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SMOLEN, A., T. N. SMOLEN AND P. C. HAN. Alterations in regional brain GABA concentration and turnover
during pregnancy. PHARMACOL BIOCHEM BEHAYV 44(1) 63-69, 1993. —During pregnancy, mice are more susceptible
to flurothyl-induced seizures than are nonpregnant control mice. The potential role of brain GABA in mediating this behavior
was examined in the present study. GABA concentrations in the cerebellum, hippocampus, striatum, midbrain, and cortex
from individual control, pregnant (days 17-18) and delivery-day Heterogeneous Stock mice were assayed using a fluorometric
method. Turnover of GABA was assessed by inhibiting metabolism with aminooxyacetic acid and measuring GABA accumu-
lation over the next 2 h. Steady-state GABA concentrations decreased significantly from control in all brain regions during
pregnancy. Reductions in GABA concentrations were approximately 25-30% in the affected regions. At parturition, GABA
concentrations in the cerebellum and cortex returned to control levels, but hippocampal, striatal, and midbrain GABA levels
remained significantly depressed. All the indices of GABA turnover—first-order rate constant, half-life, initial rate of
synthesis, and turnover rate (product of first-order rate constant and initial concentration)—showed a significant reduction
in pregnancy, which was continued through the time of delivery in all brain regions except the hippocampus. Half-life values
for GABA increased nearly fourfold in the cerebellum and cortex. These results show that there is a significant alteration in
GABAergic systems during pregnancy and parturition. We suggest that the reduction in GABA turnover is a compensatory
anticonvulsant mechanism to offset the inherent seizure susceptibility brought about by the reduced level of the major
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inhibitory neurotransmitter in the brain.
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DURING pregnancy, mice are more susceptible to flurothyl-
induced seizures than are nonpregnant controls (47,49,50).
The cause of this increased susceptibility to seizures remains
unknown, but we are studying the potential neurochemical
changes that occur in pregnancy in an effort to determine the
factors that modulate this behavioral change.

Our studies to date have concentrated on the indirect role
of vitamin B, in mediating the pregnancy-associated increase
in susceptibility to seizures. Normal pregnancy is associated
with decreased plasma and tissue levels of the coenzyme form
of vitamin By, pyridoxal 5’-phosphate (PLP) (5,14,23,30,45),
and it has been reported that the deficit is much greater in
certain pathologic pregnancies (5,23). Deficiency of PLP has
been shown to cause increased susceptibility to experimentally
induced seizures in mice (42) and spontaneous seizures in hu-
mans (36). We have also reported that an isozyme of aldehyde
dehydrogenase, »-aldehyde dehydrogenase (x-AIDH), is in-
duced in the liver cytosol of pregnant mice (48). x-AIDH has
broad substrate specificity and is capable of metabolizing a
wide variety of aliphatic and aromatic aldehydes, including
one form of vitamin Bg, pyridoxal (46,49). Although inactive

as a coenzyme, pyridoxal is a major transport form of vitamin
B¢ in blood (1,13). It occupies a pivotal role in vitamin B,
metabolism because it may be converted to the active coen-
zyme, PLP by phosphorylation (13,34), or oxidized to the
major excretory product 4-pyridoxic acid by aldehyde oxi-
dases and dehydrogenases (13,49,54).

The association between increased activity of x-AlDH, de-
creased vitamin B, nutritional status, and increased suscepti-
bility to seizures led us to investigate the possibility that neuro-
transmitter systems dependent upon vitamin B might be
altered during pregnancy. A number of neurotransmitters, in-
cluding norepinephrine, dopamine, serotonin, and GABA, re-
quire PLP-dependent enzymes for their synthesis and each
has been implicated in mediating seizure activity (19,43). In a
previous article, we reported that the concentration and turn-
over of brain norepinephrine were markedly depressed during
pregnancy in the mouse but concentration and turnover of
dopamine were not affected (51). Those data indicated that
the noradrenergic system was altered during pregnancy and
suggested that norepinephrine might be involved in the media-
tion of increased seizure susceptibility during pregnancy.

