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ABSTRACT

Role of Ventromedial Hypothalamic Glutamate Receptors
in the Regulation of Sexual Behavior of the Female Rats’

Michaela Georgescu

Bilateral infusions of glutamate or kainate to the VMH have been shown
previously to produce a rapid inhibition of lordosis induced by manual flank stimulation
in estrogen (E)-primed female rats. The first experiment of this study examined whether
glutamate and its specific receptor agonists AMPA, NMDA, and kainate, produce the
same effect on lordosis, other proceptive, receptive, and defensive behaviors and
ejaculations by males when administered to the VMH of E and progesterone (P)-primed
female rats receiving olfactory, flank and vaginocervical stimulation (VCS) from
sexually vigorous males. The obtained results suggest that glutamate specific receptor
agonists, but not glutamate, have inhibitory effects on the entire battery of sexual
behaviors. The second experiment investigated whether glutamate receptor antagonists
AP-5, CNQX and DNQX have a facilitative effect on proceptivity and receptivity in E-,
and E and P- primed females. Indeed, glutamate receptor aptagonists had a facilitative
effect on proceptive and receptive behaviors in both E-, and E and P- primed females,
mirroring those of the agonists. Experiment 3 exafnined the effect of AP-5 on estrus
termination induced by VCS with a lubricated glass rod. The hypothesis was that
glutamate may bé involved in the sexual inhibition observed during estrus termination,
therefore administration of a neurochemical that would block its effects should counteract
the effects of VCS. Contrary to this hypothesis, AP-5 heightened the behavioral effects of
VCS by increasing defensive bchaviors and reducing solicitation rates. Altogether, this
data set suggests that VMH glutamate receptors play an inhibitory role on female sexual

behavior, but that these receptors are not involved in estrus termination.
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Thé sexual behavior of the female rat céﬁsists of attractive, proceptiVe, and
receptive behaviors that are largely regulated by two steroid hormones, cstrogen (E) and
- progesterone (P) (Beach, 1976). A fundamental constituent of female reprbductive
behavior in rats is‘the lordosis reflex, which is the sexually receptive posture of the
female‘rat, characterized by a dorsiflexion of the vertebral column. Lordosis is typically
the sole aspect of sexual interaction that is addressed in studies pertaining to the
neuroendocrinology of female sexual behavior (eg., Frye, Murphy and Platek, 2000;
Luine, Wu, Hoffman, and Renner, 1999; Pfaff, Schwaﬁz-Gib]in, McCarthy, and Kow,
1994; Mathews and Edwards, 1977; Sakuma and Pfaff, 1983), despite the fact that female
rats display a complex array of behaviors during sexual interaction (e.g., Erskine, 1989;
McClintock, 1984, Pfaus, Smith, and Coopersmith, 1999). In fact, the sexual behaviors
of female rats can be clustered in four types of behaviors: appetitive proceptive beha?iors
such as approach and solicitation, which allow females to be in contact with males;
consummatory proceptive behaviors such as pacing, which allow the female to set the
rate of sexual contact (e.g., control of the interval between intromissions of the penis into
the vagina) or that focus the male’s copulatory responses, such as hopping and darting;
the receptive postural reflex lordosis, and defensive behaviors that either enforce a slower
rate of sexual contact or terminate sexual behavior altogether (Beach, 1976; Erskine,
1989; Pfaus et al., 1999). Solicitation, hopping and darting, and lordosis lose intensity as -
copulation progresses through several ejaculatory series, whereas females pace more and
engage in more defensive behaviors with every ejaculation (Pfaus et al., 1999).

E and P naturally secreted by the ovaries or artificially administered by

subcutaneous injection induce receptivity and the full display of sexual behaviors.



Females used as subjects in experiments on the pharmacology of sexual behavior are
typically ovariectomized to prevent impregnation and to allow experimental control over
the estrus cycle with exogenous hormone replacement. A low degree of sexual receptivity
is induced in ovariectomized females by subcutaneous injection of E, whereas
subcutaneous injections of E followed by P 36-48 hours later result in full receptivity and
a full complement of proceptive behaviors (Whalen, 1974).

A lordosis neural circuit that incorporates key evidence relating to hormonal
input along with neﬁral and spinal mechanisms has been presented by Pfaff and
colleagues, who postulated four modules to explain how hormonal effects in limbic and
hypothalamic neurons transform into behavioral effects (Pfaff, 1980; Pfaff, Schwartz-
Giblin, McCarthy, and Kow, 1994). First, there is a spinal cord module that mediates
sensorimotor reflexes. Pressure receptors on the flanks and hindquarters of the female rat
evoke action potentials entering the spinal cord over dorsal roots L1, L2, LS, L6 and S1.
Second, there is a hindbrain module that mediates activities across spinal levels:
ascending fibers in the supraspinal loop travel to the brainstem and terminate in the
rmedullary reticular formation, in the dorsocaudal lateral vestibular nucleus and in the
MCG and in the peripenduncular region. Third, there is the midbrain module which
provides the transition between neuroendocrine mechanisms of the hypothalamus and
motor contfo] of the hindbrain. Neurons from the MCG and the mesencephalic reticular
formation send descending signals to the medullary reticulospinal neurons, which tri gger
activity in lumbar motor neurons that control the deep back muscles. These motor
neurons allow muscle contractions that produce dorsiflexion of the vertebral column.

Finally, there is a hypothalamic module that adds hormone dependence. At that point,



hypothalamic input enters the circuit when lordosis-related axons frofn E-sensitive
neurons in particular descend from th’e VMH to the MCG. E, operating through receptors
in the VMH, induces expression of the gene for P receptors, and P then binds to thése |
r»eccptors."Although this model illustrates well the genefal neurocircuitry behind lordosié,
- research indicates that at the micro level, the neural processes inherent to lordosis are far -
more complex, as Pfaff (1999) acknowledges.

The VMH is an impoﬁant neural site in which both ovarian steroids act
synergistically to regulate sexual behavior. The ventrolateral region of the VMH is
paﬁicularly rich in E-concentrating cell‘s (Stumpf, 1970; Pfaff and Keiner, 1973).
Lesionning the VMH virtually eliminates the display of lordosis in rodents, (Mathews
and Edwards, 1977, Pfaff and Sakumé, 1979a; Malsbury, Kow, and Pfaff, 1977),
hamsters (Malsbury, Kow, and Pfaff, 1977) aﬂd guinea-pigsk(Goy and Phoenix, 1963),
whereas E implants to the VMH of ovariectomized females restore their ability to show
lordosis (Domer, Docke, and Moustafa, 1968; Rubin and Barfield, 1983b). Evidence
supports the idea that the lesion-induced inhibitién of lordosis in the VMH is attributed to
the destruction of E-sensitive neurons (Pfaff and Sakuma, 1979a). Malsbury and
colleagues (1977) proposed that VMH lesions may work to inhibit lordosis either by
destroying cell bodies that are critical components of the hormone-sensitive circuitry
controlling lordosis or by destroying axons of hormone-sensitive neurons passing through
the VMH en route to dther sites of the brain. On the other hand, P implants to the VMH
of ovariectomized, E-primed rats further facilitates sexual behaviors (Barfield and Rubin,
1983). Moreover, electrical stimulation of this region results in a facilitation of lordosis in

E-primed rats (Pfaff and Sakuma, 1979b). However, VMH neurons have relatively slow



firing rates (Dyer'rand Cross, 1972) which renders them unable to account for the fast
lordosis reflex latencies (Pfaff énd Sakuma, 1979b). Therefore, Pfaff and Sakuma
concluded that it is unlikely that VMH neurons are directly involved in the lordosis
reflex-arc, but that they control lordosis by exerting a tonic, hormone-sensitive bias on
- reflex-arcs in the midbrain or lower brainstem.

