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INTRODUCTION

Within the last few years, there: has been a growing recognition that amino acid
neurotransmitters play a critical role_ in hypothalamic function, especially with respe~t to
the regulation of luteinizing hormone-releasing hormone (LHRH) secretion (1). Along
these lines,_ there is increasing evidence that glutamate functions as the major excitatory
amino acid neurotransmitter in the hypothalamus with respect to control of LHRH
secretion, while y-aminobutryic acid (GABA) functions as the principal inhibitory amino
acid neurotransmitter (2-7). For instance, activation of ionotropic glutamate receptors via
the use of specific agonists (such as N-methyl-D, L-aspartic acid -(NMDA), a.-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid. (AMPA), or kainate) leads to enhanced
LHRH secretion and luteinizing hormone (LH) surge expression (8,9), while inactivation
of ionotropic glutamate receptors through the use of specific NMDA or non-NMDA
receptor antagonists, markedly attenuates the preovulatory LH surge (9), the steroidinduced LH surge (9-11) and pulsatile LH secretion (12,13).

Activation of GABA

receptors, on the other hand, blocks the expression of the steroid-induced and
preovulatory LH surge (14, 15). Further evidence that glutamate and GABA play a role in
regulating LHRH secretion has come from studies demonstrating that the release rates of
glutamate and GABA increase and decrease, respectively, in the preoptic area (POA) of
female rats during steroid - induced LH surge expression, suggesting that steroids may act
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_ to facilitate LHRH release by enhancing excitatory signals (glutamate) while decreasing
mhl"bitory signals (GABA) 'to the LHRH neuron (16-18).
The focus on glutamate and GABA in the regulation of LHRH release by steroids

is enhanced by the reported absence of estrogen and progesterone receptors on the LHRH
neuron (19,20) and the presence of these receptors-on glutamic acid decarboxylase (GAD)
containing neurons (21,22) which have been shown to synapse with LHRH neurons (23).
Glutamic acid decarboxylase (GAD) is the rate-limiting enzyme responsible for
converting glutamate into GABA in CNS neurons (Fig. 1). The GAD protein consists of
two forms, GAD65 and GAD67, which are the products of two different genes and
display distinct :functional characteristics (24,25) which are described in Table 1. GAD65
appears to represent 80% of the apoGAD (inactive) ·in vivo and requires its cofactor, _
pyridoxal-5'phosphate (PLP) for activation (26,27) while GAD67 is predominately
present in the active form which has PLP bound to it (24,28,29). GAD65 and GAD67 are
present in various regions throughout the brain; however, they are especially dense in the
hypothalamus and are thought to play a role in hypothalamic :function by concomitantly
controlling levels of the excitatory neurotransmitter glutamate and the inhibitory
neurotransmitter GABA (30). Since both glutamate and GABA have been demonstrated
to exert potent yet opposite regulatory effects on the secretion of the hypothalamic
releasing factor, LHRJ{ (glutamate stimulates while GABA inhibits LHRH release) (2-7),
the possibility has arisen that ~eroid hormones may regulate hypothalamic GAD mRNA
and/or protein levels as a mechanism of regulating excitatory versus inhibitory signaling to
the LHRH neuron.

Figure 1. Synthesis and inactivation of y-aminobutyric acid (GABA).
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. Table 1. Comparison of GAD65 and GAD67

GAD65

GAD67

Molecular Weight

65,400

66,600

Amino Acids

585

593

Transcript Size

5.7kb

3.7kb

Cellular Location

Predominantly Axon Terminals
Some in Cell Bodies

Cell Bodies
Dendrites
Axon Terminals

Predominant Form

ApoGAD (Inactive)
Requires Pyridoxal 5 '-Phosphate

HoloGAD
(Active)
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Removal of neurotransmitters from the synaptic cleft is essential for the rapid and
efficient termination of neurotransmission. The predominant mechanism of terminating
GABAergic neurotransmission in the CNS appears to be the sodium-dependent reuptake
of GABA into presynaptic terminals and adjacent glia1 cells (31 ).

In a parallel system,

high affinity sodium-dependent glutamate transporters

are known to play an essential role

in terminating glutamatergic transmission (32,33).

There is currently very little

information available concerning whether steroid hormones regulat~ glutamate and GABA
neurotransporters. In terms of LH .secretion, the ".inhibitory brake" hypothesis suggests
that there is a release of tonic inhibition which results in the LH surge. At the same time
releasing the brake may actually lead to engagement of a stimulatory mechanism consisting
of excitatory neurons. Therefore, it is possible to have an increase in GABA uptake via an
increase in the synthesis of GABA transporters and a· decrease in glutamate uptake via the
decrease in synthesis of glutamate transporters which could play an important role in
terminating inhibitory neurotransmission and facilitating excitatory neurotransmission.

Overall Hypothesis
Progesterone modulates the balance of excitatory and inhibitory signals to the
LHRH neuron by regulating GAD enzyme levels and glutamate transporter levels in the
hypothalamus.

Such

modulation

results

in

increased

excitatory

glutamate

neurotransmission along with decreased inht"bitory GABA neurotransmission to the LHRH
neuron, with the net result being increased LHRH secretion and expression of the LH
surge.
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To address this hypothesis the aims of this research are as follows:

Specific Aim #1

To determine if glutamic acid decarboxylase (GAD) mRNA levels m the
hypothalamus are regulated during the progesterone-induced LH surge.
Rationale:

Glutamic acid decarboxylase converts the excitatory amino acid

glutamate into the inhibitory neurotransmitter GABA. The classical mechanism for steroid
receptor action is to act via regulation of transcription. Regulation can be either positive
or negative depending on the specific gene involved. There are only a limited number of
reports that.indicate that GAD mRNA can be regulated by ste~oids~ however, the results
are contradictory in different studies (34-36). Previous work in this area by Leigh et al.
(36) demonstrated reductions in GAD mRNA in the arcuate/median eminence and zona
incerta regions by· estrogen, and in the preoptic area by estrogen and progesterone.
However, these authors did not differentiate between GAD67 and GAD65 mRNA levels
and only one time point was studied. These results were contradicted by Weiland who
observed estradiol and progesterone-induced changes only in the hippocampus (34). In a
subsequent study, Herbison et al. (35) found no changes in GAD67 mRNA levels during
the estrous cycle or after ovariectomy in the adult rat, except at 1500 hon proestrus in the
medial preoptic area (MPOA) area where the decrease was 40%. Although the findings of
Herbison et al. (3 5) did not establish that the 40% reduction of GAD67 mRNA levels was
a specific progesterone effect, they provided significant supporting data of the
physiological importance of this progesterone mediated event in the cycling rat.

7

To resolve this issue, a careful systematic study using multiple time points and
measuring both forms of the GAD message ( 65 and 67) was conducted in ovariectomized
e~rogen-p~ed rats given a single injection of progesterone -to induce the LH surge. In
addition, the antiprogestin RU486 was utilized to demonstrate specific progesterone
receptor mediated events.

Specific Aim #2
To determine if glutamic acid decarboxylase (GAD) protein levels m the
hypothalamus are regulated during the progesterone-induced LH surge.

Rationale: The GAD protein seems to be controlled by at least two mechanisms:
one that involves a change in the level of m.RNA and one that does not. This has resulted
in some controversy over whether changes in GAD mRNA levels reflect changes in GAD
protein levels. A good correlation between GAD m.RNA levels and GAD activity has
been demonstrated in cerebellar Purkinje cells (37), while other.reports show a decline in
GAD protein levels not associated with lower m.RNA levels (38) or a decrease in GAD
m.RNA levels without a change in total GAD activity (36).
To address this issue, western blot analysis ·was used to determine GAD protein
levels in the hypothalamus during the progesterone-induced LH surge. Protein extractions
were conducted :from the same samples which were previously processed for mRNA
extractions thereby allowing for direct comparison of GAD m.RNA and protein levels.
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Specific Aim #3
To determine the physiological action of progesterone on glutamic acid
decarboxylase (GAD) mRNA and protein levels in the hypothalamus du.ring the proestrus
LH surge.

Rationale:

'While the studies described above demonstrated the effect of

exogenous progesterone administration in ovariectomized estrogen-primed rats on GAD
mRNA and protein levels in the hypothalamus on the afternoon of the LH surge, they did
not address whether endogenous progesterone actually regulated GAD du.ring the
afternoon· of the preovulatory LH surge in the intact adult cycling rat. Therefore, GAD
mRNA and protein levels in the POA and MBH were examined du.ring each day of the
estrous cycle, _as well as after the administration of RU486 at 1000 hon the morning of
proestrus. In addition, serum LH levels were also measured to determine whether any
correlation exists between changes in GAD mRNA and/or protein levels in the POA and
MBH and changes in LH secretion.

Specific Aim #4
To determine if the mRNA levels that encode the glutamate neurotransporter
( GLT-1) in the hypothalamus are regulated by progesterone du.ring the proestrus LH
surge and the progesterone-induced LH surge.

.

Rationale: The models used in specific aims # 1 and #3 were used in this study as

well. A specific cDNA probe for the glial form of the glutamate transpojer (GLT-1) was
constructed using Polymerase Chain Reaction (PCR) techniques and the same membranes
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from the previous experiments were probed to determine whether glutamate transporter
mRNA levels in the hypothalamus change during the LH surge.

Obiective and Significance of Research
The overall objective of this research is to provide a greater understanding of the
CNS mechanisms underlying the progesterone-induced LH surge. It is proposed that the
major components of progesterone action are the excitatory amino acid neurotransmitter
.
glutamate and the inhibitory amino acid neurotransmitter gamma-aminobutyric acid
(GABA). Progesterone displays multiphasic effects in that it can be either stimulatory or
:inht"bitory depending on the time of administration and dose used. Because GAD converts
the excitatory neurotransmitter glutamate to GABA, it is postulated that this enzyme may
· be a key regulator in determining the stimulatory and inhibitory influence of progesterone.
In. addition, .removal of neurotransmitters from the synaptic cleft is essential for the rapid

and efficient termination of neurotransmission.

This may also serve as a site for

progesterone action in that an increase or decrease in either GABA or glutamate re-uptake
could

determine

when .inhibitory neurotransmission

neurotransmission dominates, or vice versa.

terminates

and

excitatory

This research addresses the important

question of the role and mechanism· of action of progesterone during the LH surge and
provides important insight into the complex regulation of the female reproductive cycle.

REVIEW OF RELEVANT LITERATURE

An Overview - Regulation of Luteinizing Hormone (LH) Secretion

In all mammaJian species, the central hormonal event in the ovarian cycle is the
surge of LH that precedes ovulation. · In the CNS, LH secretion is regulated by an
elaborate neuronal circµitry involving signal transduction and steroid feedback
mechanisms. The primary neural signal involved with the LH surge is the secretion of a
decapeptide known as luteinizing hormone-releasing ·hormone (LHRH).

Upon

stimulation, LHRH neurons release this peptide at the level of the median eminence into
hypophyseal portal veins.

These veins transport the LHRH to the anterior pituitary,

where, after a cascade of events, it initiates the LH surge. The release of LHRH from the
nerve terminals in the median eminence is pulsatile and in tum produces a pulsatile pattern
of LH release from the anterior pituitary. This has led to the concept of an oscillator or
pulse generator located in the hypothalamus. A considerable amount of evidence indicates
that the patterns of LHRH production, as determined by the operation of the LHRH pulse
generator, are as important to the control of LH secretion as the quantity of the
/

decapeptide released into the portal circulation (39-41). However, it is important to note
that evidence has been provided which demonstrates that the spontaneous preovulatory
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LHRH ·surge by itself is too small to produce the LH surge without a significant increase
in pituitary responsiveness to LHRH which occurs on proestrus (42,43). It is suggested
that the increase in pituitary responsiveness to LHRH on proestrus .is due primarily to
estradiol which increases . LHRH release which in turn up-regulates its own pituitary
receptors via a self-priming effect (44).
The regulation of the preovulatory surge of LH by steroids is complex and
involves the integrative interaction of estrogen and progesterone secretion (44,45). At the
level of the hypothalamu~, steroids are •thought to either turn on excitatory
neurotransmitter signals, or turn off inhibitory neurotransmitter signals, or a combination
of both resulting in the synchronous activation of LHRH neurons which produces the LH
surge on the afternoon of proestrus in the rat. The mechanism whereby steroids mcrease
LHRH release from the hypothalamus remains to be established, but it appears to be
through modulation of neurotransmitter-containing neurons which in turn regulate LHRH
neurons, since LHRH neurons supposedly do not contain steroid receptors (19,20). As
shown in figure 2, a number of factors have been identified which are known to regulate
·LHRH secretion either directly or indirectly. They include catecholamines, dopamine,
opioids, serotonin, GABA, excitatory amino acids (EAAs), nitric oxide (NO), carbon
monoxide (CO), and neuropeptides such as neuropeptide Y, oxytocin, galanin, and
vasoactive intestinal peptide (VIP).