! Requests for reprints should be addressed to Dr. Andrew Smolen, Institute for Behavioral Genetics, Campus Box 447, University of

Colorado, Boulder, CO 80309-0447.
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In this paper, we report on our continued efforts to quan-
tify the neurochemical changes that occur in the brain during
normal pregnancy in the mouse. We found that pregnancy
caused significant reductions in the concentration and turn-
over of brain GABA. An abstract of these data has been
published (48).

METHOD

Animals

Animals used in this study were female Heterogeneous
Stock (HS) mice (33), 60-100 days old. Mice were maintained
on a 12 L : 12 D cycle (0700-1900 h) and allowed free access
to food (Wayne Lab Blox) and water. For all experiments,
controls were virgin females of the same age as experimental
animals. Day 1 of pregnancy was ascertained by the observa-
tion of a vaginal plug. Mated females were separated from
males (also HS) and housed in groups until the day they were
used for the experiment. Three groups of mice were used:
nonpregnant controls, pregnant (17-18 days), and day of de-
livery (usually day 20). These groups will be referred to as
control (C), pregnant (P), and delivery (D) in the remainder
of the text. All procedures used received prior review and
approval by the University of Colorado’s Institutional Animal
Care and Use Committee as being consistent with PHS poli-
cies on humane care and treatment of laboratory animals.

Measurement of Brain GABA Concentrations

Animals were killed by focused microwave irradiation. The
brain was removed, cooled, and dissected on ice into the cere-
bellum, hippocampus, striatum, midbrain (mostly thalamus),
and cortex. All dissections were performed between 1300 and
1600 h because our previous flurothyl seizure measurements
were also done during this time period (49). The tissue was
weighed to the nearest milligram and homogenized in 1.0 mi
ice-cold 0.5 M perchloric acid. Samples were stored at —70°C
until assayed.

For assay, the samples were thawed to 4° and centrifuged
for 10 min at 15,000 g to pellet the precipitated proteins.
Extracts of cortex were diluted 1:1 with buffer before pro-
ceeding. Fifty microliters of a solution composed of 3.7 M
KOH, 0.6 M KCl, and 0.6 M imidazole was added to 500 ul
of the resulting supernatant to precipitate the perchlorate
anjon as the potassium salt and adjust the pH to near neutral-
ity. Samples were centrifuged at 2,000 X g to remove the pre-
cipitate. One hundred microliters of the resulting supernatant
was used for analysis of GABA using a modification of the
fluorometric method described previously (15).

To 100 ul of the neutralized supernatant was added 25 ul
of reaction mixture composed of 10 mM 2-oxoglutarate, 5
mM NADP, 25 mM 2-mercaptoethanol, and 0.25 units of
GABAase/ml (GABA aminotransferase/succinic semialde-
hyde dehydrogenase, Sigma Chemical Co., St. Louis, MO) in
400 mM Tris-HCI, pH 8.9. A set of 10 GABA standards (0,
0.3-12.5 nM GABA/100 ul) were run daily. Samples and
standards were assayed in duplicate. Blanks contained no GA-
BAase. The reaction was allowed to proceed for 2 h at room
temperature. The NADPH produced was measured after en-
hancing the fluorescence as described by Lowry and Passon-
neau (29). From this point on, the samples were kept in total
darkness except for those brief periods during reagent addi-
tion, which were done under dim (40 W) red light. The unre-
acted NADP* was destroyed by the addition of 100 ul 0.25 M
potassium phosphate, pH 12. After a 1-h incubation, 100 ul
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of the reaction mixture was added to 1 ml NaOH/H,0, re-
agent (9 vol of 6 M NaOH + 1 vol 3% H,0,, prepared imme-
diately before use) and incubated at 60°C for 15 min. The
tubes were cooled to room temperature (about 15 min) and
the fluorescence measured in a Farrand (Valhalla, NY) Mark
I spectrophotofluorometer using excitation and emission wave
lengths of 340 and 460 nm, respectively.