- Whereas gonadal steroids induce sexual attractivity, proceptivity and
receptivity, vaginocervical stimulation (VCS) of the female potentiates lordosis in the
~ short-term, but induces a faster termination of the period of behavioral estrus (Hardy and
DeBold, 1971). Female rodents can receive VCS either from muliiple intromissions and
ejaculations by the male, or from manual application of a lubricated glass fod (Pfaus,
Kleopoulus, Mobbs, Gibbs, and Pfaff, 1993). Prior research established that VCS,
distributed in 2 manner that mimics intromissions received by females during copulation,
induces a behavioral 7pattem similar to that observed during estrus termination. ,Thibs
pattern is characterized by decreases in appetitive sexual responses and increases in
rejection responses, prior to decline in the ability to lordose (Pfaus, Smith, Byre, and
Stephens, 2000). Subsequent to VCS administration in females, immunocytochemistry
studies detected short- and long-term changes in many neural circuits that mediate
appetitive and consummatdry aspects of female sexual behavior. Thus far, induction of
the immediately-early gene c-fos was detected following VCS within the VMH, mPOA,
medial amygdala, lateral septum, ventral premammillary nuclei, lateral habenula, bed
nucleus of the stria terminalis, paraventricular hypothalamic nucleus, arcuate,
peripeduncular nuclei, striatum, the MCG and the cortex (Dudley, Rajendren, and Moss,

1996; Erskine, 1993; Pfaus et al., 1993; Pfaus et al., 1994; Pfaus et al., 1996; Polston and



Erskine, 1995; Rowe and Erskine, 1993, Tetel, Getzinger, and Blaustein, 1993, 1994;
Tetel, Celen_tano, and Blaustein, 1994; Wersinger, Baum, and Erkstine, 1993). However,
bilateral infusions of a sodium channel blocker to the VMH has been found to limit the
ability of VCS to activate inhibitory circuits and thus preserved lordosis to a certain
degree (Dobbek and Pfaus, 2001). This finding suggesté that the VMH may be an
important neural site which mediates the inhibition Qf’sexual behavior observed during
eétms termination.vTherefore, the VMH does not only contain neural mechanisms that
facilitate sexual behavior, but inhibitory ones that are activated during estrus termination
as well.

Etgen and Karkanias (1993) postulated a model of facilitation of lordosis by:
interactions among ova;‘ian steroids, norepinephrine (NE) and oxytocin (OXY) in the
VMH, according to which OXY and NE act in synergy to increase the overall excitability
of VMH neurons. The authors propose that the preéence of E and P increases OXY
receptor density and modifies their distribution within the VMH. OXY is then released
from the posterior pituitary and perhaps other CNS sites and increases NE release in the
VMH, possibly in response to VCS (Vincent and Etgen, 1993). The duration of the NE
signal initiated by OXY may be prolonged if the female continues to receive
somatosensory stimulation from the male because E also reducesk the presynaptic
mhibition of NE release mediated by a2-autoreceptors. Ahother possibility is that
released NE interacts with a1-adrenoreceptors which increase in number following
priming with E, promoting further release of OXY. Activation of hypothalamic al-
adrenoceptors increases neuronal excitability (Kim, Dudley, and Moss, 1988; Kow and

Pfaff, 1987) and E potentiates these responses (Condon, Ronnekleiv, and Kelly, 1989).



Furthermore, a1 -adrenoreceptors in the VMH mediate the facilitatory effect of NE on
reproductive behavior in female rats (Etgen, 1990; Etgen, Ungar, and Petitti, 1992).
Therefore, as OXY and NE act in concert to increase the overall excitability of VMH
neurons, the probability that arfemale rat will exhibit lordosis when mounted by a male
may increase dramatically in E-primed female rats. On’the other hand, iontophoretically-
applied dopamine decreases the electrical activity of VMH neurons (Chan, Dudley, and
Moss, 1983). Steroid-dependent interactions between OXY and NE have also been
reported in the medial preoptic area (mPOA), where OXY infusions increase NE of
dialysates in E-primed eWes (Kendrick, Keverne, Hinton, and Goode, 1992).
Interestingly, there is also evidence of a lordosis-éxcitatory neural mechanism

by an inhibitory neurotransmitter within the VMH. Gamma-amino-butyric acid (GABA)
is the major inhibitory neurotransmitter in the CNS. High concentrations of GABA have
been detected in the lateral hypothalamus and the VMH (Kimura and Kuriyama, 1975;
Tappaz, 1980; Frankfurt, Fuchs, and Wuttke, 1984), and increased levels of GABA in the
VMH, the MCG, the medial basal hypothalamﬁs and the VTA, but not the mPOA,
facilitate lordosis (McCarthy, Malik, and Feder, 1990; McCarthy, Pfaff, and Schwartz-

| Giblin, 1990). GABA is synthesized in neurons from its precursor glutamate by the
enzyme glutamic acid decarboxylase (GAD). McCarthy et al. (1994) found that infusions
of GAD67 antisense mRNA to the VMH of OVX rats maintained on chronic E in silastic
capsu]cs resulted in a nearly complete inhibition of lordosis. Subsequently, the effect of E
priming was analyzed on two forms of GAD, GAD65 and GAD67. There are two
separate genes that encode the two forms of GAD, based on a 2 kDa difference in

molecular weights. Furthermore, GADG7 is tonically active and synthesizes GABA for



non-vesicular release and/or metabolic purposes whereas GAD65 supplies the pool of
GABA for vesicular release. It was found that E increased GAD65 and decreased GADG67
in the MPOA, but increased GAD67 and decrcased GAD65 in the dorsal medial nucleus
of the hypothalamus (McCarthy, Kaufman, Brooks, Pfaff, and Schwartz-Giblin, 1995). It
is thus possible thkat E facilitates the synthesis of GAD in a population of GABA neurons
~ that project to the VMH, and that release GABA during the period of behavioral estrus.
Given that a significant body of literature points to the presence of lordosis-
facilitating neural mechanisms within the VMH, the effect of excitatory agents in this
region was tesied on lordosis (Kow, Harlan, Shivers, and Pfaff, 1985). However,
microinfusions of glutamate, the prjmary excitatory amino acid in the brain, resulted in a
powerful and rapid dose-related inhibition of lordosis induced by flank stimulation of
ovariectomized females implanted with silastic capsules containing E. The ability to
display lordosis recovered 20 minutes after the infusion. When the glutamate receptor
agonist kainate was infused, similar results were obtained except that the effect was much
longer lasting (about 4 days for full recovery). Electrophysiological follow-up of these
experiments clarified that these agents e*cited VMH neurons and that this excitation was
quick enough to account for the rapid inhibition of lordosis. These observations provided
evidence of a lordosis-inhibiting neural mechanism by an excitatory agent within the
VMH. Since that finding, no other experiments that examine the effect of glutamate in
the VMH on sexual behavior have been published. However, Pfaus and Sabongui (1996)
found that c-fos is induced in glutamate neurons in the VMH following VCS. Whether

this finding means that glutamate release is involved in the sexual inhibition observed



following VCS, or that glutémate neurons are simply activated by VCS was not been
determined.

The experiments presented in this thesis investigated the role that glutamate
receptors in the VMH play in the mediation of female sexual behavior. Most glutamate B
receptors are ionotropic; that is, the agonist binding sites and associated ion channels are
incorporated into the same macromolecular complex. Agonists act to increase the
probability that the channel will open. There are three pharmacologically defined classes
of ionotropic glutamate receptors, named after their selective agonists: AMPA (a-amino-
3-hydroxy-5-methyl-4-isoxazelepropionic acid), NMDA (N-methyl-D-aspartate) and
kainate. Although glutamate binding dehsity in the hypothalamus (2.6 pmol/mg protein)
is approximately one third of that in the hippocampus, high densities of glutamate
receptors have been detected in' the VMH (Meeker, Greenwood, and Hayward, 1994);
each major glutamate subtype is present in all hypothalamic regions in the followinrg |
approximate relative densities: NMDA > metabotropic glutamate receptor > kainate >
AMPA.

In the present study, microinfusions of giutamate, or its selective receptor
agonists or antagonists, were administered bilaterally to the VMH of ovariectomized,
hormone-primed rats, and their effects were tested on a full battery of appetitive and
consummatory sexual behaviors. The general hypothesis was that glutamate or its
selective receptor agonists would decrease frequencies of appetitive and consummatory
sexual behaviors and increase the incidence of defensive behaviors. Conversely,
glutamate selective receptor antagonists wpuld increase the occurrence of sexual

behaviors and decrease the number of defensive behaviors, especially when females are



primed with E alone as opposed td E and P. Furthermore, it was hypothesized that a
glutamate selective receptor antagonist would reverse the behavioral effects of estrus
termination induced by VCS. Together, the data from these studies constitute the first
comprehensive analysis of glutamate actions in the VMH oh the sexual behavior of

fernale rats.



: EXPERIMENT 1

The goal of this experiment was to examine whether infusion of glutamate or its
selective receptor agonists to the VMH disrupt or inhibit female sexual behavior.,The
study of Kow et al. (1985) was partially replicated: the effects of glutamate and kainate
administered to thé VMH were tested on female sexual behavior. HoweVer, Kow et al.
tested the drugs in E-primed females and only the lordosis reflex was analyzed, whereas
in the present study, drugs were administered to E- and P-primdd females, and an entire
battery of ferﬁale sexual behaviors in response to stimulation from sexual}y vigorous
males as opposed to manual flank stimulation was analyzed.l Additionally, the number of
male ejaculations was examined as a measure of overall female attractivity and
copulatdry competence.