Several papers and reviews have been published

which discuss these factors in detail (46-57).

Figure 2. Schematic representation of neurotransmitters and neuropeptides which are
known to regulate LHRH neurons either directly or indirectly.
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Progesterone and the Regulation of LH Secretion

Estradiol is considered to be the primary trigger for the preovulatory LH surge:
However, progesterone seems to be essential for manifesting the :full magnitude and
duration of the LH surge ( 58-60 ). The physiological role of progesterone in modulating
the preovulatory LH surge has been demonstrated in the rat by the attenuation of the
preovulatory LH surge by the progesterone antagonist RU486 and 3b-hydroxy steroid
dehydrogenase inhibitors epostane (61) and trilostane (62) and in the monkey and the
human by the use of RU486 (63,64). Progesterone effects can be either stimulatory or
inhibitory depending upon the time of ad.ministration (65) and the dose used (60).
.

Ad.ministration of progesterone

I

within. a few hours of the preovulatory LH surge in the

cycling animal le~ds to st~ulatory effects ~bile progesterone ad.ministered at earlier times
in the cycle is inhibitory to the LH surge. Further evidence is provided by experiments in
which the ad.ministration of estradiol to the ovariectomized rat causes an initial
su~pression of LH secretion, which is then followed by LH surges in the afternoon for
three consecutive days (66). · However, the addition of progesterone to these animals leads
to the enhancement of the LH surge on the day of administration and the abolishment of
the surge on following days (67). In addition, studies using double imm.unocytochemistry
for both LHRH and c-fos protein have provided further confirmation that it is
. progesterone, and not estradiol, that activates LHRH neurons to release LHRH ( 68).
A major question regarding progesterone regulation of the LH surge is whether or
not progesterone levels rise prior to the onset of the surge. In the proestrous rat, it has
been shown that adrenal vein concentrations of progesterone, as well ·as peripheral serum
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progesterone levels, rise significantly two to four hours prior to the initiation of the LH
surge ( 44,69, 70). The importance of adrenal progesterone is suggested by adrenalectomy
which has been shown to have varied effects on reproductive :function, resulting in delayed
puberty in young animals and irregular cyclicity in adults (71,72).. In addition, it has been
established that serum progesterone levels rise significantly 12 hours prior to the onset of
the preovulatory LH surge in the human (73,74) and 6 hours prior to the preovulatory LH
surge in the rhesus monkey (75).
The action of progesterone in the stimulation of the LH surge appears to be the
'

rapid release of LHRH (41,76), inhibition of the degradation of LHRH ., in the
hypothalamus (77, 78), and a decrease of estrogen receptor binding in the anterior pituitary
but not the hypothalamus (79,80).

Classical steroid action is at the level of gene

expression which suggests that progesterone could also modulate neurotransmitter activity
by altering the synthesis of their regulatory enzymes and/or other proteins involved with
neurotransmitter action.

Glutamate and GABA Regulation of LH Secretion
Previous work in several laboratories, has demonstrated that glutamate and GABA
are the major excitatory and inhibitory amino acid neurotransmitters involved in the
control of LHRH and LH secretion (2-7). In support of this, the administration of either
NMDA or non-NMDA agonists leads to an increase in LH release (8,9), while the
administration of either an NMi>A or non-NMDA antagonist leads to a significant
reduction of the progesterone-induced LH surge and the preovulatory LH surge in the
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female rat (9-11). ··Furthermore, extracellular levels of glutamate and aspartate are
reported to be elevated in the preoptic area (POA) during the estrogen and progesterone
induced LH surge (16,17).

Excitatory amino acids (EAAs) appear to control LH

secretion primarily by stimulating LHRH release at the level of the hypothalamus.
Evidence supporting this is as follows: (1) injection of NMDA or kainate into the third
ventricle or preoptic area stimulates LH release whereas direct injection into the anterior
pituitary has no effect on LH release (81,82), (2) administration of a LHRH antagonist
blocks BAA induced LH release in a variety of species (83-85), and (3) EAAs stimulate
LHRH release from the POA and from arcuate nucleus-median eminence (ARC-ME)
fragments in vitro (86,87).

In addition, in appropriately estrogen-primed animals,

progesterone appears to significantly enhance the effect of NMDA on stimulating LH
release in both the rat and the monkey (88,89). Glutamate is converted to GABA in the
hypothalamus by the action of the rate-limiting enzyme glutamic acid decarboxylase
(GAD). An increase in glutamate release could be due to a release of inhibition; however,
another possibility is that one of the mechanisms underlying the ability of progesterone to
elevate glutamate may be by lowering GAD levels which would allow for a concomitant
increase in glutamate and decrease in GABA thereby shifting the balance of
neurotransmission from inhibitory to stimulatory signaling.
GABA is currently considered to be the major inhibitory neurotransmitter in the
brain. It is widely distributed in the hypothalamus with its highest concentrations in the
preoptic area (POA) and ventromedial nucleus .(VMN) (3;34,90).

GABA-containing

neurons p·~ssess _steroid receptors (21,22) and· colocalization of GABA receptor mRNA
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with LHRH mRNA has been demonstrated (91). Several reports have indicated that
~eroids might exert some of~eir CNS effects via GABAergic systems (36,92,93). These
effects include control of LH release by inactivating the LHRH pulse generator (39) and
modulating sexual behavior (94). GAD-containing axons have been shown to synapse
with LHRH neurons in the rat medial preoptic area (23) and are also thought to exert a
presynaptic inhibitory effect on stimulatory noradrenergic input onto LHRH neurons in
this same area (95). In corresponding studies, extracellular GABA concentrations in the
POA were shown to decrease prior to and during the onset of the LH surge (2,16). In
additi~n, if GABA levels in the POA are increased on the afternoon of proestrous, the LH
surge is blocked ( 14) demonstrating that the reduction of GABA during this period plays
an important role in activating LHRH neurons. In support of this, GABA turnover studies
in the preoptic/anterior hypothalamic area (PO/AH) indic_ated that in diestrous rats with
low LH levels preoptic GABAergic activity is high, while preoptic GABAergic activity is
low in ovariectomized (OVX) rats with high LH levels (96). These results suggest that
LHRH secretion in rats may be tonically inhibited by GABAergic neurons.

With the

transient reduction of GABAergic activity, LHRH neurons and other stimulatory neurons
may be released from this inhibition resulting in a synchronous discharge of all LHRH
neurons under GABA control. To :further support this, it has also been recently suggested
that low levels of LHRH release in the prepubertal period of the female rhesus monkey
appear to be due to the dominant inhibitory mechanism of GABA mediated by the GABAA receptor and that the removal of this inhibition may trigger an increase in LHRH release
and the onset of puberty (97).
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Glutamic Acid Decarboxylase (GAD} and GABA Synthesis

GABA synthesis is a highly regulated process in the brain.

Studies with

synaptosomes and brain slices in vitro, and· in vivo studies have shown that GABA
synthesis can be stimulated or suppressed by physiological or pharmacological
manipulations (98,99). In the mammaJian brain, GABA is syntJiesized principally from
glutamate in a single enzymatic step catalyzed by glutamate decarboxylase (GAD), which
uses pyridoxal 5'-phosphate (PLP) as a cofactor. Other pathways for GABA synthesis
exist in the adult mammalian brain, but appear to play a minor role (100). GABA appears
to have two major functions in nervous tissue; it serves as a neurotransmitter and also as
an intermediate in energy metabolism in GABAergic neurons. It has been proposed that
GABA is synthesized in two compartments (transmitter and metabolic) that may involve
different regulatory mechanisms (28).

In keeping with the concept that GABA is

synthesized in at least two functionally different cellular compartments, the brain also
contains multiple forms of GAD that differ in regulatory properties. It has been concluded
that GAD65 and GAD67 are the products of two different genes because the cDNA's for
the two forms hybridize to different-sized fragments of genomic DNA from restriction
enzyme digestion (25). It has also been proposed, as a result of subcellular fractionation
experiments" that GAD65 is localized in· the nerve terminals to ·a greater degree than
GAD67 (24). However, this is not exclusive as GAD65 has been found in perikarya as
well as in nerve terminals in some regions of the CNS (26).
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The relationship between GAD and its cofactor, pyridoxal-P~ is considered a point
of regulation as well. At least 50% of GAD is present in the brain as an apoenzyme (GAD
without bound cofactor, apoGAD), thereby providing a reseivoir of inactive GAD that
can be drawn on when additional GABA synthesis is required (101,102). Active-site
labeling experiments have demonstrated that the majority of apoGAD in the brain is
present as GAD65 (103). The interconversion of apo- and holoGAD is also considered a
highly regulated process. There are several proposed mechanisms, one of which is that
membrane depolarization activates GAD by inducing the conversion of apoGAD to
holoGAD via a mechanism that combines the cofactor pyridoxal-5'phosphate with the
inactive apoGAD to produce holoGAD (102,104).
Protein expression can be regulated at many levels, including those that control
mRNA levels (by changing mRNA synthesis or stability), mRNA translation or protein
stability. It seems clear that the expression of the GAD67 protein can be manipulated in
the intact animal, but there have been no reports in changes in the expression of GAD65.
Current evidence indicates that the expression of GAD67 protein is controlled by at least
two mechanisms - one that involves changes in the level of GAD67 mRNA, and one that
does not. Changes in GAD67 activity and GAD67 protein levels do not always appear to
be associated with changes in mRNA levels.

Reports have shown that increased

intracellular GABA levels induce a decline of total GAD activity that is ·attributable
exclusively to a decrease in GAD67. protein levels and not lower GAD67 mRNA levels
(38). Other reports show either a good correlation between GAD mRNA levels and GAD
activity as demonstrated in cerebellar Purkinje cells (37) or a decrease in GAD mRNA
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levels without a change in total GAD activity (36).

This issue remains unsolved and

confirms that the regulation ·of GABA synthesis is complex and can occur at multiple
levels.

Glutamate and GABA Transporters
Removal of neurotransmitters from the synaptic cleft is essential for the rapid and
efficient termination of neurotransmission. The predominant mechanism of terminating
GABAergic neuro,transmission in the CNS appears to be the sodium-dependent reuptake
of GABA into presynaptic terminals and adjacent glia cells (31 ). Currently, three major
GABA tranSporters (GATl, GAT2, and GAT3) have been identified each with distinct
.

.

.

pharmacology and localization. GATl is considered a neuronal type transporter based on
pharmacological studies (105,106) while the roles of GAT2 and GAT3 are currently being
established. Initial evidence indicates that GAT2 and GAT3 appear to display both
neuronal and glial type activities ( 107); however, this remains to be confirmed by in situ
hybridization studies in conjunction with immunocytochemisty.
High affinity sodium-dependent glutamate transporters are known to play an
essential, role in terminating glutamatergic transmission (32,33). Four differ~t Na+_
coupled glutamate transporter isoforms (EAACl, GLTl, GLAST, and EAAT) have
recently been isolated (33,108-110). GLT-1 and GLAST are expressed in astroglia (111113) while EAACl appears to be a neuron-specific transporter (114). Current evidence
indicates that EAAC 1 mRNA seems to be primarily located in glutamatergic neurons

20

throughout the CNS (33). However, it has also been reported that EAACl is expressed in
non-glutamatergic neurons such as GABAergic cerebellar Purkinje cells (115).
Evidence showing that the GATI GABA transporter may also be expressed by
some non-GABAergic neurons (116) ·has led to the concept of transporters functioning to
provide precursors for glutamate and GABA synthesis from reuptake of neurotransmitter
from the · synaptic cleft and from glia1 cells which are kno~ · to play a role in
neurotransmitter metabolism by providing additional precursors and by taking up and
recycling the glutamate and GABA that overflows from the synapse (31,32,115).