GABA Turnover

The turnover of GABA in the five brain regions was mea-
sured in control, pregnant, and delivery day mice. GABA
turnover was assessed by inhibiting the metabolism of GABA
with aminooxyacetic acid (AOAA), an inhibitor of the major
GABA metabolizing enzyme GABA transaminase (4-amino-
butyrate : 2-oxoglutamate aminotransferase, EC 2.6.1.19,
GABA-T) (2). Mice were injected with AOAA, 20 mg/kg, and
the content of GABA in the five brain regions was measured
0.25, 0.5, 1, and 2 h later. Separate mice were used for each
time point.

Data Analysis

Data in Fig. 1 were analyzed by one-way analysis of vari-
ance (ANOVA) followed by posthoc z-test using a commercial
software package (CRUNCH Software Corporation, Oak-
land, CA). GABA turnover was calculated by linear regression
analysis of natural logarithm transformations of the brain
GABA values vs. time. The resulting constants (first-order
rate constant, half-life, turnover rate, and initial accumulation
rate) were analyzed by two-way ANOVA for nonreplicated
measures as described by Spiegel (52). An o level of 0.5 was
considered significant and is the only level reported.

RESULTS

The GABA content of the cerebellum, hippocampus, stria-
tum, midbrain, and cortex in C, P, and D mice is shown in
Fig. 1. There were statistically significant reductions of GABA
from control levels in the cerebellum, hippocampus, and stria-
tum of the pregnant mice. This was followed by a small, non-
significant increase at the time of delivery.

Neurotransmitter turnover is often thought to be a better
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FIG. 1. GABA concentrations in brain as a function of pregnancy in
the mouse. GABA was measured in the cerebellum (Cer), hippocam-
pus (Hip), striatum (Str), midbrain (Mid), and cortex (Cor) of control
mice (c), pregnant mice (p), and on the day of delivery (d). Values are
the mean + SEM of 6-15 individual animals. *Significantly different
from control, p < 0.05.
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FIG. 2. GABA turnover in five brain regions as a function of pregnancy in the mouse. Turnover was estimated by inhibiting the metabolism
of GABA with the GABA transaminase inhibitor aminooxyacetic acid (AOAA), and GABA content was measured at the times indicated. Each
point is the mean + SEM of 6-15 separate determinations. Where not indicated, the SEs are contained within the plotted symbol.

measure of the status of a neurotransmitter system than is the
tissue content of the transmitter. Figure 2 shows the accumula-
tion of GABA in brain regions following inhibition of GABA
transaminase with AOAA. There was a general tendency for
GABA turnover to be reduced during pregnancy and continue
through to the day of delivery as evidenced by the shallower
slopes. This trend is seen more clearly in Fig. 3, which shows
the calculated indicators of GABA turnover in the five brain
regions. Two-way ANOVA of the data showed significant
overall effects of pregnancy on each of the turnover indices.
There was a general tendency for the first-order rate constant
(panel A) to decline during pregnancy, F(2, 8) = 4.83, p <
0.05, most clearly seen in the cerebellum, striatum, and cortex.
GABA half-life values (panel B) showed a corresponding gen-
eralized increase, F(2, 8) = 6.34, p < 0.05. Half-life values
increased nearly fourfold in the cerebellum and cortex. GABA
turnover rate (the product of the first-order rate constant and
extrapolated time zero value, panel C) showed a significant
overall reduction during pregnancy, F(2, 8) = 12.83, p <
0.05, as did the initial GABA accumulation (synthesis) rate
(panel D), F(2, 8) = 10.75, p < 0.05. Except for initial rate
of GABA synthesis, hippocampal turnover values did not
change with pregnancy. These changes each continued
through the day of delivery, which represents the maximum
change the pregnant state is able to produce in these measures
of GABA turnover.

DISCUSSION

We reported previously that pregnant mice are more suscep-
tible to flurothyl-induced seizures than are nonpregnant con-

trols (47,49,50). The purpose of this study was to investigate
the possibility that these pregnancy-associated seizures could be
explained by potential alterations in GABAergic systems.