Method

Subiects and procedure

Forty female and 40 male Long-Evans rats aged six weeks and weighing 200
250g, and 250-300g respectively, were obtained from Charles River Canada, Inc., St.
Constant, Québec. Rats were housed in groups of fdur in hanging wire gang cages, but
following cannulation, the females were housed individually in plastic cages (36 x 26 x
19 cm). Because rats are nocturnal animals, they were kép_t on areversed 12 hour
light/dark cycle, with lights off at 09:00, ensun‘ng that they would be active during
testing. The animals received commercial laboratory food and tap water at liberty. Room
temperature was kept constant at 21°C.

All male and female rats received ten copulatory training sessions to ensure

stable baseline rates of sexual behavior. During this forty-day copulatory training period,
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ovariectomized females were tested every four days, and therefore received E 48 hours
and P 4 hours prior to each copulatory session. This sexﬁal expeﬁence Was acquired in bi- | |
level chambérs, each session lasting 30 minutes. Following the tenth sexual trial, females
were cannulated and allowed seven days of recovery from surgery. However, during thisb
period of convalescence, females were hormonally pn'mcd twice (for 8 days) with E and
P before testing occurred again. A baseline 30-minute copulatory session was then
recorded immediately after a 1pl/side phosphate buffer (pH=7) infusion, during which
each female was allowed to copulate with a sexually vigorous male in a bilevel chamber.
All females were then randomly distributed to one of four groups: the first group received
the lowest dose of glutamate (3.3mM); the second group received the medium dose
(10mM), whereaé the third received the highest (100mM). These doses are the same as
those administered by Kow et al. (1985). The rats were redistributed to one of four
groups prior to the administration of three selective glutamate receptor agonists, namely
AMPA (0.3mM, ImM, 2mM, Bell and Kalivas, 1996), NMDA (1nmol, 3.39nmol,
6.8nmol, Puma, Monmaur, Sharif and Monmaur, 1996) and kainate (0.469 mmol, 0.938
mmol, 1.17mmol; Kow et al., 1985). All drugs were obtained from Sigma. Once all the
behavioral data were collected, females were sacrificed and their brains were removed to
allow verification of cannulae placement. The inclusion criterion was that either one or
both tips of the cannulae were found within the béundaries of the VMH or a millimeter
dorsal to it.

Surgical, hormonal, drug administration and histological procedures

Ovariectomies. Females were ovariectomized bilaterally prior to copulatory -

training in order to prevent impregnation, and to allow full control over hormonal levels
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and subsequently, the period of receptivity. Th¢ anesthesia consisted of a 4:3 mixture of
ketamine hydrochloride (100mg/ml) to xylazine hydrochloride (20mg/ml) injected
intraperitoneally in a volume of 0.8ml/kg. Ovaries were removed through lyumbar
incisions and a one-week period‘ of recovery was allowed prior to copulatory training.

Hormonal injections. Full receptivity was induced in females by subcutaneous

injections of estradiol benzoate (E), in a dosage of 10ug dissolved in 0.1 ml of sesame oil
48 hours and SOOug of P in 0.1 ml of sesame oil four hours before each test.
Cannulations. Prior to cannulation, females were anesthetized with sodium
pentobarbital (65mg/kg) injected intraperitoneally. Females were then cannulated
bilaterally to the VMH using a stereotaxic instrument and double-barrel 26-géuge guide
cannulae. The cannulation coordinates used to attain the VMH were 1mm lateral to the
midline on either side of Bregma, Omm anterior to Bregma, and 8.5mm ventral to Dura,
at a 5-degree elevation angle. The tip of the cannula guide ended 1mm above the desired
target area. Cannula blockers were cut so that they would protrude 0.5mm from the guide
cannula. The 33-gauge iﬁfusion cannulae were cut to 1mm longer than the guide cannula.
Guide cannulae, cannulae blockers, injection cannulae and dust caps were ob;ained from
Plastic One. Females were given seven days of post-surgical recovery before testing

began.

Infusions. All drugs were infused at a rate of 1pul/minute for one minute using
an infusion pump (Harvard Apparatus, Pump 22). A total volume of 1l was infused per

side. The infusor was left in for another full minute and a half to ensure full absorption.

The desired concentration of glutamate, AMPA, NMDA and kainate were obtained by

12



diluting the drugs into a phosphate buffer (pH = 7). In the case of saline infusions, a

0.1M phosphate buffer with a neutral pH of 7 was infused in a volume of 1pl/side.

Perfusions and histology. Once behavioral data were collected, females were
sacrificed iﬁ order to verify proper cannulae placement. They were injected with 1ml of
sodium pentobarbital and perfused intracardially using a 50ml syringe filled with ice—cold
phdsphate buffer saline followed by 50ml of 4% paraformaldehryde in 0.1M phosphate
buffer. The brains were placed in a 4% paraformaldéhyde solution for 4 hours, and then
into a 30% sucrose solution. Once removed from this solution, the brains were frozen
hsing dry ice and sliced into coronal sections using a cryostat. These sections were
mounted on gel-coated slides, stained in cresyl violet, cover slipped, and examiﬁea under
a microscdpe to confirm cannulae placements. The exclusion criteria was set such that
animals with both guide cannulae ending outside of the boundaries of the VMH or more
than Imm dorsal to it were excluded from the study (N = 4), leaving data solely from
subjects that had correct unilateral (N = 8) or bilateral (N = 21) cannulations to the VMH
included in the ahalyses. Preliminary statistical investigations were conducted to assess
whether data from animals that died (N = 7) during the course of the experiment and frorﬁ
whom cannulae placement data were not collected should bé excluded from the study.
The results obtained from these analyses were almost identical to the results obtained
from analyses excluding data from such subjects. Consequently, the data from these
animals were included in the final statistical analyses in order to increase N and
subséquently, the power of the design. Cannulation placement data from subjects
included in the statistical analyses of Experiment 1 are shown in Figure 1: It is important

to note that subjects in Experiment 1, as opposed to those in Experiments 2 and 3, were
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perfused without cannulae blockers in the cannulae, therefore correct placements in
Experiment 1 appear 0.5mm dorsal to placements from subjects in Experiment 2 and 3.

Behavioral analyses

Testing sessions were videotaped using a camcorder; the footage was viewed
using a VCR and a television, and Scored using a computerized event recorder
customized for female sexual behavior (Cabilio, 1996). Data from the first ejaculatory
series (namely from the ir;troduction of the female inté the bilevel chamber to the first
eja;:ulation of the male or a 30-minute period when ejaculation did not occur) were
analyzed, contrasting saline behavioral results with behavioral results obtained under the
influence of each dosage of the drug. The frequency of solicitations (c‘haracterized by a
head-wise orientation of the femalé towards the male followed by a quick runéway from
the male), hops and darts (H&D), pacing (or levei changing (LC), occurring when-the
‘femalc moves from one level of the bi]ével chamber to the other), and rejection responses
(including boxing, fighting, kicking and prone defensiveness, characterized by the female
lying on her back) were included in the analyses. Lordosis was analyzed from two
perspectives: lordosis reflex magnitude (LM, on a 1 to 3 scale), and lordosis quotient
(LQ, lordosis:mount ratio). LM and LQ were calculated as iﬁ Hardy and DeBold (1971).
Finally; the number of male ejaculations during the half hour session was also recorded.

Statistical analyses

Separate 2 (treatment: drug vs. saline) x 3 (dose: small, medium, large) analyses
of variance (ANOV As) with dose as a between measures variable and treatment as a
repeated measures variable were performed on all sexual behaviors, namely solicitations,

H&D, pacing, LQs, LMs, defensive behaviors, and male ejaculations. In each case, the
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saline trial served as the baseline measure to which drug measures were compared. The
saline m‘a]s were conducted prior to the drug trials. Tukey post hoc comparisons of
means analyses were conducted when statistical significance was detected by the
ANOVAS to analyze differences between the means of each group. Only the significant
main effeéts or interaction are reported.