A

GABA-glutamate synthetic pathway via the TCA cycle in astrocytes has been suggested
which is depicted in figure 3 ( 117). Along these lines, flouroacetate, a selective inhibitor
of the glial T_CA cycle, attenuated the release of LHRH from the hypothalamus of
ovariectomized rats (118). Therefore, it is conceivable that a reduction in GAD and/or
changes in the levels of transporters could disrupt the dynamics of this pathway in a
manner that could affect neurotransmission. Studies have shown that the rate of GABA
synthesis can be reduced by limiting the availability of precursors ( 119-121 ). Additionally,
the coexistence and corelea_se of both glutamate and GABA from the same neuron has
been reported (122,123).
A great deal of work has been done on characterizing the glutamate transporters
because of their major role in maintaining extracellular glutamate concentrations below
toxic levels. Under certain conditions, both physiological and pathological, transporters
can run backward, pumping transmitter out of cells and serving as a calcium-independent,
nonvesicular mechanism for transmitter release ( 124). Because of this role, glutamate
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transporters have ·been implicated in a number of neurodegenerative disorders such as
Huntington's disease and Alzheimer's disease (125-128). In a similar pattern, disrupted
GABA neurotransmission is also known to contribute to Huntington's disease (129) and
altered levels of GABA transporters have been reported to occur in amygdala-kindled rats,
a model for human epilepsy (130,131}. While the GATl GABA transporter mRNA has
been reported to be regulated by cAMP (132}, to date there have been no reports on the
possible regulation of these transporters by steroids.

MATERIALS AND METHODS
Animals

Immature female rats (Holtzman, Sprague Dawley, Madison, Wisc., USA) were
ovariectomized and treated with an estrogen and progesterone regimen which has been
shown previou~ly to induce an LH surge _5-6 hrs after administration (1400 to 1500 h)
(58). Animals weighing between 75 and 99 g were bilaterally ovariectomized under ether

.anesthesia on day 26 of .age. Adult female rats; 55 days of age, (Holtzman, Sprague
Dawley; Madison, Wisc., USA) weighing between 200 and 225 g were used for the
studies related to cycling.

Daily vaginal smears were obtained and only those rats

exhibiting at least three consecutive 4-day e.strous cycles were used. The animals were·
housed in a temperature- and light-controlled room (lights on from 0500 to 1900 h) and
were supplied food and water ad libitum. All animal ~tudies ·carried out were approved by
our Institutional Committee for the·Care and Use of Animals in Research and Education in
accordance with the guidelines of the NIH and USDA.

Experimental Protocols

Ovariectomized immature rats were administered either vehicle or estradiol (2
µg/rat) in 0.2 ml 25% ethanol".'saline
via subcutaneous
(sc) injections at 1700 hon 27 and
_.,,...,~?~;
' .
28 days of age. At 29 days of age, the animals received either vehicle or progesterone
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( lmg/kg body weight (BW), sc) at 0900 h. Eight animals from each group were sacrificed
via decapitation at 1000, 1200, 1400 h. In the adult cycling experiment, 4 animals were

sacrificed via decapitation at each stage of the estrous cycle at 1200, 1400, 1600, and
1800 h.

One group of proestms animals corresponding to each time point was

administered RU 486 (0.4 mg, i.p. in 0.2 ml ethylene glycol) at 1000 h. Brains were

°

rapidly removed onto dry ice and stored at -80 C until dissections and RNA/protein
extractions were carried out. Trunk blood was collected for serum LH measurements.

Dissection of Hypothalamic Tissue
A block of tissue was dissected out from each brain with a single-edged razor
blade as described previously ( 133 ). The block was bordered laterally by the hypothalamic
sulci; anteriorly, 2-3

mm anterior to the optic

chiasm; posteriorly, by the mammj))ary

bodies, and the depth was one quarter to one half the distance from the ventral surface.

This tissue block was further divided by a cut immediately posterior to the optic chiasm.
The anterior portion contained the POA, and the posterior portion contains the arcuate
nucleus and median eminence referred- to here as the MBH

Each tissue block was

immediately placed in 1ml of TRI REAGENT (Molecular Research Center, Inc.,
Cincinnati, OH, USA) and protein extractions were conducted as described below.

RNA/Protein Extraction and Estimation
Total RNA from POA and MBH tissue blocks was extracted using the TRI
REAGENT protocol. In brief; one POA, and then one MBH block was dissected to give
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four samples of each tissue per time point (four animals per group) from the adult cycling
rats. Two POA, and then two MBH blocks (eight animals per group), were pooled to
give four samples of each tissue per time point from the ovariectomized immature rats.
Samples were processed for simultaneous extraction of mRNA and protein using the TRI
REAGENT protocol. Samples were homogenized in sterile glass tubes using a Polytron
homogenizer at setting #5. The extraction was performed in 1ml of TRI REAGENT.
Following homogenization, samples were stored at room temperature for 5 min. to permit
the dissociation of nucleoprotein complexes. The samples were then transferred to sterile
1.5 ml Eppendorftubes, 0.2 ml of chloroform was added, and the samples were shaken
thoroughly and left at room temperature for 15 min. The samples were then centrifuged at
12,000 g for 15 min. at 4°C.

This caused the mixture to separate into a lower red,

phenol-chloroform phase, interphase, and a colorless upper aqueous phase. -The RNA
containing aqueous phase was transferred to a new Eppendorf tube and was then
precipitated by adding O. 5 ml of isopropanol and storing the samples at room temperature
for 15 min.

The interphase/organic phase of each sample was processed for protein

extraction as described below. · The RNA containing samples were then centrifuged at
12,000 g for 10 min. at 4°C. The RNA precipitate formed a gel-like pellet on the side and
bottom of the tube. .Supematants were removed and RNA pellets were washed once with
0

75% ethanol by mixing and subsequent centrifugation at 7,500 g for 5 min. at 4 C.
Pellets were briefly air-dried and then resuspended in diethlypyrocarbonate (DEPC;
Sigma, Poole, UK) treated· distilled. water. After a 5 µ1 aliquot had been removed for
spectrophotometric analysis, the samples were stored at -80° C until required for control
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gels and dot-blotting. The absorption of each solution was then measured at 260 nm and
280 nm. Total RNA concentration in each extract was calculated as follows:
1260 x (Dilution Factor) x 40 = mg/ml RNA

An optical density of 1 corresponds to 40 mg/ml single stranded RNA and the 1260/1280
was used as an index of extract purity. An extract free of protein or DNA contamination
has a ratio of the order of 1.9 (134). Before proceeding directly to the dot-blot technique,
the integrity of the total RNA extract was verified by running 1.5% agarose with ethidium
bromide (2.5 ml/50 ml) control gels and then viewing under UV light. The specificity of
the probes were verified by a Northern gel blot analysis (134).
The protein extraction was continued by precipitating the proteins from the
interphase and_ organic phase (lower red}" of the samples by adding 0.5 ml ofisopropanol.
Samples were stored for at least 10 min. at room temperature and then centrifuged at
.. 7500g for 5 min. at 4°C. Supematants were removed and the protein pellets were washed
three times with 1 ml of0.3.M guanidine hydrochloride in 95% ethanol. The pellets were
then allowed to air dry at room temperature and then dissolved in 1% sodium dodecyl
sulfate (SOS) by incubating at 50°C. Aliquots were taken from each sample for protein
determination.

Protein Estimation
Protein quantities were estimated by the Lowery Method (134).

All protein

reference solutions for the standard curve and _all samples were prepared in 1% SDS.
Four reagents for the assay were prepared as follows: 2% sodium bicarbonate~ 0.IM
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sodium hydroxide (reagent A), 1% copper sulfate (reagent B), and 2% sodium-potassium
I

tartrate (reagent C). Reagent D was prepared by combining·reagent A with a final volume
of 1% reagent B and 1% reagent C. Appropriate dilutions of the standards were made (5
.µg - 100 µg) and all samples were brought to a final volume of 100 µ1 with 1% SDS.
The assay was. performed by adding 500 µ1 of Reagent D to each sample and
storing at room temperature for 15 min. 50 µ1 of IN Polin was then added to each sample
and the samples were incubated at room temperature for 30 minutes. Absorbence at 750
nanometers was measured against a blank sample. The standard curve was linear from 1080 µg per tube.

Western Blotting

100 ug quantities of the protein extract from each sample was denatured with 1%
SDS and 1% f3-mercaptoethanol. Samples were then subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-.P AGE) and electroblotted onto Immobilon-P
membranes (Millipore).

Molecular weight standards were loaded onto each gel for

verification of stained proteins. The K-2 rabbit anti-GAD polyclonal antibody (Chemicon,
Int.), which specifically recognizes GAD67, was used at a dilution of 1:2000 for Western
blotting.

In addition, a rabbit antiserum against neuron-specific enolase (NSE)

(Chemicon, Int.) was used at a dilution of 1:150 on the same blots stained for GAD. NSE
is a 50 k:Da marker for neurons which has proven to be a reliable control of internal
variations (135).

Donkey anti-rabbit antibody (1 :2000) conjugated to horseradish
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peroxidase (HRP) and the Enhanced Chemiluminescence system (Amersham) was used for
visualization of the proteins. The blots were exposed to Kodak Biomax film

Several

images of ~ach blot were produced by varying the exposure time to ensure that the
staining intensities were in the linear range of the film

The staining intensities were

determined by the IS- I 000 Digital Imaging System

Dot Blotting and Hybridizations

Aliquots of the MBH and POA RNA samples (3 mg) were prepared for dotblotting as follows: The total RNA extracts in DEPC-treated water were centrifuged (8

min., 4°C, 18,000 rpm) and the DEPC-treated water carefully aspirated from the RNA
pellet. The pellets were then briefly air-dried. Samples were then denatured by adding 3
µ1 of glyoxal and heating in a water bath at 50°C for 15 min., ·after which they were
immediately removed to ice. 85 ml of sterile distilled water was added to each· sample
which was then dot-blotted through' a Bio-Dot Microfiltration Apparatus (Bio-Rad,
Richmond, CA, USA) onto a nylon membrane (Gene Screen Plus, New England Nuclear,
Boston, MA, USA). Samples of liver RNA were blotted on each membrane to serve as
I

negative controls for the GAD probes. Dot blots were subsequently hybridized with

•

32
P-

labeled GAD65 and GAD67 cDNA probes. (generously provided by Dr. A. Tobin,
Umv:ersity of California, Los Angeles). To correct for internal variations, dot blots were
probed with f3-Actin cDNA (kindly provided by Dr. N. Shlmizu, University of Chicago,
Chicago, IL). · Radiolabelling of the cDNA probes was carried out with random hexamer
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ptjmers using a Oligolabelling kit (Pharmacia) and (a.- . P) dCTP (NEN, Boston, MA,

USA).

All incubations and washes were carried out in a temperature controlled

hybridization oven (Biometra, Tampa, FL, USA) using a protocol previously described
(136). Prehybridization buffer was prepared according to the following recipe: dextran
sulfate (10%), deionized formamide (50%), 0.5M Tris (pH 7.5), sodium dodecyl sulfate
(SOS) (1%), and IM NaCl. Prehybrid~ation was conducted at 42°C for a minimum of2
hours. After the labeling reaction was completed, the probes were purified using Sephadex ·
G50 chromatography. 110 µl of sheared salmon sperm DNA (10 mg/ml) was added to
the labeled probe which was then boiled for 10 min. followed by chilling on ice for 5 min.
The probe was then added to the membranes with the prehybridization solution and
I

hybridization was carried out for 24 h at 42 ° C. The following day the blots were washed
once with 0.2 X SSC (saline sodium citrate)-0.1 % SOS (sodium dodecyl sulfate) at room
temp for 15 min. followed by two washes with 0.2 X SSC-0.1% SDS_at 60°C for 20 min.
arid then one final wash at room temp. with 2 X SSPE (saline sodium phosphate) for 20
mm.

The membranes were then exposed to Kodak ~-OMAT film.

Hybridization

intensities .were d_etermined by the IS-I 000 Digital Imaging System. Levels of specific
mRNA were normalized to the level of hybridized P-Actin mRNA and expressed as% PActin. ·

Generation of cDNA Hybridization Probes via PCR

Conventional reverse transcription polymerase chain reaction (RT-PCR) was used
. to obtain cDNA templates of the GLT-1, EAACI, and GLAST glutamate transporters as
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·well as the GAT3 GABA transporter. Rat whole brain tissue blocks were extracted for
total RNA using the TRI REAGENT protocol as described in the previous section. 2 µg
of total RNA was incubated in 19 µl ofDEPC~treated water at 70-80°C for 3 min. The
cDNA was then synthesized using a standard RT-PCR protocol which consisted of the
following: 3_.3 µM random hexamer primer, 5x reaction mix (50.mM·Tris-HCl, pH 8.3,
•

~

r

•

75 ~ Kcl and 3 mM MgCl2), 0.5 mM dNTP mix, RNase inhibitor (1 U/µl), .andMMLV reverse. transcriptase (13
.

.3 U/µl).

