior of ovariectomized (ovx) hormone-primed rats
(Fleischmann et al., 1991) and hamsters (DeBold et al., 2000). As well, infusions to the
ventral tegmental area of MK-801 (200 ng) to estradiol and progesterone-primed hamsters
facilitates sexual receptivity over that seen with vehicle infusions (DeBold et al., 2000).

The purpose of this study is to examine whether NMDARs are a substrate for estradiol and/
or progesterone actions in the ventromedial hypothalamus or ventral tegmental area to
modulate sexual receptivity of rats. We hypothesize that if NMDARs are important in the
ventromedial hypothalamus or ventral tegmental area for the expression of hormone-
facilitated lordosis of rats, then infusions of MK-801 should alter sexual receptivity of rats.
It is particularly important to ascertain the mechanisms underlying progestins actions for
mediating reinforcing behaviors, given the potential role of progesterone in mediating
response to drugs of abuse (Frye, submitted for publication). Furthermore, given that
neuronal adaptations in the ventral tegmental area have been proposed to account for the
progressive transition from non-dependence to drug dependence, model systems such as this
(Kippin and van der Kooy, 2003) are particularly valuable as they are free from potential
confounds of direct drug-related effects and can be used to examine neural substrates for
particularly salient motivated behaviors (Berridge and Robinson, 1998; Koob and Le Moal,
2001; Spanagel et al., 1993).

2. Materials and methods
2.1. Animals

Subjects were 114 sexually-mature, female Long–Evans rats, which were bred from stock
from Taconic Farms (Germantown, NY) and raised in our animal facility. Gonadally-intact,
sexually-experienced male Long–Evans rats were used as stimulus animals for sexual
receptivity testing. Rats were individually housed in the University Laboratory Animal Care
Facility in the Social Sciences Building and were maintained on a 12:12 h dark/light cycle.
Purina rat chow and tap water were freely available in the rats’ cages. All experimental
procedures were approved by the Institutional Animal Care and Use Committee at the
University of Albany.

2.2. Surgical procedures
Surgical procedures were conducted while subjects were anesthetized with Rhompun (60
mg/kg; Bayer Corp., Shawnee Mission, KS) and Ketaset (80 mg/kg; Fort Dodge Animal
Health, Fort Dodge, IA). Rats were ovx and stereotaxically implanted in one of three
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conditions. Some rats had 2 guide cannulae, aimed bilaterally to the ventral tegmental area
(ventral tegmental area: ventral tegmental area). Other rats had 2 guide cannulae aimed
bilaterally to the ventromedial hypothalamus (ventromedial hypothalamus: ventromedial
hypothalamus). A third group of rats had 4 guide cannulae, 2 aimed bilaterally to the ventral
tegmental area and 2 aimed bilaterally to the ventromedial hypothalamus (ventral tegmental
area: ventral tegmental area/ventromedial hypothalamus: ventromedial hypothalamus). The
coordinates for each region (ventral tegmental area: AP −5.3, ML±.04, DV −7.0;
ventromedial hypothalamus: AP −2.8, ML±0.3, DV −7.8) were obtained from the
stereotaxic atlas for the rat brain (Paxinos and Watson, 1986), and modified according to
past hit rates. Cannula guides were constructed from 23-gauge stainless steel needles with
30-gauge removable inserts and fixed in place with dental cement. Following stereotaxic
surgery, all rats were monitored to determined whether they were neurologically intact and
had gained weight since the implant procedure (Marshall and Teitlebaum, 1974). Only rats
meeting these criteria were included in this study.

2.3. Steroid preparation
Crystalline estradiol benzoate (estradiol benzoate) and progesterone were obtained from
Sigma Chemical Co. (St. Louis, MO) and dissolved in corn oil to concentrations of 10 μg/
0.2 ml and 50 μg/0.2 ml, respectively, for subcutaneous administration.