Results

Behavioral observations

Following infusions of glutamate and AMPA, the female rats did not require
special or cautious handling; no behaviors related to hyperactivity, for example, were
observed. However, a smail number of females were difficult to handle during and
following infusions of kainate and NMDA. Hyperactivity-rélated behaviors were
observed: some of the females spent large portions of the testing session engaged in Ie<ve1
changing or chewing on the waHs or metal floor grids of the bilevel chamber.
Glutamate

Figure 2 shows the effects of infusions of saline and 3 different doses of
glutamate in the VMH on the number of solicitations, H&D, LC, LQ, LM, defensive
behaviors and male ejaculations. Overall, infusions of the small and medium dose of
glutamate increased the number of solicitations, whereas infusion of the large dose
decreased solicitation. Furthermore, relative to saline, glutamate infusions decreased the
number of hops and darts, slightly increased pacing, had no effect on the LQ and LM,
increased the number of defensive behaviors when the medium dose was infused and
increased the number of ejaculations. However, the ANOVA detected only a significant

main effect of treatment on the number of H&D, F(1, 24) = 10.43, p < 0.01. Post hoc
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Figure 2. The effect of 3 doses of glutamate or saline infusions on the mean number of
solicitations, hops and darts, level changes, mean lordosis magnitude, mean lordosis
quotient, mean number of defensive behaviors and male ejaculations. Error bars
represent standard errors. (* = p < .05, effect of dose: 3.3mM, 10mM vs 100mM,
between subjects)
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comparisons revealed that animals engaged in less H&D when infused with glutamate
than when infused with saline. The infusions of glutamate had no si gniﬁcant effects on
an? other measures, namely on solicitation, pacing, LM, LQ, defensive behavior, and
male ejaculativonsv.
Kainate

Figure 3 shows the effects of infusions of saline and 3 different doses of kainate
on the number of solicitations, H&D, pacing, LQ, LM, defensive behaviors and male
ejaculations. Infusions of kainate produced decreases in solicitation, LQs and LMs, dose-
reiated decreases in H&D, increases in pacing and defensive behaviors, but had no effect
on male ejaculations.

Solicitations. The ANOVA detected a significant main effect of treatment, F(1,
23) =4.90, p < 0.05. Post hoc analyses fevealed that animals in the drug group solicited
sex significantly less than animals in the saline group.

Hops and darts. The ANOVA detected a significant interaction between dose

and treatrent, F(2, 23) = 4.23, p < 0.05. Kainate produced a dose-related decrease in the
number of H&D. Post hoc analyses revealed that females infused with the largest dose of
kainate engaged in significantly less H&D than did animals infused with saline.

Pacing. A significant main effeet of treatment was detected, F(1,23) = 10.52, p
< 0.01. Post hoc analyses revealed that animals infused with kainate engaged in more
level changing than animals infused with saline.

Lordosis quotient. The ANOVA detected a significant main effect of treatment,

F(1,23) = 16.22, p <0.001. Post hoc analyses revealed that kainate infusions resulted in

lower LQ scores than did saline infusions.
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Lordosis magnitude, defensive behaviors, ejaculations. No significant main
effecis of dose or treatment were detected. The interacﬁon between these two variables
did not reach the required level of statistical significaﬁce either.‘

AMPA

Figure 4 shows thé effects of infusions of saline and 3 different doses of AN[PA
on the nurhber of solicitations, H&D, pacing, LQ, LM, defensive behaviors and ﬁale
€j aculatipns. Overall, infusions of AMPA decreased the number of solicitations, H&D,
increased pacing, decreased L.Qs and LMs, increased the number of defensive behaviors
following infusion of the small dose on]y, and had no effect on the number of
ejaculations.

So]iéitations. The ANOVA detected a significant main effect of treatment, F(1,
25) = 14.99, p < 0.001, post hoc analyses revealing that animals infused with AMPA

solicited significantly less than animals infused with saline.

Hops and darts. A significant main effect of treatment was found, F(1, 25) =
4.32, p < 0.05. Post hoc analyses revealed that animals infused with AMPA engaged in

significantly less H&D than animals infused with saline.

Lordosis guotient. A significant main effect of treatment was detected, F(1, 25)
= 13.91, p < 0.001. Post hoc analyses revealed that when animals were infused with

AMPA, they obtained significantly lower LQs than when they were infused with saline.

Lordosis magnitude. The ANOVA detected a significant main effect of
treatment, F(1, 19) = 1597, p< 0.001. Post hoc analyses revealed that AMPA infusions

resulted in lower LMs than saline infusions.
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Defensive behaviors. The ANOVA detected a significant main effect of dose, F

(2,25) = 3.59, p < 0.05. Post hoc analyses revealed that animals that received the small
dose of AMPA engaged in significantly more defensive behaviors than animals that
received the medium or high dose of AMPA.

Pacing and ejaculations. The ANOVAs failed to detect any significant main |

effects or interactions between dose and treatment on these béhaviors.
NMDA

Figure 5 shows the effects of infusions of saline and 3 different doses of NMDA
- on the number of solicitations, H&D, pacing, LQ, LM, defensive behaviors and male
ejaculations. NMDA infusions increased pacing and the number of defensive behaviors,
and decreased LQs, LMs, and the number of male ejaculations, but had no éffect on the
number of solicitations and H&D. |

Pacing. The ANOVA detected a significant main effect of treatment, F(1, 25) =
16.32, p < 0.001. Post hoc analyses revealed that animals infused with NMDA level
changed significantly more than animals infused with saline.

Lordosis quotient. A significant main effect of treatment was detected, F(1, 25)

= 11.84, p <0.01. Post hoc analyses revealed that NMDA infusions resulted in
significantly lower LQs than saline infusions.

Lordosis magnitude. The ANOVA detected a significant main effect of dose,

F(2,23)=5.71, p < 0.01. Post hoc analyses revealed that infusions with the high dose of

NMDA resulted in larger LM scores than infusions with the small and medium doses.
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Furthermore, a significant main effect of treatment was detected, F(1,23) =7.89, p<
0.01. Post hoc analyses revealed that rats infused with NMDA obtained smaller LM
scores than rats infused with saline.

Defensive behaviors. The ANOVA detected a significant main effect of

treatment, F(1, 25) = 4.21, p < 0.01. Post hoc analyses further revealed that animals
infused with NMDA displayed more defensive behaviors than animals infused with

saline,

Solicitations, hops and darts, ejaculations. No significant main effects or

interactions between dose and treatment were detected by the ANOV As.
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EXPERIMENT 2

When glutamate or its selective receptor agonists were infused in the VMH,
some inhibitory effects were observed on the sexual ,beh‘avior of E- and P-primed
females. The purpose of the second exp'erimentr was to assess whether ;he effects of
selective competitive a'ntagoni‘sts of the NMDA, AMPA and kainéte receptors (2-amino-
5-phosphonopentanoic acid (AP-5) for the NMDA receptor, 6,7-dinitroquinoxéline-2,3—
dione (DNQX) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) for the
AMPA /kainate receptors) tested on E- or E+P-primed females following infusion into the
VMH might facilitate sexual behavior.

Method

Subiects and surgical procedures

Nineteen females and 20 males were tested in this experiment. They were
housed in the same conditions as animals from Experiment 1. The sexual training trials,
surgical, and histological procedures were performed in the same manner as those in the
Experiment 1.

Experimental procedure

Following the period of recovery from the cannulation procedure, the 20
females were randomly distributed to one of two groups, namely those that would be
primed with E-alone, and those that would be primed with E+P as in the first experiment.
Animals primed with E received their injection subcutaneously 4 hours prior to
behavioral testing. A baseline copulatory session following infusion of a phosphate
buffer was then recorded for both groups. All rats were administered 1ul/side of each one

of the 2 doses of AP-5, CNQX, and DNQX. The dosages used were the following: for
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AP-5, the small dose (Dose 1) was 10mg/ml, whereas the large dose (Dose 2) was
20mg/1ml (Park, Bari, Jey, Anderson, Spealman, Rowlett, and Pierce, 2002; DiCiano
and Everitt, 2001); for CNQX, 0.005mM (Smal] dose or Dosel) and 0.6M (large dose or
Dose 25, (Alvarez & Ruafte‘, 2001; Pérk et al., 2002); for DNQX, 0.397mMol (small dose
or Dose 1) and 1.98mMol (small dose or Dose 2), (Roullet, Sargolini, Oliverio, and Mele,
2001). All testing sessions took place in bilevel chambers. Once behavioral data was
obtained, females were sacrificed, and their brains were removed to verify cannula
placements, which are ‘shown in Figure 6. Out of 20 placements, 9 were bilateral, 9 were
unilateral, one was unknown and one was incorrect and therefore excluded from the
analyses.

