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Administration of sex steroids to neonatal female rats resulted in anovulation and absence
of positive and negative feedback between oestradiol and LH secretion. In the present
experiments, the role of excitatory amino acids in the control of gonadotrophin secretion in
anovulatory adult rats sterilized by neonatal administration of oestradiol benzoate or

testosterone propionate (100 mg or 1.25 mg on the day of birth, respectively) was studied.
Cyclic females in metoestrus were used as controls. Serum LH and FSH concentrations were

measured at different times after i.p. administration of N-methyl-d-aspartic acid (NMDA),
kainic acid (agonists of NMDA and kainate receptors, respectively), MK-801 or 6,7\x=req-\
dinitroquinoxaline-2,3-dione (DNQX) (antagonists of NMDA and kainate receptors,
respectively). Experiments were also performed in control and sterilized females 1 week after
ovariectomy. It was found that: (1) the effectiveness of NMDA and kainic acid in stimulating
LH secretion was significantly higher in sterilized than in cyclic females; (2) ovariectomy
increased LH secretion only in control females; (3) the stimulatory effect of NMDA and
kainic acid on LH secretion after ovariectomy was observed only in sterilized females;
(4) MK-801 and DNQX selectively decreased LH secretion in sterilized females; and (5) FSH
secretion remained unaffected after NMDA or kainic acid administration in both control and
sterilized females. In conclusion, the results obtained in sterilized females showed both a

tonic release of endogenous excitatory amino acids and a greater responsiveness to NMDA
and kainic acid than in controls.

Introduction

Growing evidence indicates a crucial role of excitatory amino
acids (EAAs) in the regulation of pituitary hormone secretion
(Brann and Mahesh, 1992a, 1994; Cowell 1993). The action of
EAAs is mediated by activation of different subtypes of
postsynaptic receptors, which include N-methyl-D-aspartate
(NMDA) receptors, kainate receptors, 2-amino-3-hydroxy-5-
methyl-4-isoxazol propionic acid (AMPA) receptors, amino-4-
phosphobutyric acid (L-AP4) receptors and metabotropic
receptors. NMDA and kainate receptors are activated specifi¬
cally by NMDA and kainic acid (KA), respectively, and
antagonized by MK-801 (Foster and Wong, 1987) and 6,7-
dinitroquinoxaline-2,3-dione (DNQX) (Honoré et al, 1988),
respectively. In female rats, systemic administration of NMDA
or KA stimulates the secretion of LH in prepubertal and adult
female rats (Abbud and Smith, 1991; Carbone et al, 1992;
MacDonald and Wilkinson, 1992; Luderer et al, 1993). The
effects of NMDA and KA on FSH secretion have not been as

well studied as their effects on LH release. The physiological
effects of NMDA and KA appear to be influenced by endocrine

environments. For instance, inhibitory actions of NMDA on
LH secretion have been described in ovariectomized females
(Brann and Mahesh, 1992b; Luderer et al, 1993).

In rats, the functionality of the adult hypothalamic-
pituitary-ovarian axis depends on the steroid milieu immedi¬
ately after birth. Neonatal administration of oestrogens or

androgens to female rats induced anovulation (Barraclough,
1961; Gorski 1963), abolished the positive feedback between
oestrogens and LH (Mennin and Gorski, 1975; Harlan and
Gorski 1977; Aguilar et al, 1983) and reduced gonadotrophin
secretion after ovariectomy (Aguilar et al, 1984). The precise
mechanisms involved in these effects have not been completely
characterized, although many changes in the functionality of
the noradrenergic (Lookingland et al, 1982), dopaminergic
(Demarest et al, 1981), serotoninergic (Collado and Aguilar,
1993) and opiatergic (Grossmann et al, 1987) systems have
been identified.

The role of EAAs in LH release in anovulatory females
remains controversial. Liaw and Barraclough (1993) described
the decrease in responsiveness to NMDA in androgen-
sterilized female rats. Since a preliminary study reported a

greater effectiveness of NMDA in increasing LH secretion in
oestradiol-sterilized female rats (Pinilla et al, 1994), it was

hypothesized that altered gonadotrophin secretion in sterilized
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females is probably due to changes in the release of EAAs
rather than to a decrease in the effectiveness of EAAs. The
present experiments were carried out to confirm this hypoth¬
esis. LH and FSH responses after systemic administration of
NMDA and KA in female rats sterilized by neonatal injections
of oestradiol or testosterone were studied. Both models of
sterilized animals were selected since, although it has been
proposed that neonatal effects of testosterone develop after
its aromatization to oestradiol (Naftolin et al, 1973), the
presence of androgen receptors in the neonatal hypothalamus
(Vito and Fox, 1982) and the ability of 5ß-dihydrotestosterone
to masculinize the feminine brain (Arai et al, 1981) suggest
possible differences in the effects of neonatal androgen and
oestrogen administration (Vaticon et al, 1985; Collado and
Aguilar, 1993).