2.4. MK-801 infusions
(+)-MK-801 hydrogen maleate (a.k.a. dizocilipine maleate) was obtained from Sigma
Chemical Co. (St. Louis, MO) and dissolved in sterile saline to concentrations of 0, 20 or
200 ng/0.5 μl, respectively, for intracranial administration. On the morning of testing, the
concentrations of the drug were made and then stored at 4 °C until used (approximately 30
min). Bilateral infusions were performed with 5-μl Hamilton syringes attached to PE-20
tubing connected to a 30-gauge needle in awake animals (Frye and Duncan, 1994, 1995).
Infusate volume was 0.5 μl/infusion over 75 s. To minimize displacement of the infusate,
the infusion needle remained in place for 180 s following infusion.

2.5. Behavioral testing
In order to examine effects on locomotion, immediately following infusion, rats were placed
in a dimly-lit 39×39×30 cm Digiscan Optical Animal Activity Monitor (Accuscan
Instruments Inc., Columbus, OH). The number of beam breaks that occurred in a 5-min test
was mechanically recorded.

To assess sexual receptivity, experimental female rats were placed in a Plexiglas chamber
(50×25×30 cm) with a sexually-experienced male. The male was allowed to mount the
female 10 times or for a total interaction time of 10 min, whichever occurred first.
Receptivity of rats was quantified by rating dorsiflexion during lordosis (0–3; Hardy and
DeBold, 1971, 1972, 1973). Lordosis quotient [(# of lordosis responses/# of mounts)×100]
and lordosis ratings were calculated and used for statistical analysis (Frye et al., 1996a,b).
Inter-rater reliability for these indices of female sexual behavior in our laboratory has a
concordance rate of greater than 95%.

2.6. Procedure
2.6.1. Experiment 1: effects of MK-801 infusions to the ventral tegmental area
or ventromedial hypothalamus of estradiol benzoate +progesterone-primed
rats on sexual behavior—After a one-week recovery period, ovx rats were tested
following 10 μg estradiol benzoate priming at hour 0 and systemic progesterone (50 μg) at
hour 44. At hour 47.5, rats were given bilateral infusions of MK-801 (20 or 200 ng) or
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vehicle in a 0.5 μl volume to the ventral tegmental area or the ventromedial hypothalamus.
Immediately following infusion, rats were tested for motor behavior and sexual receptivity.
For this experiment, 36 rats (n=18 bilateral ventral tegmental area or bilateral ventromedial
hypothalamus) were tested for three weeks, once at each MK-801 dosage (0, 20, or 200 ng)
following estradiol benzoate and progesterone (50 μg).

2.6.2. Experiment 2: effects of MK-801 infusions to the ventral tegmental area
or ventromedial hypothalamus of estradiol benzoate-primed rats on sexual
behavior—After a one-week recovery period, ovx rats were tested following 10 μg
estradiol benzoate priming at hour 0. At hour 47.5, rats were given bilateral infusions of
MK-801 (20 or 200 ng) or vehicle in a 0.5 μl volume to the ventral tegmental area or
ventromedial hypothalamus. Immediately following infusion, rats were tested for motor
behavior and sexual receptivity. For this experiment, a between subject design was utilized,
there were 65 rats (n=36 bilateral ventral tegmental area and n=29 bilateral ventromedial
hypothalamus). Each rat received a single dosage of MK-801 (0, 20, or 200 ng) to the
ventral tegmental area (0 ng, n=12; 20 ng, n=12; 200 ng, n=12) or ventromedial
hypothalamus (0 ng, n=9; 20 ng, n=10; 200 ng, n=10).

2.6.3. Experiment 3: effects of MK-801 infusions to the ventral tegmental area
or ventromedial hypothalamus of estradiol benzoate +progesterone- or
estradiol benzoate-primed rats on immunoreactivity—Following a one-week
recovery period, rats with 4 cannulae guides received 10 μg estradiol benzoate priming at
hour 0 and systemic progesterone (0 or 50 μg) at hour 44. At hour 47.5, rats were given
bilateral infusions of MK-801 (0 or 200 ng) in a 0.5 μl volume to the ventral tegmental area
and ventromedial hypothalamus (ventral tegmental area: ventral tegmental area/
ventromedial hypothalamus: ventromedial hypothalamus). Rats were killed at what would
have been the test time to examine effects of hormonal state and MK-801 (0 or 200 ng)
infusions on immunocytochemistry for the NMDA receptor R1 subtype (NMDAR1). For
Experiment 3, n=12 rats (all with 4 guide cannulae, 2 bilateral to the ventral tegmental area
and 2 bilateral to the ventromedial hypothalamus) received estradiol benzoate and
progesterone (0 or 50 μg) followed by MK-801 (0 or 200 ng) to all 4 cannulae. These rats
were not behaviorally tested but were killed in the condition analogous to the rats
behaviorally tested in Experiments 1 and 2.