Statistical analyses

Sgparate 2 (hormone: E-alone or E+P) x 3 (dose:‘ saline or small dose or large
dose) ANOVAs with repeated measures on the second factor were performéd on all
sexual behaviors. When significant main effects or interactions were detected, Tukey post
hoc analyses were performed to further elucidate where the differences lay. Only the
significant main effects or interactions between these variables are reported.

Results

Behavioral observations

No unusual behaviors were observed fo”llowing infusion of AP-5, CNQX or
DNQX; animals were easy to handle.
AP-5

Figure 7 shows the effects of infusions of saline and 2 different doses of AP-5

administered to the VMH of E-alone or E+P-primed female rats, on the number of
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solicitatibns, H&D, pacing, LQ, LM, defensive behaviors and male ejaculations. In E-
alone-primed females, infusions of AP-5 relative‘to saline increased LQs, LMs and the
number of male ejaculations, and decreased the number of defensive behaviors and LCs,
however had no substantial effect on the number of solicitations and H&D. In E+P-
primed females, only the number of solicitations and H&D appear to ihave increased
following infusions of AP-5. |

Solicitations. A significant main effect of hormone was detected, F(1, 17) =
17.84, p < 0.001. The post hoc analysis revea]ed that rats pn'fned with E+P solicited sex
more than rats primed with E-alone. The ANOVA also detected a significant main effect
of AOSﬁ, F(2,34) = 3.51, p < 0.05. Post hoc analyses revealed that rats who received
infusions of the small dose of AP-5 solicited sex more than rats who recrei ved saline

infusions.

Hops and darts. The ANOVA detected a significant interaction between
hormone and dose, F (2, 34) = 4.78, p < 0.05. Post hoc analyses revealed that females
primed with E+P and Who received the large dose of AP-5 engaged in significantly more
H&D tﬁan animals that were also primed with E+P but received tHe small dose of AP-5
and animals that were primed with E—alone and who received saline infusions or the large
dose of AP-5.

Lordosis quotient. A significant main effect of hormone was detected, F(1, 17)

= 15.85, p < 0.001. Post hoc analyses further revealed that animals primed with E-alone
had lower LQs than animals primed with E+P. Moreover, there was a significant
interaction between hormone and dose, F(2, 34) = 3.34, p < 0.05. The Tukey post hoc

revealed that following infusion of the small dose, animals primed with E+P had
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significantly larger LQs than animals primed with E-alone. Furthermore, animals primed
with E+P obtained significantly larger LQs than animals primed with E-alone following
saline infusions.

Lordosis magnitude, The ANOVA detected a significant main effect of

hormone, F(1, 14) = 13.54, p < 0.005. Post hoc analyses revealed that animals primed
with E+P hakd larger LMs than animals primed with E-alone.

Defensive behaviors. Hormonal manipulation had a significant main effect on

the display of overt defensive behaviors, F(1, 17) = 15.26, p < 0.01, post hoc analyses
revealing that subjects primed with E-alone engaged in significantly more defensive

behaviors than subjects primed with E+P.

Pacing and ejaculations. ANOVAs failed to detect any significant main effects
or interactions befween dose and hormone on LCs or ejaculations.
CNOX

Figure 8 shows the effects of infusions of saline and 2 different doses of CNQX
administered to the VMH of E-alone or E+P-primed female rats, én the number of
solicitations, H&D, pacing, LQ, LM, defensive behaviors and male ejaculations. In E-
alone-primed females, infusions of CNQX increased the number of solicitations, H&D,
LQs and L Ms, and the number of ejacufations by the males relative to saline. In E+P-
primed females, the number of solicitations, LCs and ejaculations by the males weré
increased following infusions of AP-5.

Solicitations. The ANOVA revealed a significant main effect of hormone, F(1,

17) = 6.05, p < 0.05. Post hoc analyses revealed that females primed with E+P solicited

sex more than females primed with E-alone. The ANOVA further detected a si gnificant
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Figure 8. The effect of 2 doses of CNQX or saline infusions on the mean number of
solicitations, hops and darts, level changes, mean lordosis magnitude, mean
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bars represent standard errors. (f = p < .05, effect of dose: saline vs 0.005mM vs
0.6M, within subjects; * = p < .05, effect of hormonal priming: E vs E+P, between
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dose x hormone interaction, F(2, 34) = 3.52, p < 0.05. Post hoc analyses»revea'led that
E+P-primed females who received the large dose of CNQX solicited sex more than E-
primed females who were infused with saline or the high dose of CNQX.

Hops and darts. The ANOVA detected a significant main effect of hormone,

F(1,17) = 5.13, p < 0.05, post hoc analyses’revealing that hormonal priming with E+P
resulted in significantly more H&D than priming with E-alone did.

M The ANOVA detected a significant main effect of hormone, F(1, 17) =
4.55, p < 0.05. Post hoc analyses revealed that females primed with E-alone level |

changed more than females primed with E+P.

Lordosis guotient. The ANOVA detected a significant main effect of hormone,

F(1,17) = 86.27, p < 0.000 1, post hoc analyses revealing that females primed with E+P
had significantly higher LQs than females primed with E-alone. A significant main effect
of dose was also detected, F(2, 34) = 11.90, p < 0.001. Post hoé analyses revealed that
females who received the large dose of CNQX obtained significantly larger LQs than
females who received the small dose of CNQX or saline iqfusions. Finally, the ANOVA
detected a significant interaction between hormone and dose, F(2, 34) = 8.05, p < 0.01,
post hoc analyses revealing that E-primed females who re;:eived the high dose of CNQX
obtained significantly larger L.Qs than E-primed females Who received the small dose or
saline; also, E-primed females who received saline or the small dose of CNQX obtained
significantly smaller LQs than E+P-primed females who underwent the same treatment.

- Lordosis magnitude. The ANOVA detected a significant main effect of

hormone, F(1, 14) = 23.03, p < 0.001. Post hoc analyses revealed that rats primed with

E+P obtained larger LMs than rats primed with E-alone.
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Defensive behaviors. The ANOVA detected a significant main effect of

hormone, F(l; 17) = 7.93, p < 0.01, post hoc analyses revealing tﬁat rats primed with E
displayed si gnificantly more defensive behaviors than animals primed with E+P.

Ejaculations. No significant main effects>of hormone or dose were detected by
the ANOVA; The interaction between hormone and dose was also non significant.

- DNOX

Figure 9 shows the effects of infusions of saline and 2 different doses of DNQX
administered to the VMH of E-alone or E+P-primed female rats, on the number of
solicitations, H&D, pacing, LQ, LM, defensive behaviors and male ejaculations. In E-
alone-primed females, infusions of DNQX increased the number of solicitations, H&D,
increased LQs and LMs and the number of ejaculations by the males, however the drug
decreased the nuﬁber of LCs and defensive behaviors, relative to saline. In E+P-primed
females, infusions of DNQX increased the number of solicitations and decreased the
number of LCs.

Solicitations. The ANOVA detected a sigﬁificant main effect of hormone, F(1,
15)=11.59, p < 0.01. Post hoc anaiyses revealed that animals treated with E+P solicitedv
sex significantly more than animals tfeated with E-alone. A significant main effect of
dose was also detected, F(2, 30) = 6.41, p < 0.01, post hoc analyses revealing that
animals infused with the large dose of DNQX solicited sex significantly more than
animals infused with saline.

Pacing. The ANOVA detected a significant main effect of hormone, F(1, 15) =
6.50, p <0.05, post hoc analyses revealing that animals primed with E-alone level

changed significantly more than animals primed with E+P. A significant main effect of
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dose was also detected, F(2, 30) = 4.00, p < 0.05; post hoc analyses revealed that animals
that received the large dose of DNQX level changed significantly less than animals that
received the saline infusion.

Lordosis guotient. The ANOVA detected a si gnificant main effect.of hormone,

F(1,13)=9.86,p <0.01, post hoc analyses revealing that animals in the E+P group
obtained larger LQs‘ than animals in the E-alone group. The ANOVA also detected 4
significant main effect of dose, F(2, 26) = 4.79, p < 0.05, post hoc analyses revealing that
animals that were infused with DNQX obtained significantly larger LQs than animals that
were infused with saline. Furthermore, the ANOV A detected a significant interaction
beiween hormone and dose, F(2, 26), p < 0.001. Post hoc analyses revealed that E-primed
females who received saline infusions had significantly lower LQs than animals in all the

other groups.

