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NMDA receptor antagonists block stress-induced prolactin release in
female rats at estrus
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Abstract

In order to evaluate the role of glutamate in prolactin secretion, we examined the effects of N-methyl-p,L-aspartic acid (NMDA)
receptor antagonists on serum prolactin levels at both resting and restraint-stress conditions in female rats at estrus. NMDA increased
basal serum prolactin levels. Administration of the selective NMDA receptor antagonist, cis-4-phosphonomethyl-2-piperidine carboxylic
acid (CGS 19755) (5 and 10 mg/kg i.p.), to rats under resting conditions enhanced basal prolactin levels. A low dose of CGS 19755 (3
mg,/kg) was unable to modify the hormone serum level. Under stress conditions the pretreatment with CGS 19755 (3 and 5 mg/kg)
prevented the increase in serum prolactin levels. This effect was reversed by NMDA (60 mg/kg s.c.). The NMDA receptor antagonist (5
mg,/kg) decreased the median eminence concentration of the dopamine metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), without
modifying dopamine content. To examine the probable link between serotonin (5-HT) and glutamate in prolactin release, the
5-HT,, /5-HT,c receptor antagonist, ritanserin, was used. Under resting conditions, a dose of 5 mg,/kg s.c. blocked the NMDA-induced
prolactin release. In rats submitted to restraint, ritanserin decreased the prolactin response and NMDA was unable to correct the stress
serum prolactin levels. The 5-HT,, receptor agonist, 8-hidroxypropyl-amino tetralin (8-OH-DPAT) (3 mg/kg s.c.), increased basal serum
prolactin levels and restored serum prolactin in stressed animals pretreated with CGS 19755 (5 mg /kg). The present data strongly suggest
that the glutamatergic system participates in the regulation of prolactin secretion. A stimulation tone seems to be exerted via the
tuberoinfundibular dopaminergic system, and the prolactin release evoked by restraint apparently involves glutamate/NMDA receptors

linked to a serotoninergic pathway. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In contrast to reliable evidence that supports the partici-
pation of glutamatergic neurons in gonadotropic regulation
(Donoso et a., 1994; Brann and Mahesh, 1994) the litera-
ture provides weak and controversial data concerning the
role of glutamate in prolactin release. It was shown early,
before glutamate was accepted as a neuroendocrine trans-
mitter, that its ionotropic receptor agonist, kainic acid,
locally injected within the preoptic/suprachiasmatic area,
stimulates both prolactin and luteinizing hormone (LH)
release in male rats (Colombo and Ritterman, 1983).

* Corresponding author. LINCE-CRICY T, Bajadadel cerros/n, Casilla
de correo 425, 5500 Mendoza, Argentina. Tel: + 54-61-284158; fax:
+54-61-287370; e-mail: lince@lanet.|osandes.com.ar

! Dr. Donoso died April 24, 1997.

0014-2999 /98 /$19 00 © 1998 Elsevier Science BV All riahts reserved

Moreover, both systemic or localized brain administration
of the glutamate receptor agonist N-methyl-p,L-aspartic
acid (NMDA), induces a clear-cut increase in prolactin
release in male rats (Pohl et al., 1989), adult female and
prepuberal male rhesus monkeys (Gay and Plant, 1987),
and rams (Kumar et al., 1993). In addition, noncompetitive
antagonists of NMDA receptors decrease plasma levels in
female rats (Wagner et d., 1993) and attenuate the preovu-
latory surge of prolactin (Brann and Mahesh, 1991). How-
ever, increased rather than decreased prolactin secretion
following administration of several competitive NMDA
receptor antagonists was also found in male rats (Ardan et
al., 1991) and female rams (Kumar et al., 1993).

In the present study, we further examined in female rats
at estrus, the role of the glutamate receptor agonist, NMDA,
in the control of prolactin release under resting conditions
or after exposure to restraint, a potent stress stimulus for
prolactin release (Kehoe et a., 1991). The experiments
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were carried out with the selective NMDA receptor antag-
onist, cis-4-phosphonomethyl-2-piperidine carboxylic acid
(CGS 19755) (Lehman et al., 1988). Since prolactin is
tonically inhibited by dopamine released into hypophysial
portal vessels from the tuberoinfundibular dopaminergic
system (MacLeod, 1976) and modulated by serotonin (5-
HT) from cells of the dorsal raphe nucleus whose termi-
nals project to the hypothalamus (Azmita and Segal, 1970;
Van de Kar et a., 1996), in this study we also evaluated
their possible association with the glutamatergic system.