2.7. Histology
After behavioral testing (Experiments 1 and 2), rats were deeply anesthetized with sodium
thiopental (150 mg/kg or to effect), intracardially exsanguinated with 0.9% phosphate
buffered saline (PBS), and then perfused with formalin (10%). Brains were post-fixed in
30% sucrose-PBS and sliced at 40 μm in a cryostat. Sections through the targeted sites were
stained with cresyl violet and examined to ascertain infusion location.

For examination of effects of MK-801 infusions on immunocytochemistry for NMDAR1, at
what would have been the test time for rats in Experiments 1 and 2, those from Experiment
3 were deeply anesthetized with sodium thiopental (150 mg/kg or to effect), injected
intracardially with heparin (1000 units), and perfused with 4% paraformaldehyde. Brains
were post-fixed in paraformaldehyde overnight at 4 °C and then transferred to 30% sucrose-
PBS the next day. After the brains sank, they were sliced at 40 μm in a cryostat. Free
floating sections were washed in PBS (pH=7.4), hydrogen peroxide, and then incubated in
normal horse serum for 1 h to decrease non-specific binding. The monoclonal antibody for
NMDAR1 (Chemicon, MAB363, 1:1000; Gazzaley et al., 1996), which recognizes an
epitope between amino acids 660–811 of the NMDAR1, was diluted in 0.1% bovine serum
albumin (BSA)/PBS with 2% normal horse serum. The NMDAR1 monoclonal antibody
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MAB363 was chosen to examine the effects of hormone-priming and MK-801 infusions on
NMDAR1-immunoreactivity because [3H]MK-801 has been shown to bind specifically and
to a single site on human embryonic kidney 293 cells that are transiently expressing
NMDAR1, but not control cells (Chazot et al., 1992). This observation suggests MK-801
binds to the NMDAR1 to exert its inhibitory effects on NMDAR, and thus, assessment of
NMDAR1 immunoreactivity would provide an appraisal of the degree to which MK-801
infusions to the ventromedial hypothalamus or ventral tegmental area blocked NMDAR
function. Sections were then incubated for 48 h at 4 °C in the primary antibody. After this
incubation, the sections were rinsed in normal horse serum, incubated in a biotinylated
secondary antibody for 1 h, washed in PBS, and incubated in an avidin–biotin solution for
30 min in order to utilize a peroxidase staining kit for diaminobenzidine (Vector
Laboratories, Burlingame, CA). Sections were rinsed in distilled water, rinsed in PBS,
mounted on gelatin-coated slides, and coverslipped when dry.

The number of darkly stained immunoreactive (IR) cells in the ventral tegmental area or
ventromedial hypothalamus were counted with a light microscope at 400× magnification by
2 investigators (interrater reliability was >90%). Staining for NMDAR1-IR was localized on
somal and dendritic membranes. Immunoreactive cells between the borders of the
interpeduncular nucleus, the red nucleus, and the medial lemniscus, and between the anterior
to posterior extent of −5.1 to −5.5 mm, were considered in the ventral tegmental area, and
cells adjacent to the arcuate nucleus of the hypothalamus on either side of the third ventricle,
but not further than the lateral hypothalamus, were considered within the ventromedial
hypothalamus [within the anterior to posterior range of −2.6 to 3.0 mm]. A reticle was
superimposed over the ventral tegmental area and ventromedial hypothalamus to ensure that
the same size areas were counted for all sections.