Lordqsis magnitude. A significant main effect of hormone was detected by the
ANOVA, F(1, 12) = 6.01, p < 0.05. Post hoc analyses revealed that animals primed with
E+P obtained significantly higher LQs than animals primed with E-alone. A significant
interaction between hormone and dose was also detected, F(2, 24) = 3.64, p < 0.05,
however none of the mean differences reached the level of si gnificance required by the
Tukey. It appears as though infusions of the small dose of DNQX increased LMs relative
to saline infusions in the E-alone group, whereas in the E+P group, the opposite effect is

observed.

Defensive behaviors and hops and darts. Infusion of DNQX had no effect on

these behaviors according to the ANOVAs.
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Ejaculations. A significant main effect of dose was detected by the ANOVA,
F(2, 30) = 3.54, p < 0.05, post hoc analyses revealing that males placed with females
treated with the large dose of DNQX ejaculated more often than did males placed with

females infused with saline.
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EXPERIMENT 3
Résuhs from Experiment 2, which investigated the behavioral effects of
selective glutamate receptor antagonists, mirrored the results from Experiment I such that
‘the antagonists facilitated séxual behaviors following infusion to the VMH of female rats
primed with E. One hypothesis is that glutamate is normally active in females when they
are not in heat, but inhibited by E-induced neurochemical changes. This inhibition may |
decline progreséively during copulation, such that the reactivation of glutamate neurons
may subserve part of the phenomenon of estrus termiﬁation; Because c-fos is induced in
VMH glutamate neurons during VCS (Pfaus and Sabongui, 1996) and because a sodium
channe‘l blocker administered to the VMH attenuates the effects of VCS on lordosis
(Dobbek and Pfaus, 2001), Experiment 3 investigated whether NMDA receptors in the
VMH are involved in estrus termination induced by manual VCS.
Method
Subjects
Forty females and 20 males were obtained and housed iﬁ the same conditions as
those in experiment 1 and 2. Sexual training trials, surgical and histological procedures
were perfonnedvin the same manner as those in the first and sécond experiments.

Experimental procedure

The females were ovariectomized, hormonally primed with E+P and given 10
sexual trials with the sexually vigorous stimulus males. After the 10" trial of sexual
behavior, females were taken off hormones for 26 days, receiving E at 13:00 on this 26"
day, P at 17:00 on the 28" day, and VCS or sham VCS at 09:00 on this same 28t day.

The highest dose of AP-5 from Experiment 2 was employed to assess the effect of a
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selective glutamate receptor an_tagonist on estrus termination induced by VCS. VCS and
sham VCS were given in the same manner askaaus et al. (1996; 2000) used to examine
Fos induction and behavioral estrus termination. Briefly, VCS consisted of 50 manual
VCSs with a lubricated glass rod in clﬁstérs of 5, each spaced 5 to 10 seconds apart.
Clusters were distributed at 6-minute intervals over the course of one hour. Rats who
received Sham VCS were held by the base of the tail, the tail and rump raised and
anogenital region exposed for an amount of time equal to that necessary for the
application of 5 VCSs, distributed over one hour.

The bilateral cannulations to the VMH were performed between the 10™ and the
19" day of the 26 day of no hormone treatment period, ensuring that animals had enough
time to recover from surgery before testing. Once cannulated, femaleé were randomly
assi gned to one of 4 groups: group 1 was infused with a phosphate buffer just prior to
sham VCS treatmeht; group 2 recejved the same phosphate buffer infusion followed by
VCS. Group 3 received an AP-5 infusioﬁ followed by sham VCS, whereas group 4
received an AP-5 infusion followed by VCS. All rats received their estrus termination
behavioral testing the following day at 09:00. In this experiment, the manner in which
behavioral testin g occurred differs from that followed in Experiments 1 and 2. Eéch
fema]e was placed in the bilevel chamber for 5 minutes prior to the introduction of the
male. This male Was allowed to copulate to one ejaculation, or 10 minutes, whichever
came first, and was then removed from the chamber and replaced 5 minutes later by a
second male who was allowed to copulate for 10 minutes, or until ejaculation, as was the

case with the first male. These males were both sexually experienced.
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This change in testing procedure led to chénges in the behavioral analyses. Two
sets of data were obtained from each female: one in presence of the first male and one in
presence of the second male. The behavioral data of the female obtained dun’ng the five
rrﬁnutes of anticipation prior to each male’s introduction to the bilevel chamber were
included respectively in each data set. Once the behavioral data were collected, females
were perfused, brains were removed, and the coronal slices mounted on gel-coated slides
were analyzed under the microscope for cannulae placement verification, reported in 7
Figure 10. Out ‘of 40 females, 24 had correct bilateral placements, 14 had unilateral
placements, and 2 animals died before testing occurred.

Statistical analyses

A 2 (stimulation: VCS vs. sham) x 2 (treatment: AP-5 vs. saline) x 2 (trial: male
1 vs. male 2) mixed factorial ANOVA with repeated measures on the third factor was
conducted in order to assess the effects of AP-5 and VCS on the various aspects of
female rat sexual behavior. Tukey post hoc analyses were conducted when statistical
significance was detected to further indicate the location and direction of the significant
mean differences. Only significant main effects and interactions between these variables
arc‘ reported.

Results

Behavioral observations

As expected, females that received VCS prior to the behavioral testing were
~ slightly more difficult to handle than females that received sham VCS. Otherwise, no

unusual behaviors were observed.
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Figure 10. Placement data for subjects in Experiment 3. Correct bilateral cannulations are

indicated by the letter “B,” whereas correct unilateral cannulations are indicated
By the letter “U.”
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The effect of VCS vs. sham VCS, AP-5 vs. saline infusions, aﬁd copulation with
the first male introduced in the bilevelrchamber vs. the second one on the number of
solicitations, H&D pacing, LQ, dcfensive behaviors and male ¢jaculations are shown in
Fi guré 11. An ANOVA could ﬁot be conducted on LM due to absence of lofdosis ina
large number of females in the VCS group. Overall, when animals were infused with AP-
5 and received VCS, they displayed fewer solicitatikons and H&D, but more defensive
behaﬂriors and lower LQs than rats infused with saline. Moreoyer, when females
‘co,pulated with the first male, they sdlicited more, péced more and displayed less
defensive behaviors than when they copulated with the second male.

Solicitations. A significant main effect of trial was detected, F(1, 33) = 7.28, p<
0.05, with females soliciting seX more from the first male than from the second.‘ The 3-
way interaction was also significant F(1, 33) = 6.98, p < 0.05. A Tukey post hoc analysis
revealed that when females were infused with AP-S, the ones fhat received VCS solicited
sex significantly less from the first male than did females who received sham VCS.

Hops and darts. The ANOVA did not detect any significant main effects of

stimulation, treatment, or trial, nor did it detect any si gnificant interactions between these
three variables. |

Pacing. A significant main effect of 4stimulation was détected, F(‘l, 33) = 19.85,
p <0.001, such that animals that received VCS changed levels less than animals that
received sham VCS. The main effect of trial was also significant, F(1, 33) = 5.57, p<
0.05; post hoc analyses revealed that females level changed more often in presence of the
first male than they did in presence of the second male. Furthermore, the ANOVA

indicated that the interaction between stimulation and treatment was also significant, F(1,
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33) = 4.35, p < 0.05. Post hoc analyses revealed that animals that received AP-5 infusions
changed levels significantly less when they received VCS than when they received sham
VCS, whereas in the groups that received salin’é infusions, the same pattern was not |
detected. | |

Lordosis gquotient. A significant main effect of sﬁmulation was found, F(1,33) =
12.65, p < 0.01. Post hoc analyses revealed that animals that feceived VCS had
significantly lower LQs thaﬁ those who received sham VCS. No other signiﬁcént méin

effects or interactions were detected.

Defensive behaviors. The ANOVA detected a significant main effect of trial,
F(1, 33) = 4.69, p < 0.05. Post hoc analyses revealed that animals displayed more
dcfensivé behaviors when placed with the second m’ale than they did with the first. The
'ANOVA also indicated that the interaction between treatment and trial was significant,'
F(1, 33) = 4.42, p < 0.05. Post hoc analyses revealed that animals infused with AP-5
engaged in more defensive behaviors when placed with the second male than they did in
prcsenée of the first male. These analyses further indicated that females infused with AP-
5 engaged in significantly more defensive behaviors while in pfesence of the second male
than were rats infused with saline in presence of the first or second male.