2. Materials and methods
2.1. Animals

Adult female Sprague-Dawley rats (200-250 g b.w.)
bred at our laboratory were used. They were housed in a
room with controlled temperature (22—-23°C) and light (14
h light—10 h darkness; lights on at 0600) and with food
and water available ad libitum. Estrous cycles were moni-
tored daily by means of vaginal smears. Experiments were
performed between 1100-1400 h on the day of estrus. This
stage of the estrous cycle is known to be very susceptible
to stimuli that €licit prolactin release (Neill, 1970).

Animals for these experiments were kept and handled
according to the National Institutes of Health Guide for the
care and use of Laboratory Animals, NIH Publications No.
80, 23, 1978.

2.2. Experimental design

2.2.1. Experiment 1

In this experiment, the effects of competitive NMDA
receptor antagonists in rats were examined under resting
conditions. The animals received i.p. physiological saline
(0.9% NaCl, 0.1 ml /100 g b.w.) or the NMDA receptor
antagonist, CGS 19755 (3, 5 and 10 mg/kg). Forty min-
utes after injection, the animals were killed by decapitation
and blood from the trunk was collected. The samples were
rapidly centrifuged. Serum was separated and stored at
—30°C until prolactin was assayed. In order to measure
dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC),
the brains were removed from the skulls and the median
eminences were dissected with the aid of a stereoscopic
microscope. The median eminences were placed in Eppen-
dorf tubes containing 80 wl of 0.2 N phosphoric acid and
stored frozen.

2.2.2. Experiment 2

The second experiment was designed to examine the
effect of NMDA receptor antagonists on the prolactin
response to stress and to verify the action of NMDA itself.
Estrous rats were randomly divided into groups of 6-8 rats
each. The animals received i.p. CGS 19755 (3 and 5

mg/kg) or saline 25 min before their being placed in a
plexiglass restraint chamber for another additional 15 min.
In a different group of rats, NMDA (60 mg/kg s.c.) or
saline were administered under resting conditions; the
animals were killed 30 min later. The selectivity of CGS
19755 was verified in an additional group of rats injected
with the antagonist (5 mg/kg i.p.) followed by NMDA at
an interval of 5 min. Twenty minutes later, the rats were
submitted to restraint for 15 min.

2.2.3. Experiment 3

To establish whether 5-HT participates in responses to
both stress and NMDA, the rats were pretreated with the
antagonist, (5-HT,, /5-HT,¢), ritanserin (5 mg/kg s.c.),
and killed 30 min after the injection. One group of these
animals was subjected to restraint for 15 min before
killing. Another group of rats treated with ritanserin as
described above, was additionally injected with NMDA
(60 mg/kg s.c.) or saline and killed 30 min later. In the
same way these groups of animals were subdivided into
animals exposed to restraint or kept in their home cage
(unstressed rats).

Another group of animals was pretreated with CGS
19755 (5 mg/kg i.p.) and 25 min later was injected with
8-hidroxydipropyl-amino tetralin (8-OH-DPAT) (1 and 3
mg/kg s.c.), a selective 5-HT,, receptor agonist, and
either submitted to restraint for 15 min or left undisturbed.

The animals from al the experiments were killed by
decapitation and blood was collected from the trunk.

2.3. Dopamine assay

The median eminences were thawed, homogenized by
sonication and centrifuged at 10000 X g for 15 min.
Dopamine and its primary metabolite DOPAC, were mea-
sured in the clear supernatants by reverse-phase high per-
formance liquid chromatography (HPLC) columns (C18)
with electrochemical detection. The HPLC mobile phase
consisted of 45 mM sodium phosphate dibasic buffer pH
3.5 containing 0.43 mM sodium octyl sulphate 0.34 mM
EDTA and 20% acetonitrile. The oxidation potential was
set at 0.55 V. Tissue pellets were dissolved in 1.0 N NaOH
for protein assay (Lowry et a., 1951). The results are
expressed as nanograms of compound per milligram pro-
tein.