Since it has been suggested that an inhibitory effect of
NMDA on GnRH predominates over its own stimulatory
action in ovariectomized females (Brann and Mahesh, 1992b;
Luderer et al, 1993), a second aim of the present study was to
analyse the effects of NMDA and KA on gonadotrophin
secretion in ovariectomized control and sterilized females.

Materials and Methods

Animals and
Female Wistar rats born in the authors' colony were used.

The day on which animals were born was considered as day 1.
On day 1, the litter size was adjusted to eight pups per dam,
and the animals were injected with oestradiol benzoate or

testosterone propionate (100 pg or 1.25 mg, respectively, dis¬
solved in 0.1 ml olive oil) or vehicle. The animals were weaned
at 21 days of age and housed in groups of four or five per cage.
Animals were maintained under controlled conditions of tem¬
perature (20°C) and light (12 h light:12 h darkness) with free
access to pelleted food (Panlab, Barcelona) and tap water. After
vaginal opening, vaginal smear cycles were monitored daily.
Only control females showing regular cycles were used.
Oestrogenized females showed persistent oestrous vaginal
smears, while the vaginal membrane was closed in andro-
genized females. Rats in metoestrus were selected as controls
since animals present the greatest responses to NMDA in this
phase of the cycle (Luderer et al, 1993). The experiments
commenced at 10:00 h when animals were approximately 90
days of age. Blood samples were obtained by decapitation and
pituitaries and hypothalami were removed for use in other
studies.

Oestradiol benzoate, testosterone propionate, NMDA and
KA were from Sigma (Barcelona). The NMDA antagonist,
MK-801, was from Research Biomedicai International (RBI,
Natick, MA). The kainate antagonist DNQX was obtained
from Tocris Neuramin (Essex). NMDA, KA and MK-801 were

dissolved immediately before use in saline. DNQX were

suspended in saline after gentle agitation.

Experimental protocols
Experiment 1. Cyclic females in the metoestrous phase and

sterilized females were injected i.p. with vehicle, NMDA (15 or

30 mg kg ) and KA (2.5 or 15 mg kg ) and blood samples
were obtained by decapitation at 0, 5, 15, 30 and 45 min.

Experiment 2. Cyclic females in the metoestrous phase and
oestrogenized females were killed after i.p. injection with
vehicle, MK-801 (1 mg kg'1) or DNQX (1 mg kg"1) at
-60 min, and with vehicle, NMDA (15 mg kg"1), or KA

(15 mg kg ~

) at
—

15 min to determine whether the NMDA
and KA effects were mediated by their specific receptors. Blood
samples were obtained by decapitation at 0 min.

Experiment 3. Cyclic and sterilized females were ovari¬
ectomized under light ether anaesthesia to determine whether
the stimulatory effect of NMDA and KA on LH release
changes to an inhibitory action in ovariectomized animals
(Brann and Mahesh, 1992b; Luderer et al, 1993). Ovari¬
ectomized females were implanted with Silastic capsules (Dow
Corning, Midland, MI; length 10.0 mm, 1.519 mm inner
diameter; 3.060 outer diameter) with or without oestradiol
benzoate. The animals were decapitated a week later 15 min
after administration of NMDA (15 mg kg ~ :) or KA (15 mg
kg"1).

Experiment 4. Cyclic and oestrogenized females were

ovariectomized or sham-ovariectomized and a week later
decapitated 60 min after i.p. administration of vehicle, MK-801
or DNQX (1 mg kg ~ :) to determine their effects in sterilized
females.

Hormone measurements

After centrifugation (1650 g at 4°C for 20 min), serum was

collected, frozen, and stored at
—

20°C until use. The concen¬

trations of LH and FSH were measured in duplicate in 25—50 µ 
using a double-antibody method and using radioimmunoassay
kits supplied by NIH (Bethesda, MD). Rat LH 1-9 and rat
FSH-I-8 were labelled with 125I by the Chloramine  method
(Greenwood et al, 1963). Hormone concentrations were

expressed as ng ml
~

of serum of the reference preparations
LH-rat-RP-2 and FSH-rat-RP-3, respectively. The intra-assay
coefficients of variations were 6% and 7% for LH and FSH,
respectively. The interassay variabilities were < 12%. The
sensitivities were 0.075 ng ml

~

: and 0.4 ng ml
~

1 for LH and
FSH, respectively. In some experiments oestradiol and proges¬
terone were measured using kits from Diagnostics Products
Corp. (Los Angeles, CA) with a sensitivity of 1 and 10 pg per
tube, respectively. All samples were analysed in the same assay
and the intra-assay coefficients of variation were 6%.