2.8. Statistical analyses
2.8.1. Experiment 1—Histological analysis for Experiment 1 revealed 17 of the 18
subjects had infusions to the ventral tegmental area. The data from the rat with bilateral
infusions outside of the ventral tegmental area was excluded. Of the 17 with correct ventral
tegmental area infusions, 11 had bilateral infusions and 6 had unilateral infusions. There
were no behavioral differences produced as a function of unilateral vs. bilateral ventral
tegmental area infusions; hence, these groups were combined. Similarly, 17 of the 18
subjects had infusions to the ventromedial hypothalamus and the data from the rat with
bilateral infusions outside of the ventromedial hypothalamus was excluded. Of the 17 rats
with infusions targeted to the ventromedial hypothalamus, 7 were unilateral and 10 were
bilateral. There were no behavioral differences produced as a function of unilateral vs.
bilateral ventromedial hypothalamus infusions; hence, these groups were combined.

Overall, one-within (0, 20, or 200 ng MK-801), one-between (ventral tegmental area or
ventromedial hypothalamus) analyses of variance (ANOVAs) were used to examine effects
on lordosis quotients and lordosis ratings and the number of beam breaks in the horizontal
crossing task. Post-hoc tests (planned pairwise comparisons) were utilized where appropriate
to determine group differences.

2.8.2. Experiment 2—Histological analysis for Experiment 2 revealed that of the 36 rats
that had infusions aimed to the ventral tegmental area, 34 received infusions to the ventral
tegmental area. Of these 34, 22 had bilateral and 12 had unilateral infusions. Two rats had
infusions to sites other than the ventral tegmental and were excluded from the analyses. Of
the 29 infusions aimed to the ventromedial hypothalamus, 27 were to the ventromedial
hypothalamus. Data from 2 rats that received infusions to sites other than the ventromedial
hypothalamus sites were excluded. Of the 27 rats with infusions to the ventromedial
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hypothalamus, 5 were bilateral and 12 were unilateral. Overall, two-way (MK-801 infusion
X CNS site) between subject analyses of variance (ANOVAs) were used to examine effects
on lordosis quotients and lordosis ratings and the number of beam breaks in the horizontal
crossing task. Post-hoc tests (planned pairwise comparisons) were utilized where appropriate
to determine group differences.

2.8.3. Experiment 3—The immunocytochemistry data were obtained to address the
efficacy of MK-801 infusions and hormone-priming. Two-between (hormone regimen:
estradiol benzoate or estradiol benzoate+P and infusion: MK-801 or vehicle), one within
(CNS site: ventral tegmental area or ventromedial hypothalamus) analyses of variance
(ANOVAs) were used to examine effects on NMDAR1-IR cells.

3. Results
3.1. Experiment 1: MK-801 infusions to the ventral tegmental area or ventromedial
hypothalamus altered receptivity, but not motor behavior, of estradiol benzoate
+progesterone-primed rats

There was a main effect for infusion site, ventromedial hypothalamus or ventral tegmental
area, that showed infusions of MK-801 to the ventral tegmental area significantly increased
lordosis quotients (55.0±6.6) [F (1,32)=13.66, P<0.001] and lordosis ratings (1.5 ± 0.2) [F
(1,32) = 19.74, P <0.0001], compared to infusions to the ventromedial hypothalamus
(lordosis quotients: 35.1±5.9; lordosis ratings: 0.5±0.1), of estradiol benzoate+progesterone-
primed rats. There were no main effects of MK-801 dosage on lordosis quotients (P=0.31)
or lordosis ratings (P=0.58). There was an interaction between infusion site and MK-801
dosage on lordosis quotients [F (2,64)=7.78, P<0.001] and lordosis ratings [F (2,64)=4.60,
P<0.01]. Post-hoc analyses indicated these interactions are attributable to 200 ng infusions
of MK-801 to the ventral tegmental area significantly increasing lordosis quotients and
lordosis ratings over those seen with vehicle infusions to the ventral tegmental area or
vehicle or MK-801 (20 and 200 ng) infusions to the ventromedial hypothalamus (see Fig. 1).

There was no effect of infusion site (P=0.89), MK-801 dosage (P=0.14), or any interaction
between these variables (P=0.95) on the number of bream breaks in the horizontal crossing
task (see Table 1).