2.4. Drugs

The drugs used were NMDA and NMDA receptor
antagonists CGS 19755 and 2-amino-7-phosphono-
heptanoic acid (AP-7), the 5-HT,, /5-HT,. receptor an-
tagonist, ritanserin, and the 5-HT,, receptor agonist, 8-
OH-DPAT (Research Biochemicals, Natick, MA). Drugs
were dissolved in physiological saline.
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2.5. Prolactin radioimmunoassay

Prolactin was measured in the serum samples by ra-
dioimmunoassay, using kits supplied by the National Hor-
mone Pituitary Program, USA. The intra- and interassay
coefficients of variation were 9% and 11%, respectively.
The data are expressed in nanograms per milliliter of
serum in terms of NIAMDD-Rat-RP-3 reference prepara-
tion.

2.6. Satigtical analysis

Results are expressed as means + S.E.M. The data were
analyzed by one-way analysis of variance (ANOVA) fol-
lowed by the Student—Newman—Keuls test for multiple
comparisons, P < 0.05 was considered as minimum crite-
rion for assigning statistical significance.

3. Results

3.1. Experiment 1: Effect of the NMDA receptor antago-
nists at resting conditions

Thei.p. injection of CGS 19755, a competitive antago-
nist for NMDA receptors, at doses of 5 and 10 mg/kg,
induced a significant rise of prolactin serum levels, P <
0.05 and P < 0.01 respectively in the female rats at estrus.
A lower dose 3 mg/kg, had no effect on the prolactin
basal levels. As demonstrated before, NMDA at a higher
dose, 60 mg/kg s.c., produced a similar increase of basa
prolactin serum levels (P < 0.01, Fig. 1a).

The effective dose of CGS 19755 (5 mg/kg) aso
caused a significant reduction of the concentration of the
metabolite, DOPAC, in the median eminence, without
modifying the dopamine levels, indicating an inhibitory
effect on the tuberoinfundibular dopaminergic system. Ac-
cording to what was observed with the prolactin response,
the lower dose of CGS 19755 (3 mg/kg), was also
ineffective on the tuberoinfundibular dopaminergic system
(Table 1).

3.2. Experiment 2: Effect of NMDA receptor antagonists
on the prolactin release induced by stress

In rats under the same conditions as described above,
immobilization stress for 15 min induced a significant rise
of serum prolactin levels (P < 0.01), and this was pre-
vented by the previous administration of CGS 19755 3 and
5 mg/kg (Fig. 1b). AP-7 (10 nmol i.c.v. dissolved in 3 ul
saline), another competitive antagonist, selective for the
NMDA site, was able to cause the same effect on the
prolactin response to stress: prolactin (ng/ml) 167.5 +
19.6, n=9 (stress); 24.9+ 14.7, n=6 (stress+ AP-7);
and 10.3 + 1.8, n= 6 (sa). The blockade of the stress-in-
duced prolactin secretion by the antagonist, CGS 19755,
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Fig. 1. (A) Serum prolactin levels of female rats in estrus under resting
conditions. Effect of treatment with NMDA (60 mg/kg) and the competi-
tive antagonist, CGS 19755, at different doses (3, 5 and 10 mg/kg). (B)
Serum prolactin levels of animals submitted to stress, and after the
administration of NMDA, the antagonist, CGS 19755, or the combination
of both. Doses are indicated in the figure. The data represent the
means+ SE.M. (n=6-10). SAL: sdine control; * P <0.05, % P <
0.01 vs. SAL.

was reversed with NMDA (60 mg/kg). The agonist per se
did not modify the prolactin response to the immobiliza-
tion stimulus (Fig. 1b) and the tuberoinfundibular
dopaminergic system remained unchanged after the stress
stimulus (Table 1).

Table 1

Dopamine (DA) and its principal metabolite, 3,4-dihidroxyphenylacetic
acid (DOPAC), concentrations (ng per mg of protein) in the median
eminence of female rats at estrus

Treatment DA (ng/mg protein)  DOPAC (ng,/mg protein)
Saline 214.0+36.0 10.7+ 1.3 (10)

Saline+ stress 168.0+42.0 9.2+1.4(7)
CGS(5mg/kg)  163.0+22.0 6.4+0.9 (7)?
CGS(3mg/kg) 2258+62.4 14.0+2.0(5)

The data represent the means+ S.E.M. (n= 6-10); ®P < 0.05 vs. saine.
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3.3. Experiment 3: Interactions with the serotoninergic
system

Ritanserin (5 mg/kg), a serotonin antagonist acting on
the 5-HT, receptors, was able to antagonize the enhance-
ment of serum levels of prolactin induced by NMDA,
P < 0.01. This drug, at the same dose, did not affect the
basa level of the hormone (Fig. 2a).