Statistical analysis
All results are expressed as mean ± sem. Data were analysed

by one-factor or two-factors analysis of variance (ANOVA)
followed by Tukey's test. In Expt 1, the serum LH and FSH
concentrations at each time after NMDA or KA administration
were analysed by repeated one-factor ANOVA, and the
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Serum concentrations of LH in (a) cyclic, (b) androgenized and (c) oestrogenized female rats killed at
different times after injection with vehicle (O) or of N-methyl-D-aspartic acid (NMDA; ·, 15 mg kg ~1; A,
30 mg kg"1). Values are means + sem of 8-12 animals per group (the sem is not given when the bar is
smaller than the symbols). *P<0.05. **P < 0.01 versus corresponding vehicle-injected group (ANOVA
and Tukey's test).

differences between administration of vehicle and different
drugs during the 45 min of sampling by a two-way ANOVA
followed by Tukey's test.

Results

Effects of NMDA and KA on LH and FSH secretion in intact

females (Expt 1)
Serum progesterone concentrations were significantly lower

(P < 0.001) in androgenized (7.54 ± 1.34 ng ml ~\ n = 36)
and oestrogenized (8.89 ± 1.35 ng ml" \  = 30) females than
in the cyclic group (37.96+ 7.27 ng ml" ,  = 34), while no

significant differences were observed in oestradiol concen¬

trations. Serum LH concentrations were lower (P < 0.001) in

androgenized (0.61 ± 0.04 ng ml- J) and oestrogenized females
(0.51 ± 0.03 ng    1) than in cyclic (1.05 ± 0.08 ng ml"1)
females. The serum LH concentrations in cyclic females at each
time after administration of NMDA (15 and 30 mg kg"1) or

vehicle were similar (one-way ANOVA) (Fig. 1). However, the
concentrations for 45 min were higher after treatment with
NMDA (30 mg kg ~1) than after treatment with vehicle
(F = 16.30,  < 0.05, two-way ANOVA), although the inter¬
action between time and treatment was not significant
(F = 0.14). Serum LH concentrations remained unaffected in

cyclic females after administration of KA (2.5 and 15 mg kg" T)
(Fig. 2).

In sterilized females, a significant increase in serum LH
concentrations was observed after administration of NMDA
(15 and 30 mg kg"1) and KA (15 mg kg"1) (Figs 1 and 2).
Since basal LH concentrations were different in cyclic and
sterilized females, the LH responses 15 min after NMDA and
KA administration in terms of change over concentrations in

corresponding groups injected with vehicle are shown as an

example (Fig. 3). LH responses to NMDA (15 and 30 mg
kg"1) and KA (15 mg kg"1) were enhanced in sterilized
females (Fig. 3).

Serum FSH concentrations were similar in cyclic
(4.07 ± 0.20 ng ml"1), androgenized (4.43 ± 0.26 ng ml -1)
and oestrogenized (3.74 ± 0.19 ng ml ) females. Admin¬
istration of NMDA or KA did not change the serum FSH
concentrations significantly in either cyclic or sterilized females
(data not shown).

Effects of pretreatment with MK-801 and DNQK on NMDA and
KA actions in LH and FSH secretion (Expt 2)

In this experiment, serum LH concentrations remained
unchanged in cyclic females 15 min after administration of
NMDA or KA (15 mg kg" ) either in the absence or presence
of MK-801 or DNQX (Fig. 4). In oestrogenized females, the
NMDA-stimulated LH release was blocked selectively by
MK-801 but not by DNQX. The stimulatory effect of KA was

blocked by DNQX but not by MK-801 (Fig. 4).
Serum FSH concentrations after combined administration of

NMDA plus MK801, NMDA plus DNQX, KA plus MK801 or

KA plus DNQX were similar to those after vehicle injection
both in cyclic and oestrogenized females (data not shown).

Effects of NMDA and KA on LH and FSH secretion in
ovariectomized females (Expt 3)

Serum oestradiol concentrations were similar in cyclic and
androgenized females either intact (48±3.4ng ml"1 versus

56 ± 4.6 ng ml
~

) or ovariectomized and treated with
oestradiol (269 ± 43 ng ml

~

 
versus 219 ± 24 ng ml

"
J).