3.2. Experiment 2: MK-801 infusions to the ventral tegmental area or ventromedial
hypothalamus altered receptivity, but not motor behavior of estradiol benzoate-primed rats

There was a main effect for infusion site that showed infusions of MK-801 to the ventral
tegmental area significantly increased lordosis quotients (44.1 ± 8.5) [F (1,55) = 8.72, P
<0.01] and lordosis ratings (0.6 ± 0.1) [F (1,55) = 1.44, P<0.01] compared to infusions to the
ventromedial hypothalamus (lordosis quotients: 24.6±6.7; lordosis ratings: 0.3±0.1) of
estradiol benzoate-primed rats. There were no main effects of MK-801 dosage on lordosis
quotients (P=0.11) and lordosis ratings (P=0.25), but there was an interaction between
infusion site and MK-801 dosage on lordosis quotients [F (2,55)=3.55, P<0.03] but not
lordosis ratings (P<0.55). Post-hoc analyses indicate this interaction is attributable to 200 ng
infusions of MK-801 to the ventral tegmental area resulting in higher lordosis quotients than
those seen with vehicle infusions to the ventral tegmental area and all ventromedial
hypothalamus infusions, and to 20 ng infusions of MK-801 to the ventromedial
hypothalamus producing lower lordosis quotients than those seen with vehicle infusions to
the ventromedial hypothalamus and all ventral tegmental area infusions (see Fig. 2).
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There was no effect of infusion site (P=0.17), MK-801 dosage (P=0.30), or an interaction
(P=0.97) between these variables on the number of bream breaks in the horizontal crossing
task (see Table 2).

3.3. Experiment 3: MK-801 (200 ng) infusions to the ventral tegmental area or ventromedial
hypothalamus of estradiol benzoate+progesterone- or estradiol benzoate-primed rats
decreased NMDAR1 immunoreactivity

Overall, immunocytochemistry for NMDAR1 revealed fewer NMDAR1-IR cells in the
MK-801 infused rats [F (1,53)=51.253, P<0.0001] than in control rats. There were no
differences in the number of NMDAR1-IR cells between estradiol benzoate and estradiol
benzoate+progesterone-primed rats (P=0.95) or between ventral tegmental area and
ventromedial hypothalamus (P=0.31) infusions (see Table 3).

4. Discussion
These data support the hypothesis that NMDARs play an important role in regulating
hormone-primed sexual receptivity of female rats, and that NMDARs in the ventral
tegmental area and ventromedial hypothalamus play different roles in the modulation of
lordosis of rats. In support, significantly higher lordosis quotients and lordosis ratings were
observed in rats administered MK-801 infusions to the ventral tegmental area compared to
MK-801 infusions to the ventromedial hypothalamus. Infusions of MK-801 (200 ng) to the
ventral tegmental area increased lordosis quotients and lordosis ratings of estradiol benzoate
+progesterone-primed rats, and lordosis quotients of estradiol benzoate-primed rats, above
those seen with vehicle to the ventral tegmental area or vehicle or MK-801 to the
ventromedial hypothalamus. Infusions of MK-801 to the ventromedial hypothalamus (20 ng)
of estradiol benzoate-primed rats significantly decreased lordosis quotients below those seen
with vehicle infusions to the ventromedial hypothalamus or infusions of vehicle or MK-801
to the ventral tegmental area. The effects of MK-801 infusions to the ventral tegmental area
or ventromedial hypothalamus on sexual behavior of rats were not a consequence of
disrupted motor behavior. MK-801 infusions did not significantly alter the total number of
beam breaks in the horizontal crossing task. Finally, MK-801 infusions to the ventromedial
hypothalamus or ventral tegmental area were effective at decreasing NMDAR1-IR cells
compared to vehicle. Together, these data support the notion that NMDARs in the ventral
tegmental area and ventromedial hypothalamus are important for the modulation of
hormone-primed lordosis and that NMDA actions in these CNS sites may exert opposing
influences to regulate sexual behavior of female rats.