The previous administration of ritanserin to rats submit-
ted to stress significantly (P < 0.05) reduced the prolactin
response. This blockade could not be reversed by NMDA
(Fig. 2b).

In stressed rats, the blockade of the prolactin secretion
by the NMDA receptor antagonist, CGS 19755 (5 mg /kg),
was reversed by the serotonin agonist of the 5-HT,,
receptors, 8-OH-DPAT (3 mg/kg). At a lower dose of the
agonist (1 mg/kg) this effect was not observed. An addi-
tional observation was the increase of basal prolactin
levels by 8-OH-DPAT (3 mg,/kg) alone, and this increase
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Fig. 2. (A) Serum prolactin levels in estrus rats under resting conditions
or (B) submitted to stress. Effect of the previous administration of
ritanserin (5 mg/kg) alone or combined with NMDA The data represent

the means+S.EM. (n=5-6). SAL: sdine control, * P <0.05 vs.
SAL,* * P <0.01 vs. SAL or NMDA.

Table 2
Serum prolactin levels (ng/ml) in female rats at estrus
Drugs Treatment

Resting Stress
Sdine 6.5+ 1.90 167.5+19.6%
CGS (5 mg,/kg) 29.3+4.60° 273464
80OH-DPAT (1 mg,/kg) 10.6+5.70 -
80H-DPAT (3 mg,/kg) 58.7+23.10°  188.4+488
CGS(5mg/kg)+8-OH-DPAT 225+ 16.05 25.8+9.7
(1 mg/kg)
CGS (5 mg/kg) +8-OH-DPAT 43.24+18.80° 197.24 26.4°
(3mg/kg)

The data represent the means+ S.E.M. (n= 8-10). °P < 0.001, °P < 0.05
vs. sdine and °P < 0.01 vs. CGS+ 8-OH-DPAT (1 mg/kg).

was not additive to the one dlicited by CGS 19755 (5
mg/kg) (Table 2).

4. Discussion

The results of this work confirm a clear participation of
the glutamatergic system in the control of prolactin secre-
tion. Under resting conditions, the glutamatergic input
seems to be stimulating the TIDA system in a tonic way.
This idea is supported by the finding that blockade of the
NMDA receptors by CGS 19755, caused a decline in
median eminence dopaminergic activity together with a
simultaneous rise in serum prolactin levels in female rats
at estrus. These results are in agreement with those previ-
ously reported by Moore for the inhibition of the tuberoin-
fundibular dopaminergic system caused by CGS 19755 in
female rats at diestrus (Wagner et al., 1993). A similar
action of NMDA competitive antagonists on basa pro-
lactin secretion was reported in sexually inactive rams,
with CGP 37849 (Kumar et al., 1993), and in rats with
2-amino-5-phosphonoheptanoic acid (AP-5) (Ardan et 4.,
1991). In contrast, the action of the noncompetitive antag-
onist dizocilpine (MK-801) was to decrease serum pro-
lactin levels, simultaneously with decreasing median emi-
nence DOPAC concentration (Wagner et a., 1993). This
could be explained by the existence of different mecha-
nisms of action at the molecular level (i.e., blockade of the
ion channels) or by direct effects of this drug on the
pituitary (Login, 1990).

The dopaminergic neurons of the arcuate nucleus are
the most likely site of action for the excitatory amino acid
regulation of prolactin release. Saitoh et a. (1991) have
reported that NMDA induces c-fos immunoreactivity in
dopaminergic neurons of the mediobasal hypothalamus.
On the other hand, an interaction of glutamate/NMDA
input with a prolactin releasing factor (PRF) is more
difficult to demonstrate. An early report indicates that
thyrotropin releasing hormone (TRH) seems not to be
involved in NMDA'’s effects on prolactin (Wilson and
Knobil, 1983).
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Under stress conditions, again using the model of the
female rats at estrus, we found that the action of NMDA
receptor antagonists was to prevent the rise of prolactin
serum levels. As shown, competitive blockade of these
receptors prevents the prolactin enhancement and accord-
ingly, the levels of this hormone induced by NMDA are
the same as those reached after restraint. Hence, the results
of thiswork suggest the participation of glutamate/NMDA
receptors in the stress response. In this case, the gluta
matergic effect was demonstrated to be independent of the
tuberoinfundibular dopaminergic system. Our results indi-
cate that both dopamine and DOPAC concentrations in the
median eminence remain stable during stress and after a
low dose of CGS 19755, confirming previous results re-
ported by others (Lookingland et al., 1990; Kehoe et al.,
1991). A short period of immobilization stress, may there-
fore involve different neuronal pathways to trigger pro-
lactin secretion (Fig. 3).