The Teaction mixture was then incubated at 42 o C
'

for 1 hour. ~er tcirmination of the r~action ·by heating at 70-80 ° C for 10 min., 2 µl of
the cDNA template was removed for PCR amplification .
. The IntelliGenetic' s (Mountain View, CA) software program Geneworks 2.45 was
used to design primers which amplified the cDN~ corresponding to the transmembrane
region for each of the transporters. Table 2 contains the specific primer sequences and
characteristics for each cDNA probe generated .. ·PCR was conducted using a standard 50
µl reaction as follows: · lx PCR Buffer, dNTP mix (200 µM each), 0.3~µM forward
primer, 0.33µM reverse primer, 2.0 µl of template, and TAQ Polymerase 0.25 µl (5U/µl)
The cycling parameters for PCR were denaturing at 95°C · for, 1 minute followed by
· annealing (t~mps. described in.table 2) and extension at 12°c for 2.5 minutes. Thirty-five
cycles were. carried out followed by a 10 minutes final extension at 72°C. The PCR
product from each reaction was subjected to agarose gel electrophoresis and then
extracted and purified using the QIAEX II Gel Extraction Kit (Qiagen Inc., Chatsworth,
CA).

After extraction and purification, a 5 µl sample of each PCR product was further

analyzed by agarose gel electrophoresis to confirm amplification of the appropriately sized

Table 2. Primers for PCR generation of cDNA Probes (Glutamate and GABA transporters)

GLAST

GLUT-1

EAAC1

GAT3

Forward Primer (FP)

ATC-CTC-TTC-TTGATC-CGA-GG

TGG-TCA-TGT-TGATAG-CCT-TCC

GTA-CTC-AGA-CGGCAT-CAA-CG

GGT-AGA-ACT-TGATGC-CTT-CCG

Reverse Primer (RP)

CGG-TTC-TTC-AGTTCA-TGT-CG

GAA-CTC-CAC-CATCAG-CTT-GG

CCT-TCT-TGG-ACAGCT-TCT-CC

AGG-TGG-AGT-TCGTGT-TGA-GC

60°C

62°C

62°C

64°C

638bp

585 bp

791 bp

690bp

FP start position

1080

319

732

164

RP start position

1717

903

1522

853

Annealing Temp.

Length of amplified
cDNA
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·band (figure 4) and to quantify the amount of cDNA amplified via ethidium bromide
staining intensities.
Radiolabelling of the cDNA probes (50 ng) was carried out with random hexamer
primers using an Oligolabelling kit (Pharmacia) and (a-

32
P) dCTP (NEN, Boston, MA,

USA). After labeling, the probes were purified by Sephadex G50 chromatography and
hybridizations were conducted as described in the previous section.

\ Radioimmunoassay ofLH
The concentrations of LH in serum samples were analyzed by a double-antibody
radioimmunoassay method as d~scribed by Rao and Mahesh (137). The purified hormone
and ·standards and the first antibody forLH (NIAMDD-rLH-S-10) (rabbit) was obtained
from NIDDK (National Hormone Pituitary Program).
iodinated with

125

The purified hormone was

1 ·cAntersham, Arlington Heights, Ill., USA) using the chloramine-T

method (138). The second antibody was purchased from Arnell, Brooklyn, N.Y., USA, ,
and· used at a 1/250 dilution. Twenty-nine percent binding was obtained at a 1:25,000
dilution. The assay was linear at a range of .039 - 5.00 ng/tube. The intra- and interassay
variabilities, as determined by analysis of replicate serum pool samples, were 8.6% and
10.7% respectively. Hormone levels were expressed in terms ofNIAMDD-RP-1 standard
forLH.

Figure 4. Agarose gel electrophoresis of PCR products to confirm amplification of
appropriately sized cDNA. Actual base pair sizes are as follows: EAACJ, 790bp;
GAT3, 690bp; GLAST, 638bp, GLUT-1, 574bp.
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Statistical Analysis

The results given in the text are expressed as the means ± SEM. The differences
between experimental groups were analyzed using one-way analysis of variance, and
comparisons between treatment means were made using the Stu.dent-Newman-Keuls
multirange test. Where appropriate, when comparing two groups ()nly, the Stu.dent-t test
was employed. A value of P< 0.05 was considered significant.
confirmed by repeating the experiments.

Key :findings were·

RESULTS

I. REGULATION OF GAD mRNA IN THE HYPOTHALAMUS DURING THE
PROGESTERONE-INDUCED LH SURGE

A. Establishment of the Progesterone-Induced LH Surge Model

The immature ovariectomized estrogen-primed, progesterone-treated
female rat was used. in these studies due to extensive previous experience with this model
in inducing a gonadotropin surge which is similar in amplitude and duration to the
preovulatory surge exhibite4 by the normally cycling rat and its attenuation by RU486
(46,47,58,139-142).

Estrogen treatment of ovariectomized immature rats for· 2 days

s

resulted in the suppression of basal LH levels and estradiol by itself did not induce an LH
surge (l'.ig. 5).

The administration of a single injection of progesterone at 0900 h

produced a well-defined surge in serum LH levels starting at 1200 h with a peak at 1400h
(Fig. 5).

B. Verification of cDNA Probes

Northern blots of RNA extracted from the whole rat hypothalamus probed
with

32
P-labeled GAD65 and GAD67 cDNA yielded si°:gle bands corresponding to the

size of 5. 7 kb and 3. 7 kb respectively (Fig. 6) (25). Dot blot analysis was carried out after
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Figure 5. Effects ofprogesterone on serum LH levels in ·ovariectomized estrogen-primed
immature rats. Immature fenude rats were ovariectomized at 26 days of age, followed by
injection of 2 µg estradiol at 1700 h on days 27 and 28 of age. On day 29, th_e aninuds
received either vehicle or progesterone (1 mg/kg) at 0900h and were /d,lled at various
timepoints for serum LH measurements. n

= 6 rats per group. * P<. 0. 05 vs OVX controls;

a =P< 0.05vs 1000 hand 1400 h E2 + P4 and 1200 hE2 + VEH.
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Figure 6. Verijication ·ofprobes and message sizes by northern analysis.· Northern blots of .
RNA extracted from the whole rat hypothalamus probed withGAD61cDNA.
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standardizing the hybridization conditions with POA and MBH fragments from vehicle
treated, estrogen-treated and estrogen progesterone treated ·rats at various time points.
The GAD ·mRNA levels in vehicle treated, estrogen-treated and estrogen-progesterone
treated rats were analyzed statistically using one-way analysis of variance.

C. Levels of GAD65 and GAD67 mRNA in the Preoptic Area lPOA) during
the Progesterone Induced LH Surge

In the POA, there were no changes in GAD67 mRNA levels in vehicle or
estradiol treated rats (Fig -7). However, GAD67 mRNA levels in the POA of estrogen- progesterone treated rats wer~ significantly decreased by 24.4% (P< 0.01) at 1200 h (at
the time of the first rise in LH) as compared to the estrogen-treated.controls (Fig. 8). The
changes in POA GAD67 mRNA levels in the vehicle treated group (Fig. 7) and estrogenprogesterone treated group (Fig. 8) were not different from each other. The mean levels
in the vehicle-treated groups were marginally lower although not significantly lower than
the estrogen-treated group at 1400 h and intermediate between the estrogen and estrogenprogesterone treated group at 1200 h which appears to correlate quite well with serum LH
levels shown in Figure 5. On the other hand, GAD65 mRNA levels in the POA were not
changed either by estrogen treatment (Fig. 9) or by estrogen-progesterone treatment (Fig.
10). The dot blot demonstrating the decrease ofGAD67 mRNA levels in the POA at 1200
h after progesterone treatment in estrogen-primed animals is shown in· Figure 11. The
densitometric analysis of this dot blot normalized with 13-actin to control for variations is
shown in figure 8.

Figure 7. Effects of estrogen on POA GAD61 mRN_~ levels in ovariectomized immature
rats. The model is the same as described in Fig. 5. · Each point represents the mean of
three samples. Each sample consisted of two blocks of tissue from two animals which were
pooled together. A total of six animals were .used for each treatment and each timepoint.
No statistical di,fferences were displayed between the estrogen-treated and vehicle treated
animals.
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Figure 8. Effects ofprogesterone on POA GAD61 mRNA levels in ovariectomized estrogenprimed immature rats.

The model is the same as described in Fig. 5.

represents the mean of three samples.

Each point

Progesterone treatment resulted in a 24.4%

reduction in GAD61 mRNA levels at 1200 h when compared to El-treated animals.
**p<0.01 vs. E2+P4.
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Figure 9. Effects of estrogen on POA GAD6s mRNA levels in ovariectomir.ed immature
rats. The model is the same as described in Fig. 5. ·No statistical difference was displayed
between the two treatment groups. n=3.
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Figure 10.

Effects of progesterone on POA GAD6s mRNA levels in ovariectomized

estrogen-primed immature rats.

The model is the same as described in Fig. 5.

statistical difference was displayed between the two treatment groups. n=J.
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Figure 11. Representative dot blot showing hybridi1,lltion of the 32P-labeled GAD61 cDNA
probe. Each dot represents 3 µg of total, RNA extracted from two· POA blocks of tissue·
which were pooled and homogenized together from two animals. A total, of six animals
were used for each treatment and each timepoint resulting in the blotting of three samples
for each treatment and timepoint E2+P4 treatment resulted in a visible reduction of the
signal, for GAD61 (top panel) while the P-actin signal, remained constant across al,l
treatment groups (bottom panel). This data is represented graphical,ly in figure 8.
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D. Levels of GAD65 and GAD67 mRNA in the Medial Basal Hypothalamus
during the Progesterone Induced LH Surge

In the MBH, both GAD67 and GAD65 mRNA levels were increased by
estrogen treatment only at 1600 h (Figs. 12 and 13) as compared to the estrogentreatment group at 1000 ch ,· 1200 h and 1400 h but not as compared to vehicle treated
controls at 1600 h or at any other time points. There were. no significant changes in the
estrogen-progesterone treated group at any time point when compared within the group or
with vehicle treated controls.

The increase in GAD67 and GAD65 mRNA levels by

estrogen treatment at 1600 h was prevented by progesterone administration (Figs. 14 and
15).

II. GAD mRNA LEVELS IN THE HYPOTHALAMUS DURING BLOCKAGE OF
THE

PROGESTERONE-INDUCED

SURGE

BY

A

PROGESTERONE

RECEPTOR ANTAGONIST

A. RU486 versus ZK98.299: Comparative Dose Response on Ability to
Block the Progesterone-Induced LH Surge

Because of the different chemical structures, molecular mechanism of
action, and . antagonistic properties between RU486 (mifeppstone) and ZK98.299
(onapristone) (144, 145), a comparative dose response study was conducted to determine
the effectiveness of each compound in blocking the progesterone induced LH surge. As
demonstrated previously, the administration of a single injection of progesterone at 0900 h

Figure 12. Effects of estrogen on MBH GAD61 mRNA levels in ovariectomized immature
rats. The model is the same as described in Fig. 5. Estrogen treatment resulted in an
increase in GAD61 mRNA levels at 1600 h when compared to all earlier timepoints in the
same group. There was no statisdcal di,fference between the two treatment groups. n=3.
a= P< 0.05 vs 1000 ~1400 h E2.
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Figure 13. Effects of estrogen on MBH GAD6s mRNA levels in ovariectomized immature
rats. The model is the same as described in Fig. 5. Estrogen treatment resulted in an
increase in GAD6s mRNA levels at 1600 h when compared to all earlier timepoints in the·
same group. There w~ no statistical di,fference between the two treatment groups. n=3.
a= P< 0.05 vs 1000-1400 h E2.
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Figure 14.

Effects of progesterone on MBH GAD61 mRNA levels in ovariectomized

estrogen-primed immature rats. The model is the same as described in Fig. 5. Estrogen
treatment resulted in an increase in GAD67 mRNA levels at 1600 h when compared to tdl
earlier timepoints in the same group.

The increase was prevented by treatment with

progesterone. n=3. *P< 0. 05 vs E2 + P4; a =P< 0. 05 vs 1000 -1400 h E2.
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Figure 15.

Effects of progesterone on MBH GAD6s mRNA levels in ovariectomized:

estrogen-primed immature rats. The model is the same as described in Fig. 5. Estrogen
treatment resulted in an increase in GAD65 mRNA levels at 1600 h when compared to all
earlier timepoints in the same group.

The increase was prevented by treatment with

progesterone. n=3 *P< 0. 05 vs E2 + P4; a = P< 0. 05 vs 1000 -1400 h E2.
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to estrogen-primed ovariectomized rats produced a well defined surge in LH levels (12.3
fold _increase over E2 treated controls) at 1400 h (Fig. 16). The administration of 200 µg
of RU486 one hour prior to progesterone resulted in an attenuation of the LH surge by
49.6% (p<0.05) while 400 µg of RU486 resulted in an attenuation by 75.9% (P<0.05)
(Fig. 16). The administration of 200 µg of ZK98.299 one hour prior to progesterone
resulted in no statistical difference when compared to the progesterone-induced LH surge
values. 400 µg and 800 µg of ZK98.299 resulted in an attenuation of the progesteroneinduced LH surge by 47.7% (p<0.05) and 44.6% (p<0.O5) respectively. Interestingly, the
administration of ZK98.299 (200 µg and 400 µg) to animals treated with estrogen alone
resulted in an increase in LH levels (5.3 fold and 6.1 fold respectively) when compared to
estrogen treated controls (Fig. 16).