Markedly lowered GABA concentrations were found dur-
ing pregnancy in the cerebellum, hippocampus, striatum, and
midbrain, but cortical GABA levels remained unchanged. The
reductions in GABA levels in the pregnant mice were substan-
tial, 25-30% below levels in nonpregnant controls, suggesting
a reduction of synthesis or increase in metabolism of GABA
during this period. Reductions of GABA concentrations only
slightly greater than these were found to occur immediately
before the onset of 3-mercaptopropionic acid (3-MPA)-in-
duced seizures (21). Thus, pregnant mice appear to have
GABA levels close to those that might result in spontaneous
seizures. Further evidence of altered GABAergic function dur-
ing pregnancy is indicated by the highly significant decrease
in GABA turnover in virtually all brain regions examined.

Although the involvement of GABAergic systems in hu-
man epilepsy and experimental seizure models is well estab-
lished (35), the exact mechanisms through which GABA acts
to regulate seizure susceptibility remain unknown. GABA ap-
pears to be the primary inhibitory neurotransmitter in the
CNS. Its action is mediated through two major subtypes of
receptors, GABA, and GABAy (17). Recent evidence suggests
that the GABAj receptors may be involved with some types
of seizures (22), but it is the GABA,, receptors that appear to
be quantitatively more important in the regulation of seizure
susceptibility. Thus, blockade of GABA,, receptors with a spe-
cific antagonist such as bicuculline facilitates seizures, whereas
treatment with GABA ,-mimetic agents such as muscimol sup-
presses seizures (9,53).
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FIG. 3. GABA turnover constants in five brain regions as a function of pregnancy in the mouse. Indices of GABA turnover were calculated
from the data in Fig. 2. (A). First-order rate constant. (B). Half-life of GABA. (C). GABA turnover rate (calculated as the product of the
first-order rate constant and extrapolated time zero concentration). (D). Initial rate of GABA accumulation. Cer, cerebellum; Hip, hippocam-

pus; Str, striatum; Mid, midbrain; Cor, cortex.

There have been many studies demonstrating that pharma-
cological manipulation of GABA levels in the CNS cause al-
terations in seizure susceptibility. The consensus appears to
be that high levels of GABA protect from, and low levels
of GABA facilitate, seizures, although there is more direct
experimental evidence for the former case. Treatment of ani-
mals with GABA-T inhibitors such as AOAA or y-vinyl
GABA (GVG) protect against a variety of seizure-inducing
agents. This anticonvulsant effect is associated with, and pre-
sumably mediated by, significantly increased CNS GABA lev-
els (2,8,28). Other clinically useful anticonvulsants such as
valproic acid inhibit GABA-T and cause an increase in brain
GABA levels (41), although the doses required are in excess
of those required for anticonvulsant activity.

The other side of the hypothesis, that low GABA levels are
associated with increased seizure susceptibility, has not been
as clearly demonstrated. Blockade of the GABA synthetic en-
zyme, glutamate decarboxylase [EC 4.1.1.15, (GAD)], with
3-MPA causes severe seizures in mice and rats that are pre-
sumed to be precipitated by decreased GABA concentrations.
Karlsson et al. (21) reported a significant decrease in regional
brain GABA levels in rats following a 35-mg/kg dose of 3-
MPA, but Liéscher (27) found brain GABA levels to be un-
changed in mice at seizure-producing doses (60 mg/kg) of the
drug. In the latter study, the dose of 3-MPA had to be in-
creased threefold to demonstrate a consistent decline in
GABA concentrations.

While pharmacological manipulations that decrease CNS
GABA concentrations precipitate seizures and pharmacologi-
cal manipulations that increase GABA concentrations or GA-

BAergic transmission protect from seizures, to date there has
been no evidence of depressed brain GABA levels in a seizure-
susceptible animal. For example, Sykes and Horton (56)
found no differences in GAD activity or brain GABA levels
between audiogenic seizure-susceptible DBA and seizure-
resistant TO mice. Our demonstration of depressed GABA
levels in pregnant mice is apparently unique in that pregnant
mice, which are more susceptible to seizures than nonpregnant
controls, also have depressed brain GABA concentrations in
the absence of any pharmacological intervention. This also
implies that lowered brain GABA concentrations are a normal
consequence of pregnancy in this species. It is not known if
GABA concentrations decline in other species during preg-
nancy.