Serum LH concentrations in control females increased signifi¬
cantly (P < 0.01) 1 week after ovariectomy and returned to
concentrations below that of the intact group after oestradiol
replacement. Administration of NMDA (15 mg kg ~

) or KA
(15 mg kg" ) stimulated LH release only in ovariectomized
females treated with oestradiol (Fig. 5).
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Fig. 3. Effects of of N-methyl-D-aspartic acid (NMDA; D, 15 mg kg" \·  30 mg kg"  ) and kainic
acid (KA; 0, 2.5 mg kg"1; la, 15 mg kg"1) on LH secretion in cyclic, androgenized and
oestrogenized female rats. Data obtained 15 min after drug injection are expressed as changes over

concentrations in corresponding groups injected with vehicle. **P < 0.01 versus corresponding
vehicle-injected group (ANOVA and Tukey's test).

In androgenized and oestrogenized females, only insignifi¬
cant changes in serum LH concentrations were observed after
either ovariectomy or oestradiol replacement, while NMDA
and KA enhanced LH secretion in all groups of sterilized
females (Fig. 5).

Serum FSH concentrations increased significantly (P < 0.01)
in cyclic females a week after ovariectomy (from 5.15 ± 0.15 ng
ml"1 to 35.74 ± 1.75 ng ml"1) and remained unchanged
15 min after treatment with NMDA or KA (15 mg kg "

X The
increase in FSH secretion after ovariectomy was blunted
in oestrogenized (Table 1) and androgenized females (data
not shown). The only significant effect of NMDA and KA

administration on FSH secretion by sterilized females was an

increase in females ovariectomized and oestrogenized after KA
treatment (data not shown).

Effects of MK-801 and DNQX in intact and ovariectomized females
(Expt 4)

In control females (intact or ovariectomized), serum LH and
FSH concentrations did not change after MK-801 or DNQX
administration. In contrast, MK-801 and DNQX inhibited LH
secretion in intact females that were ovariectomized and
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Fig. 4. Serum concentrations of LH in (a) cyclic and (b) oestrogenized
female rats killed 15 min after injection with vehicle, of N-methyl-D-
aspartic acid (NMDA; 15 mg kg

~

a) or kainic acid (KA; 2.5 mg kg "
').

Groups of animals injected with NMDA or KA were pretreated
60min before decapitation with vehicle, MK-801 (1 mg kg-1)
or 6,7-dinitroquinoxaline-2,3-dione (DNQX; 1 mg kg"1). Values
are means + sem of ten animals per group. **P < 0.01 versus corre¬

sponding vehicle-injected group (ANOVA and Tukey's test).

oestrogenized. In addition, MK-801 and DNQX decreased
serum FSH concentrations in intact oestrogenized females
(Table 1).

Discussion
The results of the present study show that NMDA and KA
stimulate LH secretion efficiently in adult sterilized females.
The consistency of this finding is supported by its observation
at different times after administration of different doses of
NMDA in intact and ovariectomized groups and by the
specificity of drug action, since the effects of NMDA and KA
were abolished by selective antagonists (MK-801 blocked the
effects of NMDA, and DNQX those of KA). In cyclic females,
NMDA (30 mg kg" ) induced a weak LH response that was

only significant when comparing the serum LH concentrations
during the 45 min after NMDA or vehicle administration. A
deficient response to NMDA in adulthood has been reported in
female (Arias et al, 1993) and male rats (Pinilla et al, 1995). This
may be due to the combination of: (a) the low dose used
(Mason et al, 1983); (b) the time elapsed between NMDA

injection and sampling, since the stimulatory effect of NMDA
on LH release is very transient (Price et al, 1978; Schainker
and Cicero, 1980; Urbanski and Ojeda, 1987); and (c) the age
of the animal, since the effectiveness of NMDA decreases
after puberty in male (Pinilla et al, 1995) and female rats
(MacDonald and Wilkinson, 1992).

Since responsiveness to NMDA and KA does occur in
ovariectomized, oestradiol-implanted non-sterilized females, it
is possible that ovariectomy takes away a system (perhaps
progesterone) that inhibits expression of LH secretion in
response to EAA agonists and opens the possibility that for the
role of NMDA and KA to have an affect on LH secretion needs
a state of high oestradiol and low progesterone concentrations
are required. This hypothesis is supported by the effectiveness
of NMDA in sterilized females, groups with low progesterone
concentrations (Lookingland et al, 1982 and present results)
and in control females ovariectomized (to reduce progesterone
concentrations) and treated with oestradiol.