These findings are consistent with previous work that shows pharmacological manipulations
of hypothalamic NMDARs alter lordosis of rodents. In the present study, MK-801 infusions
to the ventromedial hypothalamus produced a modest decrease in lordosis quotients of
estradiol benzoate-primed rats but did not significantly decrease lordosis ratings of estradiol
benzoate-primed rats or lordosis quotients and lordosis ratings of estradiol benzoate
+progesterone-primed rats. Previous research shows decreasing excitatory amino acid
activity in the mediobasal hypothalamus with infusions of D,L2-amino-5-phosphonopen-toic
acid (AP-5) did not alter lordosis of fully receptive female rats; however, more anterior
infusions of AP-5 into the preoptic area of sexually receptive female rats did produce
significant reductions in lordosis (McCarthy et al., 1991). Decreases in lordosis of rats have
also been observed with intrahypothalamic infusions of non-specific glutamate agonists,
NMDA, kainic acid, and potassium chloride (Kow et al., 1985). While the present findings,
which utilize the glutamate antagonist specific to NMDARs, may seem inconsistent, one
would not expect that the effects of exciting all glutamatergic neurons in the hypothalamus
would be similar to a manipulation that expressly blocks the NMDA subtype of glutamate
receptors. Furthermore, findings that are similar to the current study, and previous work with
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rats, have been observed in hamsters. Indeed, decreases in total lordosis durations have been
observed in ovx, estradiol benzoate+progesterone-primed hamsters following bilateral
infusions of MK-801 (200 ng) to the ventromedial hypothalamus (DeBold et al., 2000). In
sum, the current findings support previous research that indicates blockade of NMDA
receptors in the hypothalamus has a modest inhibitory effect on lordosis of rodents.
However, this study also extends present knowledge by examining the effects of NMDA
antagonists in an area outside of the hypothalamus, the ventral tegmental area, on the
lordosis of rats.

The present data suggest that NMDARs in the ventral tegmental area, in addition to those in
the ventromedial hypothalamus, may be important substrates in the regulation of sexual
behavior of female rats. In the current study, infusions of MK-801 (200 ng) to the ventral
tegmental area produced increases in lordosis quotients and lordosis ratings of estradiol
benzoate+progesterone- and lordosis quotients of estradiol benzoate-primed rats above those
seen with vehicle infusions. Similar findings have been observed in ovx, estradiol benzoate
(10 μg)+progesterone (50 μg)-primed hamsters, in which, infusions of MK-801 (200 ng) to
the ventral tegmental area resulted in increases in total lordosis durations. Notably, blocking
NMDARs in the ventral tegmental area produced increases in lordosis that are similar to
those elicited by infusions of the GABA agonist muscimol into the ventral tegmental area of
rats (Frye, 2001a,b) and hamsters (Frye and DeBold, 1992). NMDARs and GBRs in the
ventral tegmental area may be substrates that modulate female sexual behavior perhaps, in
part, through actions at dopaminergic neurons. Notably, in the ventral tegmental area, GBRs
are present primarily on non-dopamine but also on some dopamine containing cell bodies
(Churchill et al., 1992; Laviolette and van der Kooy, 2001, 2004; Rodriguez-Pallares et al.,
2001) and NMDARs have been localized to soma, dendrites, and, to a lesser extent, small
axons in the ventral tegmental area (Rodriguez et al., 2000). Manipulations of GBRs or
NMDARs in the ventral tegmental area alter dopamine levels, which may lead to changes in
lordosis. For example, ventral tegmental area infusions of the GABAA agonist, muscimol
enhance lordosis (Frye, 2001a,b; Frye and DeBold, 1992) and decrease DA release in the
prefrontal cortex and nucleus accumbens (Westerink et al., 1996, 1998). Similarly, ventral
tegmental area infusions of MK-801 facilitated lordosis and reduced extracellular dopamine
in the prefrontal cortex to levels that are 85% of controls (Westerink et al., 1998). It may be
that, in the ventral tegmental area, NMDA neurons excite and GABAergic neurons inhibit
dopaminergic cell bodies and that these opposing influences regulate dopamine
concentrations in projection sites, which can have a modulatory effect on lordosis.