B. Blockage of the Progesterone-Induced LB Surge by RU486

In order to determine the specificity of the effect of progesterone in
reducing POA-GAD67 mRNA levels, the aµtiprogestin compound, RU486, was
employed. In support of the results in Figure 5, estradiol alone did not induce an LH
surge (Fig. 17). Surge levels of LH were observed in the estrogen-progesterone treated
group at 1400 h. The administration of RU486 (400 µg) one hour prior to progesterone
resulted in an attenuation of the LH surge by 75.5% (P< 0.05) at 1400 h (Fig. 17).

Figure 16. Comparative dose response between the antiprogestins RU486 and ZK98.299
on ability to block the progesterone-induced· LH surge.

Immature female rats were

ovariectomi1.ed at 26 days of age, followed by injection of 2 µg "estradiol at 1700 h on days
27 and 28 of age. On day 29, one group of animals received either vehicle or progesterone
(1 mg/kg) at 0900 h. Another group of animals received the indicated doses of either
RU486 or ZK98.299 one hour prior to progesterone administration. All animals were
sacrificed at 1400 h and blood was collected fo_r serum LH measurements. n=6 rats per
group.

*p<0. 01 vs E2+VEH; a =p<0. 05 vs E2+P4; b =p<0. 05 vs E2+ VEH; c =p<0. 05 vs

E2+VEH.

RU486 v/s ZK98.299
600
500

*
NS

=E

400

.......

b

0)

C
.._...

:c

300

a

b

..I

200
100

a

Figure 17. Blockage of the progesterone-induced LH surge by RU486. The nwdel is the
same as described in Fig. 16. One group of animals was treated with RU486 (400 µg) one
hour prior to progesterone administration. *p< 0.05 vs E2
E2+P4;a=p<0.05vs1400h +P4.
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C. Effect of RU486 on Levels of GAD65 and 'GAD67 mRNA in the POA and
'MBB during Blockage of the LB Surge -

In agreement with the first experiment, GAD67 mRNA levels in the POA
were reduced 31.8% (P < 0.05) at 1200h (prior to the start of the LH surge) and 40% (P
I

< 0.05) at 1400 h (at the peak of the LH surge) in the estradiol-progesterone treated rats
as compared to the estrogen treated controls (Fig. 18). The reduction of POA GAD67
mRNA levels by progesterone appeared to be a specific effect as it was blocked by prior
treatment with the progesterone antagonist RU486 (Fig; ·19). The effect of progesterone
was restricted to the POA because MBH GAD67 mRNA levels were unaffected by
progesterone treatment and unaltered by the prior administration ·of RU486 (Figs. 20 and
21). POA and MBH GAD65 mRN~ levels were also unaltered by progesterone, or
RU486 plus progesterone treatment (Figs. 22-25).

m.

Measurement of GAD67 Protein Levels in the. POA during the Progesterone-

Induced LB Surge

The data presented m the prev10us sections has -provided evidence that
progesterone suppressed GAD67 mRNA levels in the POA at a time immediately
preceding_ (1200 h) and during (1400 h) the progesterone-induced LH surge in the
estrogen-primed immature ovariectomized rat. Protein samples from these same animals
were subjected to SDS-PAGE and electroblotted to a polyvinylidene fluoride (PVDF)
membrane for western blotting.

Figure 18. Progesterone-induced changes in GAD61 mRNA "levels in the POA. The model
is the same as described in Fig. 16. Progesterone treatment resulted in a 31.8% and 40%
reduction in GAD67 mRNA levels at 1200 hand 1400 h respectively, when compared to
estrogen-treated animals. n=3. *p< 0. 05 vs E2 + P4; **p< 0. 01 vs E2 + P4.
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Figure 19. Effect of RU486 on progesterone-induced changes in GAD61 mRNA levels in
.

.

.

the POA. The model is the same as described in Fig. 16, except one group·.of animals was ·
treated with RU486 (400 µg) one hour prior to progester(!ne admi~istration.

RU486

prevented the reduction: of GAD61 mRNA levels by progesterone at 1200 h. · A!though not
statistically significant this same effect was evident at 1400 h. n=3. *p< 0.05· vs E2 + P4;
**p< 0. 01 vs E2 + P4.
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Figure 20. Effect ofprogesterone on GAD61 mRNA levels in the MBH. The model is the
same as described in Fig. 16. There was no statistical di.fference between the two treatment
groups. n=3.
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Figure 21. Effect of RU486 on GAD61 mRNA levels in the MBH The model is the same
as described in Fig. 16, except one group of animals was treated with RU486 (400 µg) one
hour prior to progester_one administration. There was no statistical tllfference between the
two treatment groups. n=J.
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Figure 22. Effect ofprogesterone on GAD6s mRNA levels in the POA. The model is the
same as described in Fig. 16. There was no statistical di,fference between the two treatment
groups. n=3.
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Figure 23. Effect of RU486 on GAD6s mRNA levels in the POA. The model is the same
as described in Fig. 16, except one group of animals was treated with RU486 (400 µg) one
hour prior to progesterone administration. There was no statistical di,fference between the
two treatment groups. n=3.
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Figure 24. Effect ofprogesterone on GAD6s mRNA levels in the MBH The model is the
same as described in Fig. 16. There was no statistical difference between the two treatment
groups. n=3.
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Figure 25. Effect of RU486 on GAD6s mRNA levels in the MBH. The model is the same
as described in Fig. 16, except one group of animals was treated with RU486 (400 µg) one
hour prior to progester()ne administrati.on. There was no statistical di,fference between the
two treatment groups. n=3.
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The K-2 GAD antibody and the NSE antibody each stained a protein with a
molecular mass of 67kba and 50kDa respectively. This is in agreement with published
reports (26,135).

Western blot analysis revealed that G~67 protein levels were

significantly reduced by 47% (p<0.05) at 1400 h (the peak of the LH surge) in the POA of
estrogen-progestero~e treated rats as compared to estrogen treated controls (Fig. 26).
Figure 27 represents the image analysis of this blot normalized with NSE to control for
,

.

internal variations and includes earlier time points (1000 hand 1200 h) which displayed no
differences between the two treatment groups indicating a time delay between reduction of
GAD67 mRNA levels and a corresponding reduction of protein levels in the POA.

IV. Measurement of GAD mRNA and Protein Levels in the Hypothalamus of the

Adult Cycling Rat: Correlation to the Proestrus LH Surge

A. Establishment of the Adult Cycling Rat Model
In order to determine the physiological importance of proge~erone' s
ability to modulate GAD activity in the estrogen-primed ovariectomized rat, GAD mRNA
and protein levels were measured during various stages of th.e estrous cycle in the adult
rat. Measurement of serum LH levels verified that the LH surge was displayed at 1800 h
in those anlma]s identified as ''proestrus" (Fig. 28).

The· administration of the

antiprogestin compound, RU486, at 1000 h re~ted in an attenuation of ~e LH surge by
63.4% (p<0.01) (Fig. 28).

Figure 26. The regulatory actions ofprogesterone on the GAD67 protein. Immature
female rats were ovariectomized at 26 days of age; followed by injection of 2 µg
estradiol at 1700 hon days 27 and 28 of age. On day 29, the animals received either
vehicle or progesteone (1 mg/kg) at 0900 h and were sacrificed at various timepoints.
Depicted is a representiative western blot of POA protein extracts from each treatment
group (n=4).

Estrogen-Progesterone treatment resulted in a visible decrease in

iluminescence for the GAD67 protein when compared -to estrogen-treated animals.
Ruminescence for the NSE protein(control) remained constant with both treatments.
This data is shown graphically in figure 2 7.
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Figure 27. Effects of progesterone on GAD67 protein levels in the POA.

Image

analysis of the western bot shown in Fig. 26 to include additional time points (1000 h
and 1200 h). NSE levels were used to control for internal variations. Progesterone
treatment resulted in a 47% reduction in GAD67 protein levels when compared to the
estrogen-treated group at 1400 h. n=4. a=P<0. 05 vs 1400 h E2 only.
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. Figure 28. LH levels in cycling female rats during various stages of the estrous cycle.
One gro~p of ''proestrus" animals co"esponding to each nme point was administered
RU 486 (0.4 mg, i.p. in 0.2 ml ethylene glycol) at 1000 h. Each group consisted offour
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B. GAD65 and 67 mRNA Levels in the POA during the Estrous Cycle and
during Blockage of the Proestrus LH Surge by RU486
Verification of the specificity of the probes by northern blot analysis was
conducted previously and demonstrated single bands corresponding to the size of 5. 7 and
3. 7 kb, respectively (Fig. 6). Dot blot analysis was carried out, after standardizing the
hybridization conditions, with POA and MBH fragments from animals at various time
points in the metestrus and protestrus stage of the estrous cycle. In the POA, GAD65
rnRNA levels were reduced at 1200 hand 1400 h (34.8% and 38.1%, p<0.05) during
proestrus as compared to 1200 h metestrus (Fig. 29).

This was prevented by the

administration ofRU486 (400 µg) at 1000 h (Fig. 29). GAD65 rnRNA leyels in the POA
showed a tendency to increase during proestrus at 1800 h when compared to proestrus at
1200 h and 1400 h (38.2% and 41.4%) (Fig. 29).

While there were no differences

between GAD67 mRNA levels in the POA at 1200 h metestrus, 1200 h proestrus, or 1400
h proestrus, the administration of RU486 resulted iri a significant increase of GAD67
mRNA levels at both of these time points (29 .1 % & 22.4% vs 1200 h metestrus & 1200 h
proestrus respectively; 22.6% vs 1400 h proestrus; p<0.05)(Fig. 30).

As seen with

GAD65 mRNA levels, GAD67 rnRNA levels in the POA also increased during proestrus
at 1800 h wh~n compared to proestrus at 1200 hand 1400 h (41.% & 30.1%; p<0.05)
(Fig. 30).

Figure 29. Progesterone regulation of GAD65 mRNA levels in the POA during the
estrous cycle. Dot blot analysis of total RNA· extracts from animals described in Fig.
28. GAD65 mRNA levels were significantly reduced during proestrus at 1200 h and
1400 h when compared· to 1200 h metestrus. This reduction was prevented by the
administration of RU486.
co"esponding RU486.

n=4.

a

P<0.05 vs 1200 h Metestrus;

b

P<0.05 vs
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Figure 30. Progesterone regulation of GAD67 mRNA levels in the POA during the
estrous cycle. Dot blot analysis of total RNA extracts from animals described in Fig.
. 28. RU486 resulted in an increase in GAD67 mRNA levels at: 1200· h and 1400 h when
compared to the co"esponding proestrus group. During proestrus at 1800 h, GAD67
mRNA levels increased significantly when compared to 1200 h proestrus. a=P<0.05 vs
co"esponding Proestrus; b=P<0.05 vs 1200 h Proestrus.
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C. GAD65 mRNA and GAD67 mRNA and Protein Levels in the MBH
during the Estrous-Cycle and during Blockage of the LH Surge by RU486
In the l\.1BH, GAD65 mRNA levels were reduced during proestrus at 1200
hand 1400 h (30.8% and 32.6%; p<0.01) versus 1200 h metestrus (Fig. 31). RU486 was
able to attenuate the suppression at 1400 h (Fig. 31 ). GAD67 mRNA levels in the MBH
· were reduced at 1400, 1600, and 1800 hrs (36.9%, 26.4%, & 40.7% vs 1200 h metestrus;
p<0.05)(Fig. 32). In all cases, the suppression was prevented by the administration of
RU486 (Fig. 32)). Corresponding western blot analysis demonstrated that at 1600 h (start
of the LH surge) and at 1800 h (peak of the LH surge),. GAD67 protein levels in the
l\.1BH were also reduced (34.3% & 40.7% vs 1400 h proestrus; p<0.05)(Fig. 33). RU486
was able to abolish this suppression at both time points as well (Fig. 33). Interestingly, at
1400 h RU486 reduced GAD67 protein levels by 24% (p<0.05) when compared to 1400 h
proestrus (Fig. 33).