Ejaculations. The ANOVA detected a significant main effect of manipulation on
ejaculations, F(1, 33) = 1.53, p < 0.01. Post hoc analyses further revealed that when
males were placed with females that réceived VCS, they ejaculated less frequently than
they did when placed with females that recéived sham VCS. No other significant main_

effects or interactions were detected.
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Discussion

Previous research suggested that the brain’s main excitatory neurotransmitter -

glutamate, and one of its selective receptor agonists kainate, have an inhibitory effect on

| lordosis when administered bilaterally torthe VMH of female rats (Kow et al., 1985). The
purpose of the series of experiments reported in this thesis was to further investigate the
role of glutamate receptors within the VMH by analyzing the behaviorél effecté that
would ensue follow’in g administration of glutamate, its selective receptor agonists or
antagonists to this region. Experiment 1 investigated the effect of glutamate and its three
receptor agonists AMPA, NMDA and kainate on female sexual behavior. The results
confirmed Kow and colleagues’ suggestion that glutamate receptors within the VMH
play an inhibitory role not only in the regulation of lordosis, but also in the regulation of
dther appetitive and consummatory sexual behaviors.

Experiment 2 investigated the behavioral effects of three glutamate receptor
antagonists, AP-5, CNQX and DNQX. The results indicate that selective glutamate
feceptor antagonists facilitate copulatory behévior when a low level of sexual functioning
is induced by hormoﬁa] priming with E-alone, and to a lower extent when sexual
functioning is already high due to hormonal priming with E+P. It appears that some of
the antagonists’ effects in E-primed females mimic the additive effects of P when
administered in conjunction with E. Because selective giutamate receptor antagonists also
facilitated sexual behavior in E+P-primed females, it is possible that they éccentuate the
efficacy with which P heightens sexual receptivity when administered in conjunction
with E. Overall, the behavioral data pattern obtained following bilateral infusioﬁs of

selective glutamate receptor antagonists to the VMH mirrored that of the agonists.



Experiment 3 was conducted to investigate whether the inhibitory mechanisms
originating from glutamate receptors within the VMH are involved in estrus termination.
The fesults'suggest that they are not. Surprisingly, it seems as though AP-5, the NMDA
selective antagonist, actually works to enhance some of the effects of VCS on female
sexual behavior, contrary to the initial hypothesis. A more detailed discussion of the
results of each experiment and their implication follows. |

| Contrary to the findings of Kow et al. (198-5), bilateral microinfusions of
- glutamate to the VMH did not have an inhibitory effect on lordosis. In fact, frequencies :
of solicitation, pacing, defensive behaviors, lordosis quotiente and magnitudes, and
ejaculations by the males remained unaffected by administration of glutamate to the
VMH,; however, the number of hops and darts was significantly decreased. The
differences in the results obtained by Kow et al. and those of the present study may be
explained by the different methodologies used: Kow et al. prifned OVX rats with silastic
- E capsules implanted subcutaneously. This hormone replacement regimen induces a
lower level of sexual receptivity than full priming with E and P. Perhaps the low levels of
lordosis induced by E alone are more easily disrupted by glutamate than high levels of
lordosis, or perhaps the addition of P in the present experiment buffered females from the
effects of glutamate. Second, in the present experiment lordosis was induced by
stimulatien from a sexually vigorous male as opposed to the manual flank stimulation
used by Kow et al. Pefhaps fernale rats are more responsive to glutamate administered in
the VMH when they receive manual flank stimulation relaﬁve to the olfactory, flank and
yaginoeervical stimulation they receive from a sexually vigorous male. Third, the females

in the present study had extensive sexual experience before testing. Sexual experience is
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known to buffer male rats from treatments that disrupt sexual behavior (Pfaus and
| Wilkins, 1995) and may do so in females. It is not clear how much pn'dr sexual
experience females had received in thé Kow et al. study.

Infusions of kainate to the VMH had more pronounced effécts on sexual
behavior than glutamate. For inétancé, the number of solicitations decreased significantly,
the ndmber of hops and darts was decreased in a dose-related fashion, lordosis quotients
were decreased, and there were trends toward a decrease in lordosis magnitude, and an
vincrease in defensive behaviors. Moréover, pacing was increased substantially folloWing
kainate infusions, suggesting that females were trying to avoid sexual contact. Although
kéinic acid is highly excitotoxic to‘ the brain, the largest dose administered was ten times
smaller than that necessary for lesionning to occur (Stubley-Wéatherly, Harding and
Wright, 1996). One study indicated that fhe effect of infusions of a subtoxic dose
(60pmol) of kainate in the VMH induces a defense reaction characterized by inéreased
locomotion, rearing and leaping (Silveira and Graeff, 1992); increased locomotion and
leaping were also observed following infusions of kainate in the present experiment. It is
therefore possible that the general neuronal excitability induced by kainate and the
subsequent changes observed on other behaviors could have caused the feduction in.
sexual behavior that was detected in the présent experiment.

Infusions of NMDA resulted in dose-related decreases in lordosis magnitude,
decreases in lordosis quotients, and increases in defensive behaviors and pacing.
Frequencies of solicitation, hopping and darting and ejaculation by the males were not
significantly affected by NMDA, indicating that attractiveness of the female to the male

was preserved. These results suggest that NMDA receptors within the VMH may be
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involved in the inhibition of lordosis and overall pacing of the rate of copulation,
characterized by level changing and defensive responses by the females.

Infusions of AMPA produced significant decreases in solicitation, hopping and
darting, lordosis magnitude and lordosis quotiént,‘hdwever these infusions had no effect
on the number of ejaculations by the male or on female defensive behaviors and pacing.
This pattern of data suggests that AMPA receptors within the VMH may mediate both

- appetitive and consummatory sexual behaviors, but not pacing or the display of defensive
behaviors.

The purpose’of the second experiment was to assess the behavioral effects of the
NMDA or the AMPA/kainate receptor antagonists on femalcs pﬁmed with E alone br
E+P. The NMDA receptor antagonist AP-5 seems to increase the level of appetitive
behaviors in both E- and E+P-primed ferhales: the number of solicitations was
significantly increased by the low dose of AP-5 in both hormonal priming conditions,
whereas the number of hops and darts was significantly in;:reased by infusion of the large
dose in E+P primed females. These results suggest that AP-5 fnay further increase P’s
ability to induce proceptivity when administered in conjunction with E. The number of
solicitétions, lordosis quotients and lordosis magnitudes were all significantly larger
when femalesr were primed with E+P as compared to E, whereas the number of defensive‘
behaviors was greater, following both saline and AP-5 infusions. These results are
consistent with previous research showing that priming with E induces lower levels of
sexual proceptivity and receptivity than E+P priming (Whalen, 1974, Pfaus et al., 1999).
The interaction between hormone and dose on lord;)sis quotients which indicates that

E+P-primed females obtained larger lordosis quotients than E-primed females when
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infused with salin‘e or the small dose of AP-5 provides further evidence for this finding.
| AP-5 did not produce a substantial effect on pacing,rlordqsis quotients, lordosis
magnitudes, defensive behaviors or eja,éulations, relative to saline baseline measurements
in rats primed with E or"E+P,' suggesting that the NMDA receptbr may be invblved in the |
regulation of sexual proceptivity. |
The AMPA/kainate receptor antagonist CNQX produced a progesterone-like
effect on lordosis quotients in\E-primed females: when infused with the large dose of
CNQX, lordosis quotients almosf reachéd the levels observed in E+P-primed anifnals.
However, lordosis inagnitudes were not increased, suggesting that CNQX affects the
initiation of lordosis, but not the amplitude of the reflex. It is also interesﬁng to note that
tﬁe numbers of solicitations and hops and darts were increased by CNQX infusions, but
not significantly, in both E- and E+P- primed females. The main effects of hormonal
priming were significant for all examined behaviors eXcept the number of ejaculations by
males, such that E+P-primed females engaged in more solicitation and hoping and
‘ dming, obtained larger lordosis quotients and magnitudes, howe?er paced less, and
displayed less defensive bchaviors that did animals primed with E-alone.
* Bilateral infusions of DNQX to the VMH significantly increased the number of
solicitations, decreased pacing, and increased the number of ejaculations by the males in
both E—_ and E+P-primed females. Lordosis quotients were increased in E-alone primed
females as well. These infusions did not have an effect on lordosis magnitudes or
defensive behaviors, howevér a trend was detected towards increase in the number of
hops and darts. Hormonal priming with E+P resulted in largér frequencies of

solicitations, hops and darts, lordosis quotients and magnitudes, and lower levels of
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pacing than did priming with E-alone. Furthermore, the significant interactions between
hormonal pr'iming and treatment on lordosis quotignts indicate that DNQX infusions were
able to increase lordosis quotients when females were primed with E-alone but not with
E+P. These findings hint to anb E+P-induced ceiling effect on the ability io lordose. In
other words, when sex‘ual funétioning is ndt optimai (i.e., following priming with E—v
alone), DNQX increases the proportion of femaies that lordose when mounted by malgs,
but not when sexua} functioning is optimal (i.e, following E+P priming). These data
sugge{st that the AMPA/kainate receptor is involved in the regulation of solicitation, )
pacing, ability to lordose and incite male ejaculations.