In summary, intracranial MK-801 had different effects on sexual receptivity depending on
where it was infused. MK-801 had an inhibitory effect on sexual behavior in the
ventromedial hypothalamus and a facilitatory effect on lordosis in the ventral tegmental
area. This suggests NMDARs may have different roles in these two brain regions that are
important in the hormonal control of rat receptivity. Estradiol- and/or progesterone-primed
rats infused with MK-801 to the ventral tegmental area had increased lordosis, compared to
vehicle infused rats, or rats that received MK-801 infusions to the ventromedial
hypothalamus, which in fact decreased lordosis. These effects on lordosis were not
secondary to non-specific changes in motor behavior, as there was no effect of MK-801
infusions to the ventral tegmental area or to the ventromedial hypothalamus on the number
of beam breaks in the horizontal crossing task. Infusions of MK-801 to the ventromedial
hypothalamus or ventral tegmental area effectively reduced NMDAR availability as shown
by significant decreases in the number of NMDAR1-IR cells, compared to controls. Thus,
NMDARs may be important substrates for mediating estradiol and/or progestin actions in
the ventral tegmental area for effects on sexual receptivity of rats: similar mechanisms may
underlie effects of these steroid hormones relevant for drugs of abuse.
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Fig. 1.
Top panel represents mean lordosis quotients following ventral tegmental area (VTA; left)
and ventromedial hypothalamus (VMH; right) infusions of 0 (open), 20 (striped), or 200 ng
(black) MK-801 to estradiol benzoate (EB)+progesterone-primed rats. Bottom panel shows
mean lordosis ratings following ventral tegmental area (left) and ventromedial hypothalamus
(right) infusions of 0 (open), 20 (striped), or 200 ng (black) MK-801. Asterisks indicate a
significant difference at P<0.05 between the indicated dosage of MK-801 and vehicle
infusions. Different letters denote a significant difference at P<0.05 between infusion sites.
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Fig. 2.
Top panel represents mean lordosis quotients following ventral tegmental area (VTA; left)
and ventromedial hypothalamus (VMH; right) infusions of 0 (open), 20 (striped), or 200 ng
(black) MK-801 to estradiol benzoate (EB)-primed rats. Bottom panel shows mean lordosis
ratings following ventral tegmental area (left) and ventromedial hypothalamus (right)
infusions of 0 (open), 20 (striped), or 200 ng (black) MK-801. Asterisks indicate a
significant difference at P<0.05 between the indicated dosage of MK-801 and vehicle
infusions. Different letters denote a significant difference at P<0.05 between infusion sites.
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Table 1

Effect of MK-801 or vehicle infusions to the ventromedial hypothalamus or ventral tegmental area of estradiol
benzoate and progesterone-primed rats on total number of beam breaks during a 5-min period in the horizontal
crossing task

CNS site MK-801 dosage

n 0 ng 20 ng 200 ng

Ventral tegmental area 17 1075.4±98.4 1176.4±127.7 977.4±72.6

Ventromedial hypothalamus 17 1061.4±87.4 1133.5±123.8 987.2±119.3
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Table 2

Effect of MK-801 or vehicle infusions to the ventromedial hypothalamus or ventral tegmental area of estradiol
benzoate-primed rats on total number of beam breaks during a 5-min period in the horizontal crossing task

CNS site MK-801 dosage

n 0 ng 20 ng 200 ng

Ventral tegmental area 34 1050.1±98.4 1203.0±184.6 963.2±84.9

Ventromedial hypothalamus 27 876.38±215.2 1027.2±74.9 838.8±161.2
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Table 3

Effect of MK-801 or vehicle infusions to the ventromedial hypothalamus or ventral tegmental area of estradiol
benzoate+progesterone- and estradiol benzoate-primed rats on the total number of darkly stained, NMDAR1-
IR cells in the ventromedial hypothalamus or ventral tegmental area

MK-801 dosage Hormone condition

Estradiol benzoate+ progesterone Estradiol benzoate

Ventral tegmental area 0 ng 25.8±6.8 19.5±9.0

200 ng 5.8±0.2 * 4.9±1.6 *

Ventromedial hypothalamus 0 ng 23.5±3.1 23.8±6.5

200 ng 6.3±2.3 * 7.4±1.2 *

*
Significant difference at P<0.05 between infusions of MK-801 (200 ng) and vehicle.
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