V. Measurement of Glutamate Transporter (GLT-1} mRNA Levels in the
Hypothalamus during the LH Surge

A. Glutamate Transporter (GLT-i} mRNA Levels in the MBH and POA
during the Progesterone-Induced LH Surge
Northern blots of.RNA extracted from the whole rat hypothalamus probed
3
with 1>-labeled GLT-1 cDNA yielded a single band corresponding to the size of 11 kb
which is in agreement with published reports (Fig. 34) (108).

After standardizing the

Figure 31. Progesterone regulation of GAD65 mRNA levels in the MBH during the
estrous cycle. Dot blot analysis of total RNA extracts from animals described in Fig.
28. GAD65 mRNA levels were significantly reduced during proestrus at 1200 hand
1400 h (30.8% and 32.6%) when compared to 1200 h metestrus. This reduction was
attenuated at 1400 h by RU486. n=4. a=P<0.05 vs 1200 h Metestrus; b=P<0.05 vs
1400 h Proestrus.
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Figure 32. Progesterone regulation of GAD67 mRNA levels in the MBH during the
eS'lrous cycle. Dot blot analysis of total RNA extracts from animals described in Fig.
28. GAD67 mRNA levels were reduced at 1400, 1600, and 1800 hrs (36.9%, 26._4%,
and 40. 7%) when compared to 1200 h metestrus. In all cases, the suppression was
prevented by the administration of RU486.
b=P<0. 05 vs co"esponding Proestrus.

n=4.

a=P<0. 05 vs 1200 h Metestrus;
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Figure 33. Progesterone regulation of GAD67 protein levels in the MBH during the
estrous cycle. Image analysis of western blot from MBH protein extracts. GAD67
protein levels were reduced at 1600 hand 1800 h (34.3% and 40. 7%) during proestrus
when compared to levels at 1400 h proestrus. RU486 abolishet!, the suppression. at both
time points.

n=4.

a=P<0. 05 vs co"esponding Proestrus; b=P<0. 05 vs· 1400 h

Proestrus and 1800 h Metestrus.
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Figure 34. Verification ofprobe and message sir.e by northern analysis. Northern blots of
RNA extracted from the _whole rat. hypothalamus and cerebral cortex probed with
labeled GLT-1 cDNA (glutamate transporter).
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hybridization conditions, dot-blot analysis was carried out with POA and MBH :fragments
from vehicle-treated, estrogen-treated and estrogen-progesterone-treated rats at. various
time points. These· studies were conducted using the same dot-blots 'described in Section I
which were stripped of the hybridized cDNA probe that was previously used. Serum LH
values depicting the progesterone-induced LH surge are shown in figure 5.

In the MBH there were no. statistical differences· in GLT-1 mRNA levels between
.

'

the different treatment groups due to sample variations. However, a general pattern was
evident whereby progesterone administered to estrogen primed rats resulted in an increase
in GLT-1 mRNA levels when compared to estrogen-treated animals at 1000 h, 1200 h,
and 1400 h (Fig. 35) At 1000 h-.and 1400 h this increase was also apparent when
compared to ovariectomized controls (Fig. 35). In the POA a similar pattern developed,
but in this case statistical analysis revealed that at 1000 h progesterone treatment resulted
in a 37.4% (p<0.05) increase in GLT-1 mRNA levels when compared to ovariectomized
controls and a 27.4% (p<0.05) increase when compared to estrogen-treated animals (Fig.

36) This general obseivation was also· seen at 1200 h and 1400 h although not statistically
significant. At 1600 h progesterone treatment resulted in an increase in POA GLT-1
mRNA levels by 20. 7% (p<0.05) and 27.4% (p<0.05) when compared to ovariectomized
and estrogen-treated animals respectively (Fig. 36).

Figure 35.

Effects of steroid replacement on GLT-1 ·mRNA levels in the MBH of

ovariectomized immature rats. Immature femtde rats were ovariectomized at 26 days of
age, followed by injection of2 µg estradiol at 1700 h on days 27 and 28 of age. On day 29,
the animals received either vehicle or progesterone (1 mg/kg) at 0900 h and were sacrificed
at various timepoints for RNA extractions and serum LH measurements. Two MBH tissue
blocks were pooled from two animals and homogenized together. Six animals were used
per treatment and timepoint resulting in three samples per treatment and timepoint
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Figure 36.

Effects of steroid replacement on GLT-1 mRNA levels in the POA of

ovariectomized immature rats. The model is the same as described in figure 35. .Estrogenprogesterone treatment resulted in a significant increase in GLT-1 mRNA levels at 1000 h
and 1600 h when compared to con-esponding veh~cle and estrogen-treated groups. n=3
*p<0. 05 vs 1000 h and 1600 h VEH and E2.
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B. GLT-1 mRNA Levels in the POA and MBH during the Estrous Cycle
and during Blockage of the Proestrus LH Surge by RU486.

In order to determine the physiological importance of changes in GLT-1
mRNA levels and whether progesterone receptor mediated events occurred, GL T-1
· mRNA levels were measured during various stages of the estrous cycle in the adult rat.
These studies were conducted using the same dot-blots described in Section IV. Serum
LH values which verified that the proestrus LH surge had occurred at 1800 h in those
animals id_entified as. "proestrus" are shown in figure 37. . This figure also includes LH
values for estrous animals which were analyzed for MBH GLT-1 mRNA le~els in this
study. As stated previously, the administration of the antiprogestin compound, RU486, at
1000 h resulted in an attenuation of the LH surge by 63.4% (p<0.01) (Fig. 37).
In the POA, GLT.-1 mRNA levels were significantly reduced at 1200 h, 1400 h,
1600 h, and 1800 h (70.1%, 56.1 %, ·65.9%, and 62.3% respectively; p<0.01) during
proestrus when compared to 1200 h metestrus ·(Fig. 38). In all cases the reduction was
attenuated by the administration ofRU486 (400 µg) at 1000 h (Fig. 38). At 1600 h (start
of the proestrus LH surge) RU486 compl~tely blocked the reduction of GLT-1 mRNA
levels in the POA during proestrus _as there was no statistical difference between 1200 h
metestrus and 1600 h RU486.
In the MBH, there was a 2.1 fold increase (p<0.05) in GLT-1 mRNA lev~ls at
1200 h during proestrus when compared to 1200 h metestrus while there was a marked
6.7 fold increase (p<0.01) during 1200 h estrus when compared to 1200 h metestrus
animals (Fig. 39). At 1400 hand 1600 h GLT-1 mRNA levels in the MBH demonstrated

Figure 3 7. LH levels in cycling female rats during various stages of the estrous cycle.
One group of ''proestrus" animals co"esponding to· each time point was administered
RU 486 (0.4 mg, i.p. ~n 0.2 ml ethylene glycol) at 1000 h. Each group consisted offour
animals (n=4).
-

a

. ·
·
·
b
P<0.05 vs 1200 h Metestrus & P,-oestrus and _1400 h Pl-oestrus;.

P<0. 05 vs 1600 h Pl-oestrus;

C

P<0. 05 vs 1800 h Pl-oestrus.
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Figure 38. Progesterone regulation of GLT-1 mRNA levels in the POA during the
.· estrous cycle. Dot blot analysis of total RNA extracts from animals described in Fig.
37. GLT-1 mRNA levels were significantly reduced at 1200, 1400, 1600, and 1800 hrs.
during proestrus when compared to 1200 h metestrus. In all cases the reduction was
attenuated by the administration of RU486. n=4. a=P<0. 05 vs 1200 h Metestrus,~
b=P<0.05 vs co"esponding RU486.
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Figure 39. Progesterone regulation of GLT-1 mRNA levels in the MBH during the
estrous cycle.
Fig.37. n=4.
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a 5.7 and 4.8 fold increase (p<0.05) respectively when compared to 1200 h metestrus
(Fig. 39). In both cases this increase was prevented by the administration ofRU486 (Fig.
39). By 1800 h, GLT-1 mRNA levels had returned to those levels found at the 1200 h
proestrus time point while estrous animals sacrificed at 1800 h continued to display
.

.

elevated GLT-1 inRNA levels _in the MBH (3.2 fold increase over 1800 h proestrus;
p<0.05~ (Fig.39).

DISCUSSION

L Progesterone Suppression of GAD67 m.RNA Levels in the Preoptic Area: .
Correlation with the Luteinizing Hormone Surge

The regulation of the preovulatory surge of LH by steroids is complex and
involves the integrative interaction of estradiol and progesterone secretion (44,45,62). ·
Estradiol is considered to be the primary trigger for the preovulatoty LH surge. However,
progesterone seems to be essential for manifesting the full magnitude ·and duration of the
LH surge (44,45,58,60,62). The physiological role of progesterone in modulating the
preovulatory LH surge has been demonstrated in the rat by the attenuation of the
, preovulatory LH surge by the progesterone antagonist RU486 and 3(3-hydroxy steroid
dehydrogenase inhibitors, trilostane (44,62,143) and epostane (61), and in the monkey arid
the human by the use of RU486 (63,64). In addition, in the proestrous rat it has been
shown ·that adrenal vein concentrations of progesterone, as well as peripheral serum
progesterone levels, rise significa11.tly two to four hours prior to the initiation of the LH
surge (44,69,70). The importance ofadrenatprogesterone is suggested by adrenalectomy
which has been shown to have varied effects on reproductive :function, resulting in delayed
puberty in young animals and irregular cyclicity in adults (71,72).

It has also been

established that serum progesterone levels rise significantly 12 hours prior to the onset of
the preoyu!atory LH surge in the human (73,74) and 6 hours prior to the preovulatory LH
surge in the rhesus monkey (75).
81
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The failure, to date, to demonstrate estrogen and progesterone receptors in LHRH
neurons (19,20) has led to an extensive examination of other neurotransmitters that may
be regulated by steroids and in tum regulate the LHRH neuron.

Work from several

laboratories, including our own, has shown that an elevation of the excitatory
neurotransmitter glutamate and a decrease of the inhibitory neurotransmitter GABA in the
preoptic area appears to be a requirement for induction of the LH surge by steroids (2, 1618). Therefore, the purp<?se of this 1nitial study was to determine whether the mechanism
of an increase in glutamate and decrease in GABA during the steroid-induced LH surge
was via the regulation by steroids of the rate-limiting enzyme glutamic acid decarboxylase
(GAD) which converts glutamate to· GAaA.
The synthesis of GABA and glutamate are -two processes which are highly
regulated in the brain. The glutamic acid decarboxylase · enzyme adds another level of
complexity to this situation in that it has several sites of possible regulation as well. It has
been concluded that the two forms of GAD, GAD65 and GAD67' are the products of two
'

'

'

different genes and differ both in structural and functional characteristics (25,26). GAD65
is located mostly in the nerve terminals and appears to. represent 80% of the apoGAD
(inactive) in vivo and requires a cofactor, pyridoxal-5'phosphate Q?LP), for activation
(26,27,29). The current belief is that GAD67 is more tonically active and is thought to
synthesize GABA for non-vesicular release and/or metabolic purposes ,while GAD65 is
thought to supply the- pool of GABA for vesicular release and is activated in response to
increased demand (24,~8,29). However, further investigation is required to support this
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theory. Therefore, tµe possible regulation of either of these two forms of GAD should be
, analyzed in terms of their distinct fu~ctional characteristics as well.
The initial. study conducted in this research. demonstrates that the administration of
a single . injection · of progesterone to ovariectomized estrogen-primed immature rats
suppresses GAD67 mRNA levels in the POA, the site of LHRH cell bodies, but not the
.

.

.

',

.

',

.

~H at .a time ·iminediately precedJng ( 1200 h) and during the LH surge ( 1400 h)
suggesting a possible mechanism for stimulation of LHRH neurons through regulation of
the glutamate-GABA system. This decrease in GAD67 mRNA appears to be functionally
important because it correlated with progesterone induced changes in LH secretion. Also
of considerable interest was the fact that these changes occurred in the mRNA for the
predominantly active from of the GAD enzyme (GAD67) and not in the relatively inactive
form (GAD65).
Considering the discrepancies reported in the literature between GAD mRNA
changes and GAD protein levels (36,38), western blot analysis was conducted to
determine if the reduction in GAD67 mRNA levels in the POA by progesterone
represented a corresponding reduction in protein levels. This study demonstrated that the
administration of a single injection of progesterone also suppresses GAD67 protein levels
in the POA at 1400 h but not 1200 h when compared to estrogen treated controls. This is
,.

in agreement with our previous findings in that during the peak of the progesterone
induced LH surge (1400 h) both the mRNA and protein levels for GAD67, the
predominately active form of the enzyme, are significantly suppressed in the POA. The
fact that no changes in GAD67 protein levels were demonstrated at earlier time points
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indtcates a tim·e delay exists between mRNA changes and corresponding protein changes.
This time delay may account for some of the discrepancies reported in the literature
concerning changes in GAD mRNA levels and corresponding changes in protein levels.
In order to determine the specificity of progesterone action in these studies, a
progesterone receptor antagonist was utilized to block the progesterone-induced LH
surge. Two progesterone receptor antagonists were available for this purpose, RU486
(mifepristone) and ZK98.299 (onapristone).