Regulation of the GABA-benzodiazepine receptor com-
plex has been implicated in mediating differential seizure sen-
sitivity in certain seizure models. The Genetically Epilepsy-
Prone Rat (GEPR) was bred for differential sensitivity to
audiogenic seizures (the GEPR 3 line has mild seizures; the
GEPR 9 line has severe seizures). Both lines were found to
have more low-affinity GABA and benzodiazepine binding
sites than a nonselected control population, and the GEPR 9
line had more of both receptors than did GEPR 3 rats (4).
The GEPR were also found to have more GABAergic neurons
(39), which might explain the higher binding values. In con-
trast, benzodiazepine binding was found to be reduced in the
midbrain of the seizure-sensitive Mongolian gerbil (38) and
analysis of GABA-benzodiazepine binding sites in audiogenic
seizure-prone DBA mice has not yielded consistent results
[summarized in (19,24)].
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Changes in GABA uptake systems may also affect seizure
susceptibility. Two GABA uptake inhibitors, SK&F89976-A
and SK&F100330-A, were found to be potent anticonvulsants
for NMDA-, pentylenetetrazol-, and picrotoxin-induced sei-
zures (55). Because both picrotoxin and pentylenetetrazol
block the GABA-benzodiazepine receptor complex, the anti-
convulsant action was thought to be the result of increased
GABAergic tone and subsequent increase in the threshold for
seizure initiation. Conversely, Janjua and coworkers (18) re-
ported that in the E1 mouse model of human temporal lobe
epilepsy hippocampal GABA uptake was markedly decreased
compared to control (ddY) mice. They concluded that de-
creased GABA uptake was a genetically determined predispos-
ing factor for temporal lobe epilepsy and suggested that the
clinical condition could be produced by the participation of
other precipitating factors. Support for their argument comes
from reports that have shown that the anticonvulsants pheny-
toin and phenobarbital increase GABA uptake (60), although
it is not known if this effect is related to their anticonvulsant
actions.

The measurement of total neurotransmitter levels measures
primarily stored, not synaptic, transmitter because the major-
ity of neurotransmitters in the tissue are found in storage
vesicles. Turnover is thought to be a better indicator of the
functioning of a neurotransmitter system because it measures
released (synaptic) transmitter and not simply whole cell con-
tent. The present study shows that GABA turnover was mark-
edly decreased in all areas of the brain during pregnancy ex-
cept the hippocampus. Interestingly, we had shown previously
that norepinephrine turnover was most affected in the hippo-
campus of pregnant mice (51).

There have been relatively few studies of estimates of
GABA turnover rates in experimental animals. Collins (7,8)
measured GABA turnover in rat brain using two different
methods: monitoring the rate of GABA accumulation follow-
ing inhibition of GABA-T with AOAA and monitoring the
disappearance of intracisternally administered [PHJGABA.
Both methods yielded similar GABA turnover rates. He re-
ported that inhibition of GABA-T did not change GABA
turnover estimated by the radioactive tracer method, suggest-
ing that GABA-T inhibitors were suitable for the estimation
of GABA turnover. Previous estimates of GABA turnover in
control mice measured as initial rate of GABA accumulation
following inhibition of GABA-T range from 2 to 6 uM/h/g
of tissue (20,32,58), which agrees well with the initial val-
ues for nonpregnant control mice we calculated in this study
(Fig. 2D).

GABA turnover has not been measured in any other seizure
models, but several anticonvulsants including valproic acid,
diazepam, phenobarbital, and phenytoin significantly reduce
GABA turnover in the mouse brain at doses equivalent to
their anticonvulsant efficacy (3,6). In addition, the turnover
rate of GABA in vivo is increased threefold during bicucul-
line-induced seizures (6). These reports suggest that seizures
are associated with increased GABA turnover, while anticon-
vulsant activity is associated with decreased GABA turnover.
It follows that an animal with increased susceptibility to sei-
zures would be expected to have an increased rate of GABA
turnover. However, we found that GABA turnover in seizure-
susceptible pregnant mice was significantly lower than in sei-
zure-resistant controls. We suggest that this apparent paradox
is explained by a compensatory mechanism whereby pregnant
mice, which have lowered GABA levels and are more suscepti-
ble to seizures, are maintained at homeostasis by an offsetting
reduction in GABA turnover that keeps them seizure free in
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the absence of an external convulsive stimulus. The reduction
in brain GABA turnover may then be seen as a reaction to
increased seizure susceptibility, not a cause of it, much in
the same way that adrenocortical steroids are elaborated in
response to a variety of stressful stimuli.