One of the purposes of this work was to investigate the
involvement of serotoninergic pathways in the stimulatory
action of glutamate on prolactin secretion. It is well known
that stress-evoked prolactin release is prevented by 5-HT
receptor antagonists (Jorgensen et al., 1992). Severa events
that evoked prolactin release seem to rely at least partially
on central serotoninergic activity. In male rats, the effects
of restraint and ether exposure on plasma prolactin levels
are prevented by pretreatment with methysergide. Other

[Rest] OtV [Stress]

/ CGS19755
DA ﬁ

ritanserin

~[PRL]

Fig. 3. Hypothesized effects of glutamate on prolactin release in estrus
rats. Under resting conditions, glutamate (GLU) exerts, through NMDA
receptors, tonic stimulation of tuberoinfundibular dopaminergic neurons
(DA) that inhibit prolactin release from the pituitary. Following restraint-
stress GLU, by an alternative pathway, interacts with serotonin (5-HT)
and prolactin-releasing factor(s) (PRFs) to stimulate prolactin release.

5-HT receptor antagonists showed the same effects. Ke-
tanserin  (5-HT,/5-HT,), 6-methyl-1-(1-methylethyl)-
ergoline-83 carboxylic acid-2-hydroxy-1-methyl propyl
ester maleate (LY 53 857), (5-HT,/5-HT,.), the antago-
nists of the 5-HT; receptor subtype, 3-propanyl-indole-3-
carboxylate hydrochloride (ICS 205-930), and 1,2,3,9-te-
trahydro-9-methyl-3-{(2-methyl-1H-imidazol - 1-yl ) methyl]-
4H-carbazol-4-one (GR 38032F) were, like methysergide,
all able to prevent the prolactin release induced by stress
(Kordon et al., 1994).

Our experiment with ritanserin, a potent ligand of 5-
HT,, /5-HT, receptors(Leysen et al., 1985; Apud, 1991),
suggests that prolactin liberation by stress is elicited by
serotonin through its 5-HT, receptors, and in the same
fashion, the glutamate stimulatory action via its NMDA
receptors is affected by 5-HT, receptor antagonists, sug-
gesting a common pathway. Our work also demonstrated
that during stress-induced prolactin secretion, an interac-
tion of the 5-HT,, receptor subtype with the glutamatergic
input may be conceivable. The evidence was provided by
the effect of the agonist, 8-OH-DPAT, to reverse the
inhibition induced by NMDA receptor blockade. More-
over, it has been shown previoudly that this agonist is able
to induce a greater prolactin release than the agonists,
5-HT,5/5-HT,c (Kordon et al., 1994), and that, in addi-
tion, 8-OH-DPAT is able to release prolactin in female rats
at estrus.

Therefore, it seems that, in order to induce prolactin
release, the glutamatergic system needs the activation of
the 5-HT,,-mediated serotoninergic input. However, the
serotonin antagonist, methiothepine, a drug acting at the
5-HT, receptor sites, was unable to hinder the effect of
stress on prolactin secretion, and itself elicited prolactin
secretion by, both under resting and stress conditions (data
not shown). We interpret these results as being caused by
the presynaptic action of methiothepine, on 5-HT, autore-
ceptors (Pettibone and Pflueger, 1984), increasing sero-
tonin concentration at the synaptic cleft, and hence pro-
lactin release. We expect that the use of more specific
antagonists acting at postsynaptic sites, will clarify the
participation of the 5-HT, receptors.

The full explanation of an interaction between the gluta-
matergic and serotoninergic pathways awaits demonstra-
tion. Nerve endings of both systems are present in the
hypothalamus (Van den Pol et al., 1990; Kordon et al.,
1994), so it seems conceivable that there could be either
some kind of contact between the systems, or direct recep-
tor—receptor interactions within the same terminal.