As shown in figure 40, both of these

compounds have a p-dimethylaminophenyl group at the 11 f3-position.

However,

ZK98.299 has a configurational inversion at positions C-13 and C-17 (f3 to a.) in addition
to a 3-hydroxypropyl chain at the C-17f3 position. As a result, these two compounds have
distinct molecular ·and biological actions.

RU486 promotes dimerization of the

progesterone receptor and subsequent binding to deoxyribonucleic acid but does not
activate transcription (144), whereas onapristone does not promote the formation of stable
receptor dimers and is thought to impair the binding of the progesterone receptor
complexes to progesterone-responsive elements in the regulatory region of the gene (145).
Onapristone is considered to be a pure progesterone receptor antagonist because it has
reduced antiglucocorticoid activity (144) while RU486 is known to bind to glucocorticoid
receptors and prevents the action of the receptor-ligand complex on DNA transcription
(146). The antiglucocorticoid activity ofRU486 has in fact been used for the treatment of
patients with. Cushing's disease (147).

To analyze t~e effectiveness of these two

compounds in blocking the progesterone-induced LH surge, a comparative dose response
study was conducted.

The results demonstrated that onapristone (ZK98.299) has a

Mifepristone (RU486)

Onapristone (ZK98.299)
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stimulatory component which was apparent when · administered to ovariectomized
estrogen-primed animals. The antagonistic properties of onapristone could not overcome
this stimulatory component as- evident by the fact that increasing doses of onapristone
administered to estrogen-progesterone treated animals did not suppress LH secretion
beyond the stimulatory levels. This was somewhat surprising considering the reported
molecular mechanism of action of onapristone which is thought to disrupt receptor binding
to DNA.

However, recent in vivo evidence has been presented against the action

(inhibition of dimer formation) of ZK98.299 and suggests that RU486 and ZK98.299
(onapristone) have the same effects on receptor activation, dimerization, and binding to
hormone responsive elements (HRE) (both compounds bind to HREs) (148). The data
presented here seems to support this finding indirectly as RU486 has also been reported to
\

have a stimulatory component (149,150). Nevertheless, RU486 was chosen for use as the
progesterone receptor antagonist in our studies because of its superior action in blocking
the progesterone-induced LH surge.
The use of RU486 demonstrated that the effect of progesterone on GAD67 mRNA
was specific because it was blocked by administration of the progesterone receptor
antagonist one hour prior to progesterone. The physiological importance of the decrease
in GAD activity and a decrease in GAD67 mRNA levels in the preoptic .area is further
supported by the work of Munaro et al. ( 151) and Herbison et al. (3 5) who found similar
reductions in GAD activity and GAD67 mRNA levels respectively at 1500h on the day of
proestrus in the cycling rat. These authors, however, did not investigate the mechanism
involved in these changes. In agreement with our findings, Leigh et al. (3 6) also reported
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that progesterone suppressed GAD mRNA in the POA although they did not identify the
GAD transcript.•• that
was
_r~ciuced
·(GAD67
or GAD65} and only a single time point was
I
•
.
'.
.
examined. This study extended their initial findings by demonstrating the specific GAO
transcript in the POA regulated by progesterone (GAD67}, establishing the temporal
• pattern of the reduction, and demonstrating the specificity of the effect through the use of
the antiprogestin, RU486. It should be pointed out that Weiland failed to demonstrate a
decrease in GAD67 mRNA in the POA after estrogen-prQgesterone treatment (34).
However, only a single time point was examined in the study, and therefore a reduction
)

could have occurred earlier or lf1.ter than the time examined.

When one reviews the

literature concerning estrogen and progesterone effects on GAD activity in the
hypothalamus, conflicting reports are present varying from no effect (36), to inhibition
(93,151,152} to stimulation (39) of observed GAD activity. These discrepancies may be
due to different animal models, different doses and durations of steroid treatment, and to
different temporal points examined in the various studies. However, when one examines
the levels of glutamate and GABA in the POA, the literature consistently ·demonstrates
that an increase in glutamate and a lowering of GABA levels occur in the POA both
preceding and at the time of the LH surge induced by steroids (2, 16-18). GAD activity
levels in the POA have also been shown to be decreased at 1500 h on proestrus, in the
cycling rat (151), a time_ wh~n GAD mRNA levels in the POA are also suppressed (35).
Suppression of hypothalamic GABA levels is a necessary prerequisite for production of
the ~H surge as re~nstatement of GABA levels by exogenous GABA administration
·. prevents the proestrus LH surge as weJl as the steroid-induced LH·surge (14,140). This
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study showed similar functional correlations with respect to progesterone induced changes
in GAD67 and serum LH levels, as suppression of POA GAD67 mRNA and protein levels
by progesterone accompanied progesterone-induced LH release, while conversely
blockade of progesterone action with RU486 'resulted in reinstatement of POA GAD67
mRNA levels and a concomitant block of the LH surge.

TI. Hypothalamic GAD mRNA and Protein Levels During the Ovulatory Cycle:
Central Role in LH Surge Expression and Regulation by Progesterone

While

the

previous

studies

demonstrated

that

exogenous

progesterone

administration in ovariectomized estrogen-primed rats could suppress GAD67 mRNA and
protein levels in the POA on the afternoon of the LH surge, they did not address whether
endogenous progesterone actually exerts such suppression during the afternoon of the
preovulatory LH surge in the intact cycling rat. To address this issue, GAD mRNA and
protein levels in the POA and l\IBH were examined during each day of the cycle, as well
as after the administration of RU486 at 1000 h on the morning of proestrus. In addition,
serum LH levels were also· measured to correlate any possible changes in GAD mRNA
and/or protein levels in the POA and l\IBH to LH secretion from the pituitary.

The

proestrus LH surge·in the cycling animals was fou~d to begin at 1600 h with peak values
at 1800 h, a finding in agreement with other reports (70,153,154) .. The administration of
RU486 at 1000 h on the morning of proestrus prevented the expression of the 'LH surge.
In the POA, GAD65 mRNA levels were significantly reduced at 1200 hand 1400 h as.
compared to the levels during metestrus.

This decrease was counteracted by . the
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administration of the antiprogestin RU486.

Considering our initial findings which

demonstrates a time-delay between rnRNA changes and corresponding protein changes, a
reduction,ofGAD65 rnRNA in the POA at 1200 hand 1400 h could conceivably represent
I

a reduction of protein levels at. later time points which would correlate with the LH surge.
To date, this is the first known report of changes in GAD65 rnRNA levels.
Although GAD67 rnRNA levels during proestrus were comparable at 1200 hand
1400 h to levels found on metestrus at 1200 h, it is significant to note that RU486
increased GAD<57 mRNA levels at both time points. It is also apparent that during
proestrus a gradual increase in GAD67 rnRNA levels in the POA occurs across all time
points culminating· with a significant increase at 1800 h when compared to proestrus at
1200 h. · . While progesterone is known to enhance the LH surge on the day of
· administration, it also limits the LH surge to one day when given to estrogen-primed
ovariectomized rats (67). The increase in GAD67 rnRNA levels in the POA at 1800 h
may represent a possible mechanism for this limiting action of progesterone. Although the
administration ofRU486 did not result in any differences in GAD67 mRNA levels at 1800
h when compared to the proestrus group at 1800 h, it is possible that the suppressive
action of progesterone which maintains lower GAD67 mRNA levels at 1200 hand 1400 h
in the POA when compared to RU486 has been lifted resulting in little or no progesterone
action to antagonize. Along these lines, the increase in GAD67 mRNA levels in the POA
at 1200 h and 1400 h as a result in RU486 administration could result in an increase in
GABA levels. GAD-containing axons have been shown to synapse with LHRH neurons in
the rat medial preoptic area (23) and are also thought to exert a tonic presynaptic
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inhibitory effect on stimulatory noradrenergic input onto LHRH neurons in this same area
(95). There~ore, an increase in GAD67 rnRNA levels, the tonically active form of GAD,
due to the administration of RU486, which inhibits the LH surge, seems to be a plausible
event.
Dramatic -chang~s in GAD mRNA levels as a .result of progesterone action
occurred in the l\IBH, the site of LHRH neuronal terminals. Both forms of GAD mRNA.
(65 & 67) were significantly suppressed when compared to the metestrus group.

It

appears that endogeno:Us proge,sterone action seems to be .predominately directed toward
GAD67, as demonstrated by the suppression of GAD67 mRNA levels during three distinct
time points (1400, 1600, & 1800 hrs.), all of which are correlated with the LH surge. In
addition, the specificity of progesterone action was demonstrated by the ability of RU486
to block this suppression in all cases. Finally, western blot studies showed that GAD67
protein levels were also suppressed in the l\IBH of the proestrus rat at 1600 h and 1800 h
( i.e. at the start and during the peak of the LH surge) and this suppression was reversed
by RU486.

The suppression of GAD67 protein levels at 1400 h by RU486 is not

inconsistent with earlier reports ofRU486 acting as a progesterone agonist in the presence
of very low or absent levels of progesterone and as an antagonist when larger quantities of
progesterone are present (149,150). In support of these studies, Herbison et. al. and
Mun~ro et al. (35,151) also reported a decrease in hypothalamic GAD67 mRNA levels
and GAD activity levels, respectively at proestrus in the cycling rat,. although their studies
did not address the mechanism behind the suppression.
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It is apparent that the two different· models used in these studies show distinct
differences in their regulation of the GAD enzyme by progesterone.

The immature

ovariectomized estrogen-primed rat given a single injection of progesterone displayed
suppression of GAD67 mRNA and protein levels which occurred specifically in the POA,
while the adult cycling animal displayed this suppression in both the POA and N.IBH with
the more dramatic changes occurring predominately in the N.IBH.

Considering the

significant differences in the neuronal development, dynamics, and exposure time to
progesterone between these two models, a difference in the regulatory action of
progest~rone is conceivable. In addition, one must consider that neurotransmitter action
directed toward regulation of LHRH synthesis would occur in the POA, the site of the
LHRH cell bodies. Conversely, neurotransmitter action directed· toward regulation of
LHRH release would occur in the N.IBH, the site ofLHRH neuronal terminals.

ill. Regulation of GLT.:.1 Transporter mRNA Levels in the Hypothalamus during

the Estrous Cycle and the Proestrus LH Surge

As stated previously, glutamate is the predominant excitatory neurotransmitter of
the mammalian central nervous system. After an episode of excitatory neurotransmission,
high affinity glutamate transp9~ers are thought to terminate the postsynaptic action of
glutamate by removing it from the synaptic cleft. This termination mechanism is important •
because synapses d~ not contain an enzyme which can degrade the released glutamate
(155). Neuronal transporters located in the pre- or postsynaptic membranes are thought
to directly remove glutamate from the synaptic cleft while transporters located in the
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plasma membrane of glial cells maintain the extracellular glutamate concentration at
approximately_ 1 µM and establish a diffusion ·gradient which favors the movement of
glutamate out of the synaptic cleft. This· gradient is thought to seive in a neuroprotective
role by preventing the accumulation of toxic levels of glutamate which can cause damage
)

to neurons ( 156).

A direct link between glutamate transporter defects and

neurodegeneration due to toxic levels of glutamate has be~n demonstrated ( 157).
Studies using an antibody against the glutamate transporter designated as GLT-1
revealed that this transporter is expressed specifically in glial cells throughout the brain
(111,112). Thus GLT-1 appears to be important for maintaining extracelluar glutamate
below toxic levels.

This has further been confirmed by studies where antisense

oligonucleotides directed against the glial transporters GLT-1 and GLAST resulted in
neuronal cell death, while antisense oligonucleotides directed toward the neuronal
glutamate transporter EAACl did not have a significant effect (158).