The present data differ from those of Liaw and Barraclough
(1993) which showed that NMDA increased LH secretion in
control females more effectively than it did in androgenized
females. This discrepancy may be due to differences in the
steroid concentrations between the experimental designs, since
Liaw and Barraclough compared the NMDA effects in the
absence of progesterone (ovariectomized control and andro¬
genized females were treated for 48 h with oestradiol). The
results of the present study strongly suggest that GnRH
neurones of sterilized females retain their ability to respond
after appropriate stimuli, such as activation of NMDA and KA
receptors, which extends previous observations showing that
electrical activation of the ventral noradrenergic tract, and
administration of naloxone or NMDA increased LH secretion
more effectively in sterilized than in control females (Dyer and
Mansfield, 1985; Grossmann et al, 1987; Pinilla et al, 1994).

The higher effectiveness of NMDA and KA to stimulate LH
release in sterilized females may be explained by the release of
greater amounts of GnRH by NMDA and KA in sterilized than
in control females, a consequence of the increased releasable
pool of GnRH in females injected neonatally with sex steroids
(King et al, 1980; Dyer and Mansfield, 1985), or by the increase
in the number or affinity of the NMDA and KA receptors
governing GnRH secretion. In addition, since the pituitary
gland has been identified as a target for NMDA and KA
actions, stimulating GH and gonadotrophin secretion directly
(Lindström and Ohlsson, 1992; Zanisi et al, 1994), possible
differences in pituitary responses to NMDA and KA between
cyclic and sterilized females cannot be ruled out.

Aspartate and glutamate are released in the preoptic area

(Jarry et al, 1992; Ping et al, 1994a) and play a crucial role in
the generation of ovulatory LH surges and in LH secretion
after gonadectomy (López et al, 1990; Brann and Mahesh,
1991; Brann et al, 1993; Ping et al, 1994b). Since basal release
of EAAs takes place in sterilized females (as evidenced by the
selective decrease in LH and FSH secretion after the blockade
of NMDA and KA receptors) and NMDA and KA stimulated
LH secretion more effectively in sterilized than in control
females, the absence of ovulatory LH surges and LH responses
after ovariectomy in sterilized females might be explained if the
increase in hypothalamic EAAs released during the positive
and negative feedback actions of ovarian steroids did not occur
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). Values are means ± sem of 8-10 animals per group. **P < 0.01 versus corresponding
vehicle-injected group (ANOVA and Tukey's test).

Table 1. Serum LH and FSH concentrations (ng ml
~

l) in intact and ovariectomized control and
oestrogenized females killed 60 min after administration of vehicle, MK-801 (1 mg kg"1) or 6,7-

dinitroquinoxaline-2,3-dione (DNQX) (1 mg kg" )

Treatment LI I

Intact

FSH

Ovariectomized

111 FSH

Controls
Vehicle
MK-801
DNQX

Oestrogenized
Vehicle
MK-801
DNQX

1.06 + 0.10
0.96 ± 0.07
0.89 + 0.07

0.51 ±0.08
0.13+0.03**
0.13 + 0.03**

5.15 + 0.15
5.02 ± 1.12
4.49 ± 0.63

6.40 ± 0.04
3.10 + 0.60**
3.10 + 0.30**

2.76 ± 0.32
3.10 + 0.50
3.20 + 0.40

0.56 + 0.14
0.23 ± 0.08a

ND

35.6 + 1.75
37.7 ±2.38
36.6 + 1.85

10.21 ± 0.04
14.30+1.60
13.25 ± 1.30

Values are means ± sem of ten animals per group. **P < 0.01 versus corresponding vehicle-injected group (ANOVA followed by
Tukey's test). Only six rats were included in the LH mean, since hormone concentrations in the four others were undetectable. ND:
not detectable.

in sterilized females. The absence of response to MK—801 and
DNQX in cyclic females may be caused by a lower basal release
of EAAs or by a lower releasable pool of GnRH. Serial blood
sampling, as Ping et al (1994b) used in males, will be necessary
to detect the effects of MK-801 and DNQX in control
ovariectomized females.

NMDA inhibits LH secretion in ovariectomized female rats
(Brann and Mahesh 1992b; Luderer et al, 1993). This action has
been explained by the release of an unknown factor inhibitory
to GnRH or LH secretion. The results of the present study do
not support this hypothesis, since ovariectomy did not abolish
the NMDA and KA effects in sterilized females, and the
responsiveness to NMDA and KA was observed in ovari¬
ectomized, oestradiol implanted non-sterilized females.

In conclusion, although hypothalamic release of EAAs was

not measured, the results of the present study strongly suggest
that basal release of EAAs takes place in sterilized females

and indicate that NMDA and KA induce LH release more

effectively in sterile than in cyclic females.
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