It is important to add that we used female rats at estrus
for this work because the animals at diestrus 1 show
dightly different prolactin responses. At diestrus 1 we
observed that CGS 19755 (5 mg/kg) was able to increase
prolactin secretion but, in contrast, the hormone response
to stress was not blocked. As pointed out by others,
diestrus 1 is a stage with higher thresholds for stimulation
than other days of the estrous cycle and it is also known
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that the hypothalamus is less sensitive to stress challenge
during the stage of diestrus (Neill, 1970). Therefore, there
seems to be some kind of endocrine conditioning of the
prolactin responses. Considering that the response to re-
straint stress implies massive mobilization of neurotrans-
mitters, several pieces of the mechanism may be affected
as well. For example, the concentration and affinity of the
pituitary TRH receptors (TRH is a known PRF) fluctuate
during the estrous cycle (De Lean et a., 1977).

In relation to responses to NMDA, the prolactin releas-
ing effect in the rat at estrus was known, but it had been
demonstrated also that NMDA acts in an inhibitory fashion
in lactating rats with higher basal levels of the hormone,
(Pohl et al., 1989). A possible explanation for this behavior
would be that the glutamatergic/NMDA system exerts
simultaneous actions over the multiple mechanism control-
ling prolactin release, including the dopaminergic inputs
and the PRFs. Therefore, the hormonal background of the
animal would be the factor that determines the direction of
the responses.

In conclusion, we have demonstrated an effective par-
ticipation of glutamate/NMDA in prolactin regulation. We
hypothesize that glutamate effects on prolactin secretion
are stimulatory, but either exerted at different sites or
mediated by different transmitters according to the animal’s
hormonal and emotional state.

Acknowledgements

This work was supported by CIUNC (Consgjo de Inves-
tigaciones de la Universidad Naciona de Cuyo, Mendoza,
Argentina) and CONICET (Consgjo Nacional de Investiga-
ciones Cientificas y Técnicas, de Argentina). The kits for
radioimmunoassay were provided by the NIDDK, anti-
serum was elaborated by Dr. A.F. Parlow at the Harbor-
UCLA. Med. Center, USA. The experiments described in
this paper are part of a doctoral thesis, presented at the
School of Biology of the Universidad Nacional de Cordoba,
Argentina.

References

Apud, JA., 1991. The 5-HT, receptor in brain: Recent biochemica and
molecular biological developments and new perspectivesin its regula-
tion. Pharmacol. Res. 23, 217-232.

Arslan, M., Pohl, C.R., Smith, M.S,, Plant, T.M., 1991. Studies on role of
the N-methyl-D-aspartate (NMDA) receptor in the hypothaamic con-
trol of prolactin secretion. Life Sci. 50, 295—-330.

Azmita, E.C., Sega, M., 1970. An autoradiographic analysis of the
differential ascending projections of the dorsal and median raphe
nuclei in the rat. J. Comp. Neurol. 179, 641-668.

Brann, D.W., Mahesh, V.R., 1991. Endogenous excitatory amino acid

involvement in the preovulatory and steroid-induced surge of go-
nadotropins in the female rat. Endocrinology 128, 1541-1547.

Brann, D.W., Mahesh, V.R., 1994. Excitatory amino acids: function and
significance in reproduction. Front. Neuroendocrinal. 15, 3—49.

Colombo, J.A., Ritterman, S.I., 1983. Prolactin and LH release induced
by kainic acid administration within the preoptic—suprachiasmatic
region in behaving male rats. Exp. Brain Res. 52, 257—-260.

De Lean, A., Garon, M., Kelly, P.A., Labrie, F., 1977. Changes in
pituitary thyrotropin releasing hormone (TRH) and prolactin response
to TRH during the rat estrous cycle. Endocrinology 100, 1505—1510.

Donoso, A.O., Seltzer, A.M., Navarro, C.E., Otoya, R.E., Lopez, F.J,
Negro-Vilar, A., 1994. Regulation of luteinizing hormone-releasing
hormone and luteinizing hormone secretion by hypothalamic amino
acids. Brazilian J. Exp. Biol. Med. 27, 921-932.

Gay, V.L., Plant, T.M., 1987. N-methyl-p,L-aspartate elicits hypothaa
mic gonadotropin-releasing hormone release in prepubertal male Rhe-
sus monkeys (Macaca mulatta). Endocrinology 120, 2289—2296.