In addition to

preventing neurotoxicity, as shown in figure 3, astrocytes convert_ glutamate into
glutamine and a.-ketoglutarate which can then be recycled to replenish either glutamate or
GABA neurotransmitter pools.
Thus far the data presented has demonstrated that progesterone appears to
suppress GAD mRNA and protein levels in both the MBH and POA resulting in higher
glutamate levels and lower GABA levels which facilitates .the expression of the
progesterone-induced LH surge as well as the physiological proestrus LH surge. This is
supported by studies in our lab and others which have demonstrated that glutamate levels
are elevated in the preoptic area preceding and during the time of the LH surge induced by
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estradiol and progesterone in adult ovariectomized rats (16, 17) and prior to and during the
preovulatory LH surge in the ewe (18). Steroid hormone receptors and steroid action has
been demonstrated in primary cultures of rat glial cells (159). Therefore, the possibility of
changes in GLT-1 (the glial form of the glutamate transporters) mRNA levels which
. would act in a protective manner to remove released glutamate from the synaptic cleft was
investigated in both ovariectomized estrogen-primed immature rats given a single injection
of progesterone to induce an LH surge and adult cycling animals which expressed the
natural proestrus LH surge.
Although not· statistically significant, GLT-1 mRNA levels m the MBH of
estrogen-primed ovariectomized animals showed a tendency to increase at 1000 h and
1400 h as a result of progesterone treatment when compared to both vehicle and estrogentreated animals. This same pattern was evident in GLT-1 mRNA levels in the POA during
all time points with 1000 h and 1600 h being statistically significant. In support of this,
previous work done in our lab demonstrated that the release of glutamate from the POA
increased significantly at 1530 h and 1600 h with an LH peak occurring at 1700 h (17).
Shortly after the administration of progesterone, there was a four fold increase in
glutamate release from the POA at 1200 h. This was however, not significant due to high
variability at this time point (17). NMDA glutamate receptor levels, do not appear to be
regulated by estrogen and progesterone. The increase in glutamate at the time of puberty
and at the time of the preovulatory LH surge has been shown by other investigators as
well (16,18). . In addition, NMDA and non-NMDA antagonists can_ block the
progesterone-induced LH surge providing further evidence that an increase in glutamate
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secretion mediates increased LH secretio·n.

Earlier wqrk has established that in the

ovariectomized immature estrogen-primed rat, the administration of progesterone brings
about a rapid release of LH within 3 0 minutes of progesterone administration, followed by
a surge ofLH in the early afternoon (133) .. Based on the e".7idence of the involvement of
glutamate in LH release, the two time periods of GLT-1 mRNA increase, namely at 100{)
h and 1600 h, coincide with the times when glutamate should be elevated in order to
stimulate the LHRH neuron. Taken as a ·whole these results indicate that in addition to
increasing glutamate levels which stimulate LHRH neurons, progesterone may also act to
prevent neuronal damage by increasing the glial glutamate transporter which serves to
remove glutamate from the synaptic cleft and prevent accumulation to toxic levels.
To further investigate these initial findings, GLT-1 mRNA levels were measured in
the MBH and POA at various times during the ovulatory cycle and during blockage of the
proestrus LH surge by RU486. In contrast to the OVX immature animal model, GLT-1
rnRNA levels in the POA of the adult cycling animal were reduced during proestrus at all
time points (1200 h, 1400 h, 1600 h, and 1800 h) when compared to 1200 h metestrus.
_ This reduction was attenuated by RU486 at 1200 h, 1400 h , and 1800 ·h and abolished at
1600 h. Conversely, in the MBH GLT-1 mRNA levels showed dramatic increases at 1200
h and 1800 h · in estrus animals and at 1400 h and 1600 h in proestrus animals.

The

increase in GLT-1 mRNA levels in the MBH during estrus may be due to an increase in
glutamate levels which along with progesterone has been implicated in facilitating. sexual
receptivity (160-162).
I

During proestrus, the administration of RU486 prevented the
.

,

increase in GLT-1 mRNA levels in the MBH while blocking the LH surge. These results
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to indicate that progesterone has opposing effects on GLT-1 mRNA levels in the POA
verses the l\.IBH during proestrus in the adult cycling rat. This is consistent with the
previous data involving the adult cycling rat where progesterone action during proestrus
seemed to be directed primarily toward GAD mRNA levels in the l\.IBH instead of the
POA. The obvious question is: Why does progesterone down regulate ·GLT-1 mRNA
levels in the POA during a time when glutamate neurotransmission has been shown to
increase? This is a difficult question to answer. From a functional standpoint; however,
down-regulation of GLT-1 mRNA would seemingly result in increased or prolonged
glutamate levels in the synaptic cleft.

Thus for the appropriate glutamate levels, less

suppression of GAD activity may be required in the POA as compared to the l\.IBH. This
is indeed what occurs in the adult cycli,lg rat. Studies have been conducted which showed
that glutamate uptake inhibition caused by glial cell depolarization results· in prolongation
ofNMDA receptor-mediated responses (163). One could speculate that during proestrus
progesterone regulates GLT-1 levels in the POA in a manner that promotes glutamate
neurotransmission, while i~ t~e ~H other factors promote glutamate neurotransmission
and GLT-1 levels are regulated in a manner which would increase uptake and prevent
neuronal damage. Functional differences between the l\.IBH and POA in regulating the
LH surge would be expected considering that the cell bodies of the LHRH neuron are
located in the P_OA while the terminals are located in the l\.IBH. In addition, glial cells
appear to play more of an active role in interacting with LHRH neurons in the l\.IBH as
opposed to _the POA.

This- is demonstrated by reports indicating a certain degree of

ensheathment of LHRH terminals by glial ·cells which appears to be reduced during
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proestrus allowing for expression of the LHRH surge (164,165). In addition, glial cells in
the median eminence have been reported to release first transforming growth factor-a. and
then prostaglandin E2 which then acts on the LHRH terminals (166). It is also interesting
to note that the activation of steroid-mediated transcription by a variety of growth factors
such as EGF and IGF-1 has been reported, although the significance of these alt~rnative
pathways has not been established (167,168). This data is of considerable interest in that
this is the first report of the steroid regulation of glutamate transporters which are known
to be deficient in certain neurological disorders. Nevertheless, further work is required to
elucidate the functional significance of progesterone's ability to down-regulate GLT-1
niRNA levels.in the POA and the role of other glutamate and GABA transporters during
the proestrus LH surge.

SUMMARY

In ovariectomized immature estrogen-primed animals given a single injection of
progesterone to produce a preovulatory-type LH surge, GAD67 mRNA levels were found.
to be significantly reduced at 1200, h (preceding the LH surge) in the POA.

In a

subsequent experiment, GAD67 mRNA levels in the POA were again found to be
significantly reduced at 1200 h and were also found to be reduced at 1400 h (during the
LH surge). The administration of the progesterone receptor antagonist RU486 one hour
prior to progesterone administration prevented this reduction indicating that this was a
progesterone receptor mediated event. This decrease in GAD67 mRNA appears to be
functionally important because it correlated with progesterone induced changes in LH
secretion. Also of considerable interest was the fact that these changes oc_curred in the
mRNA for the predominantly active from of the GAD ·enzyme (GAD67) and not in the
relatively inactive form (GAD65). Western blot analysis revealed that progesterone also
suppresses GAD67 protein levels in the POA at 1400 h but not 1200 h when compared to
estrogen treated controls demonstrating that during the peak of the progesterone induced
LH surge (1400· h) both the mRNA and protein levels for GAD67 are suppressed.
Therefore, these initial studies provide a potential mechanism to explain our previous
finding that progesterone elevates glutamate release from the POA preceding, and during
the time, it induces a surge ofLH (17). These results suggest that progesterone could

97

98

increase glutamate levels through ail inhibition of GAD synthesis in the POA and thereby
enhance LHRH release. This same mechanism is attractive as it would also reduce GABA
levels, thus relieving GABA' s inhibitory signal to LHRH neurons, which would aid in
producing a surge ofLHRH release and the resultant LH surge.
To determine the physiological relevance of our initial findings, studies were
conducted using adult cycling animals.

In the POA, GAD65 rnRNA levels were

significantly reduced at 1200 h and 1400 h as compared to the levels during metestrus.
This decrease was counteracted by_ the administration of the antiprogestin RU486.
Dramatic changes 'in GAD rnRNA levels as a result of progesterone action occurred in the
MBH, the site ofLHRH neuronal terminals. Both forms of GAD rnRNA (65 & 67) were
significantly suppressed when compared to the metestrus group. It appears evident that
endogenous progesterone action seems to be predominately directed toward GAD67; as
demonstrated by the suppression of GAD67 rnRNA levels during three distinct time points
(1400, 1600, & 1800 hrs.), all of which are correlated to the LH surge. In addition, the
specificity of progesterone action was demonstrated by the ability of RU486 to block this
suppression in all cases. Fin~lly, western blot studies showed that GAD67 protein levels
were also suppressed in the MBH of the proestrus rat at 1600 hand 1800 h ( i.e. at the
start and during the peak of the LH surge) and this suppression was reversed by RU486.
Based on this data utilizing RU486, the suggestion is made that endogenous· preovulatory
progesterone is the critical factor responsible for lowering GAD lev~ls in the
hypothalamus on proestrus afternoon.

It is further suggested that preovulatory

progesterone suppression of hypothalamic GAD levels on proestrus afternoon may be a
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critical mechanism for LHRH neuron activation via enhancement of excitatory glutamate
sig11aling and a concomitant reduction of inhibitory GABA signaling.
The glutamate-GABA system was further ·investigated by studying the possible
regulation of the GLT-1 glutamate transporter.

Although not statistically significant,

GLT-1 mRNA levels in the MBH of estrogen-primed ovariectomized animals showed a
tendency to increase at 1000 h and 1400 h as a result of progesterone treatment when
compared to both vehicle and estrogen only treated animals.

This same pattern was

evident in GLT-1 mRNA levels in the POA during all time points with 1000 hand 1600 h
being statistically significant.

These results indicate that in addition to increasing

glutamate levels which ..stimulate LHRH, neurons progesterone may also act to prevent
neuronal ·damage· by increasing the glial glutamate transporter which serves to remove
glutamate from the synaptic cleft and prevent accumulation of toxic levels.
To further investigate these initial findings; GLT-1 mRNA levels were measured in
the MBH and POA at various time points during the ovulatory cycle and during blockage
of the proestrus LH surge by RU486. In contrast to the OVX immature animal model,
'

'

GLT-1 mRNA levels in the POA of the adult cycling animal displayed a significant
reduction during proestrus at all time points (1200 h, 1400 h, 1600 h, and 1800 h) when
compared to 1200 h metestrus. This reduction was attenuated by RU486 at 1200 h, 1400
h, and 1800 h'and abolished at 1600 h. Conversely, in the MBH GLT-1 mRNA levels
showed dramatic increases at 1200 hand 1800 h in estrus animals and at 1400 hand 1600
h in proestrus animals. The increase in GLT-1 mRNA levels in proestrus animals was
prevented by the administration of RU486.

These results suggests that in the MBH
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endogenous progesterone acts in a manner to increase GLT -1 levels which would prevent
neurotoxicity during periods of elevated glutamate neurotransmission.

However,

opposing effects were demonstrated in the POA where down-regulation of GLT-1 mRNA
levels by progesterone occurred. The functional relevance of this is unclear and further
investigation will be required to address this issue.
Thus the results presented in this research provide new insights into the role of
progesterone in modulating the balance of excitatory glutamate neurotransmission · and
inhibitory GABA neurotransmission in the regulation of the LlI surge and subsequent
ovulation.
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ABBREVIATIONS

AAT
AMPA
ARC

BW
cAMP
cDNA

CNS

co

DEPC

EAA
EGF

GABA
GAD

GAT

GDH
GLAST
GLT-1
GLU
HRE
IGF
LH
LHRH

1v.lBH
l\1E

mRNA
NE
NMDA
NO
NPY
NSE

ovx
PCR
PLP
POA

PVDF

aspartate aminotransferase
a-amino-3-hydroxy-5-methyl-4-isoxazolepropioniq acid
arcuate nucleus
bodyweight
cyclic .adenosine-3 ', 5' -monophosphate
_complimentary deoxyribonucleic acid
' central nervous system
carbon monoxide
diethylpyrocarbonate ·
excitatory amino acid
epidermal growth factor
y-aminobutyric acid
glutamic acid decarboxylase
GABA transporter
glutamate dehydrogenase
glutamate/aspartate transporter
glutamate transporter
glutamate
hormone responsive element
insulinlike growth factor
luteinizing hormone
luteinizing hormone releasing hormone
medial basal hypothalamus
median eminance
messenger ribonucleic acid
norepinephrine
N-methyl-D, L-aspartic acid
nitric oxide
neuropeptide Y
neuron specific enolase
ovariectomized
polymerase chain reaction
pyridoxal-5' phospate
preoptic area
polyvinylidene fluoride
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Abbreviations (cont.)

RT-PCR
SDS
SDS-PAGE
SSC
SSPE
TCA

VEH
VIP
VMN

reverse transcription polymerase chain reaction
sodium dodecyl sulfate
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
saline sodium ·citrate ~ ,
saline sodium phosphate
tricarboxylic acid
vehicle treated
vasoactive intestinal peptide
·veritromedial nucleus