Ovefall, the pattern of data obtained in the first and second experimcn‘ts
corroborates the suggestion by Kow et al. (1985) that there are séxually inhibitory
mechanisms originating from glutamate receptors within the VMH of female rats. CNQX
" increased hops and darts and lordosis ‘quotients signifihcantly, and there was a irend
toward increases in solicitation as well. DNQX increased solicitations, decreased pacing,
increased lordosis quotients and ejaculations by the males, and there was a trend toward
increase in hops and darts. However, it is impossible to say which receptor is involved in
the regulation of which behavior from the antagonists’ data set, because DN QX and
CNQX are both selective receptor antagonists of the AMPA/kainate receptors. Data from
the first experiment indicate that the AMPA receptor agonist decreased sblicitations, hops
and darts, lordosis magnitudes and lordosis quotients, whereas the kainate receptor
agonist decreased solicitations, pacing, lordosis quotients, and trends toward decreases in
lordosis magnitude and increases in defensive behaviors were detected. It is possible that

if the sample sizes were increased, these trends would reach significance and one could
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then say that CNQX increaned solicitations, DNQX increased hops and darts, and that
- kainate decrnased lordosis mégnitudes and increaséd' the display of defensive behaviors.
At this point, it is impossible to say whether it is the AMPA or the kainate receptor that
médiate the ability of females to incite male ejaculationn.

Future research should investigaté the effects of more selective recéptor antagonists,
such as 2,3-_dihydro-6-nitro-7.-su1phamoy1-benzo(f)quinoxaline (NBQX), the subtype
AMPA selective antagonist, or GYKI 52466, thé noncokmpetitive‘ subtype AMPA
selective antagonist in order to isolate behaviors thatrAMPA receptors mediate relative to
those mediated by kainate rcceptors.O-verall, these results suggest that selective -
glutamate receptor antagonists, CNQX and DNQX.in particular, administered to the
VMH, enhance va_ﬁous aspects of the female rat sexual proceptivity and receptivity.
| Experiment 3 investigated whether glutamate receptors might play a role in
estrns termination. Relative to sham VCS, VCS resulted in significant decreases in the
number of solicitations, level changing, LQs, and ejaculations, suggesting that VCS was
effectively administered (eg., as»in Pfaus et al., 2000). Also, copulation with the second
male introduced in the bilevel chamber was less vigorous than that with the first male, as
indicated by significant decreases in the number of solicitations and level changes, and
increases in defensive behaviors. A significant interaction between stimulation and
treatment indicateé that there was less pacing in the AP-5/VCS group compared to the
AP-5/sham VCS. It is interesting to note however, that the number of defensive behaviors
was larger in the AP-5/VCS group than in the AP-5/sham VCS group. Therefore, females
in the AP-5/VCS group used defensive behaviors more than level changing whereas

females in the AP-5/sham VCS group did the opposite. Furthermore, the number of
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solicitations was significantly smaller in the group of females that réceived VCS versus
those that received Sham VCS following infusions of AP-5 and while copulating with the
first male. Contrary to the initial hypothesis, AP-5 failed to prevent VCS from decreasing
the rates of solicitation.'Also, females engagea in more defensive behaviors when they
were infused with AP-5 and copulated' wifh the second male than in any other condition.
This interaction between treatment and male is puzzling and difficult to explain. Could it -
be that AP-5 infusions just prior to VCS may work to amplify the effects of VCS?
Further support for thisk hypothesis comes from the observation that rats in the VCS/AP-5 -
condition had consistently lower, althoﬁgh not statistically significant, rates of
solicitations (0.00 vs. 1.30), hops and darts (0.00 vs. 0.30), level changes (18.00 vs.
27.20), and lower lordosis quotients (14.29 vs. 18.57) than rats in the VCS/saHne ,
condition. The opposite was true in the sharn VCS group, except for lordosis quotients
and the number of ejacﬁlations. These results suggest that opposite to the initial
hypotheses, antagonisrﬁ of the NMDA receptor by AP-5 may actually work in synergy
with pathways activated by VCS within the VMH to inhibit sexual behavior, This
suggestion is reminiscent of that proposed by Caba, Komisaruk and Beyer (1998) to
explain how AP-5 injected intrathecally increased the magnitude and duration of VCS-
induced analgesia. The analgesic effect of AP-5 combined with VCS was greater than the
effects of AP-5 énd VCS separately, suggesting that they acted synérgistically.

The results of the third experiment show that AP-5 failed to reverse the effects
of VCS on sexual behavior, which is surprising considering that in the second
experiment, AP-5 significantly increased solicitations, lordosis quotients, and hops and

darts in E-alone primed females. Instead of a role in estrus termination, perhaps
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glutamate receptors are involved in thé termination of lordosis and initiation of pacing
that foilows intromissions or ejaculation (Pfaus et al., 1999), and even in Signaling the
activation of estrus termination that will occur hours later, but not in estr'usr\t‘ernﬁna»tion o
per se. Perhaps fhg NMDA receptor antagonized by AP-5 is not involved in this |
inhibition; rather, AMPA/kainate receptors may be. Further research should assess the
effects of CNQX, DNQX and NBQX on estrus termination. Also, it is possible that
selective glutamate réceptor antagonists could have more potent effects on the pattern of
sexual behaviors observed duﬁng estrus termination if they are infused to the VMH just
prior to behaviofal testing. This h-yéothesis requires further investigation.

Taken together, the three expen'mentsy of this thesis provide confirming and
additional evidence that glutamate receptors within the VMH participate in the regulation
of female sexual behavior byb inhibiting appetitive and consummatory behaviors and
activating pacin g and defensive behaviors. However, the potential interaction between
glutamate and GABA, and their control by estrogen and/or progesterone, require further
clarification. It is clear that glutamate and GABA have opposing roles in the VMH:
glutamate inhibits certain aspects of female sexual behavior (Kow et al., 1985) whereas
GABA facilitates lordosis (McCarthy et al., 1991). A mutually antagonistic role of these
two neurotransmitter systems is not unprecedented: studies on neuroprotection have
established that NMDA and AMPA receptor antagoniéts, like GABA-A receptor
agoﬁists, limit or pfevent ischemia-induced damage in the hippocampus (Gagliardi,
2000).

Finally, it is possible that P facilitates proceptive and receptive sexual behavior

in female rats, in part, by inhibiting glutamate neurons in the VMH. Selective glutamate
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receptor antagonists had an effect on sexual behavior similar to that of P (following
administration of E). Indeed, E increases the transcription of GAD (McCarthy, 11995), the |
enzyme that synthesizes GABA. If P stimulates GABA release in the VMH, and/or
augménts binding to GABA-A recepfors (DeLorey and ‘Olsen, 1994), and if GABA |
inhibits glutamate neurons or other inhibitory substrates activated by glutamate, thena
facilitation of lordosis and other sexual behaviors would be expected. In turn, as GABA
release or binding decreases, and as VMH glutamate neurons are activated by increasing
amounts of VCS, (Pfaus\and Sabongui, 1996), VMH glutamate neurons may be
disinhibited. The increased glutamate release may then lead to increased pacing and
defensive responses along with decreased frequencies of appetitive and consummatory
sexual behaviors as the number of ejaculatory series increases (Pfaus et al., 1999), It
would »b¢ interesting to detenrxine Whethcr glutamate neurons in the VMH possess GABA
receptors. It would also be interesting to consider tihat there may be interactions between
E, P, glutamate, and OXY or NE in the VMH. It is important to bear in mind that
interactions between these neurotransmitters and hormones can also involve other areas
of the brain, such as the mPOA, the VTA, the MCG, and the amygdala, as research
established that these regions also play impbrtant roles in the regulation of female sexual
behavior (see Pfaus and Heeb, 1997, for review). These hypothes;es remain speculative;
further research is required to shed light ‘on the role of glutamate receptors and their
potential activation by other neurotransmitters or hormones. Microdialysis studies that
analyze glutamate release within the VMH throughout multiple ejaculatory series or
estrus termination should further elucidate the role of glufamate within this region on

female sexual behavior.
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