Jorgensen, H., Knigge, U., Waberg, J., 1992. Involvement of 5-HT,,
5-HT, and 5-HT3 receptors in the mediation of the prolactin re-
sponses to serotonin and 5-hydroxytryptophan. Neuroendocrinology
55, 336-343.

Kehoe, L., Janik, J., Callahan, P., 1991. Effects of immobilization stress
on tuberoinfundibular dopaminergic (TIDA) neurona activity and
prolactin levels in lactating and non-lactating female rats. Life Sci. 50,
55-63.

Kordon, C., Drouva, SV., Martinez de la Escalera, G., Weiner, R.l.,
1994. Role of classic and peptide neuromediators in the neuroen-
docrine regulation of luteinizing hormone and prolactin. In: Knobil,
E., Neill, JD. (Eds.), The Physiology of Reproduction. Raven, New
York, pp. 1621-1681.

Kumar, V., Lincoln, G.A., Tortonese, D.J., 1993. Effects of excitatory
amino acids receptor agonists and antagonists on the secretion of
melatonin, luteinizing hormone and prolactin in the ram. J. Neuroen-
docrinol. 5, 649—654.

Lehman, J., Chapman, A.G., Meldrum, B.S.,, Hutchinson, A., Tsa, C.,
Wood, P.L., 1988. CGS 19755 is a potent and competitive antagonist
a NMDA-type receptors. Eur. J. Pharmacol. 154, 89—93.

Leysen, JE., Gommeren, W., van Gompel, P., Wynants, J., Janssen,
P.F.M., Laduron, P.M., 1985. Receptor-binding propertiesin vivo and
vitro of ritanserin, a very potent and long acting serotonin-S2 antago-
nist. Mol. Pharmacol. 27, 600—-611.

Login, I.S., 1990. Direct stimulation of pituitary prolactin release by
glutamate. Life Sci. 47, 2269-2275.

Lookingland, K., Gunnet, JW., Toney, T.W., Moore, K.E., 1990. Com-
parison of the effects of ether and restraint stress on the activity of
tuberoinfundibular dopaminergic neurons in female and male rats.
Neuroendocrinology 52, 99—105.

Lowry, O.H., Rosebrough, N.J,, Farr, A.J,, Randdll, R.J., 1951. Protein
measurement with folin phenol reagent. J. Biol. Chem. 153, 265-275.

MacLeod, R.M., 1976. Regulation of prolactin secretion. In: Martini, L.,
Ganong, W. (Eds.), Frontiers in Neuroendocrinology. Raven, New
York, pp. 169-194.

Neill, J.D., 1970. Effect of " stress' on serum prolactin and luteinizing
hormone levels during the estrous cycle of the rat. Endocrinology 87,
1192-1197.

Pettibone, D.J., Pflueger, A.B., 1984. Effects of methiothepin and lyser-
gic acid diethylamide on serotonin release in vitro and serotonin
synthesis in vivo: Possible relation to serotonin autoreceptor function.
J. Neurochem. 43, 83-89.

Pohl, C.R., Lee, L.R., Smith, M.S., 1989. Qualitative changes in luteiniz-
ing hormone and prolactin responses to N-methyl-aspartic acid during
lactation in the rat. Endocrinology 124, 1905-1911.

Saitoh, Y., Silverman, A., Gibson, M., 1991. Norepinephrine neurons in
mouse locus coeruleus express c-fos protein after N-methyl-D,L-
aspartic acid (NMDA) treatment: relation to LH release. Brain Res.
561, 11-19.

Van de Kar, L.D., Rittenhouse, P.A., Li, Q., Levy, A.D., 1996. Seroton-



C. Bregonzo et al. / European Journal of Pharmacology 350 (1998) 259265 265

ergic regulation of renin and prolactin secretion. Behav. Brain Res.
73, 203-208.

Van den Pol, A., Wuaring, J.P., Dudek, F.E., 1990. Glutamate, the
dominant excitatory transmitter in neuroendocrine regulation. Science
250, 1276-1278.

Wagner, E.J.,, Moore, K.E., Lookingland, K.L., 1993. Sexual differences

in N-methyl-D-aspartate receptor-mediated regulation of tuberoin-
fundibular dopaminergic neurons in the rat. Brain Res. 611, 139—-146.

Wilson, R., Knobil, E., 1983. Acute effects of N-methyl-p,L-aspartate on
the release of pituitary gonadotropins and prolactin in the female
rhesus monkey. Brain Res. 248, 177-179.