It may be possible that the reduced concentration of GABA
induces the synthesis of an endogenous anticonvulsant com-
pound that acts to lower GABA turnover. There is evidence
for an endogenous anticonvulsant produced in the brain fol-
lowing seizures that acts at opiate receptors (57), and benzodi-
azepines have been shown to reduce GABA turnover through
interaction with the GABA-benzodiazepine receptor (3). We
are currently investigating the hypothesis that the GABA turn-
over-reducing anticonvulsant elaborated during pregnancy is
an endogenous adenosine receptor agonist, perhaps adenosine
itself. Adenosine, as well as several synthetic adenosine ago-
nists such as cyclohexyladenosine, L-phenylisopropyladeno-
sine, and 2-chloroadenosine, are known to have anticonvul-
sant properties (11,12,37), while adenosine receptor antago-
nists such as the methylxanthines caffeine and theophylline
have proconvulsant effects (10,12,37). Adenosine levels have
been shown to rise dramatically following experimental sei-
zures (25,61) and it has been hypothesized that this increase
inhibits further seizure activity. Recent evidence suggests that
adenosine receptors are closely linked to GABA-benzodiaze-
pine receptors (31,40). Thus, purinergic agonists and antago-
nists may be capable of regulating GABAergic functioning by
modulating the GABA-benzodiazepine receptor complex in
brain. This may be of importance to women at risk for devel-
oping eclampsia who also consume beverages containing
methylxanthines, such as coffee, tea, cocoa, and caffeinated
soft drinks.

This paper reports altered GABAergic functioning in preg-
nant mice and is consistent with our previous reports that
pregnant mice are more susceptible to flurothyl-induced sei-
zures during pregnancy. While flurothyl has effects on several
neurotransmitter systems (16), recent studies indicate an im-
portant role for GABA in the regulation of flurothyl-induced
seizures. Xu and coworkers (62) reported that GVG signifi-
cantly antagonized flurothyl seizures in rats, presumably by
increasing CNS GABA levels. Wakamori and coworkers (59)
compared the effects of flurothyl on excitatory (glutamate)
and inhibitory (GABA and glycine) amino acid responses with
those produced by the volatile anesthetics halothane and en-
flurane in cultured rat neuronal cells. The anesthetics reduced
glutamate-induced excitatory responses, enhanced GABA and
glycine-mediated chloride currents, and decreased the K, of
the GABA concentration-response curve. Flurothyl produced
effects opposite those of the anesthetics. These investigators
suggested that halothane and enflurane produced anesthesia
by enhancing GABA- and glycine-mediated chloride currents,
whereas flurothyl was thought to act by depressing GABA-
mediated CNS inhibition.

We are studying the neurochemical changes that occur dur-
ing a normal pregnancy in the mouse. In the absence of any
pharmacological manipulations, pregnant mice are more sus-
ceptible to flurothyl-induced seizures than are nonpregnant
controls. We found previously that noradrenergic systems
are altered during pregnancy (51), and now have shown that
GABAergic systems are altered as well. Our observation that
brain GABA content and turnover are reduced during preg-
nancy may be useful in understanding the factors that influ-
ence development of preeclampsia and eclampsia (toxemia of
pregnancy) in humans. Preeclampsia is a condition character-
ized by hypertension, proteinuria, and edema that develops
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late in the course of an otherwise normal pregnancy. Eclamp-
sia is the superimposition of generalized seizures on the pre-
eclamptic syndrome. The incidence of preeclampsia/eclamp-
sia has not changed over the years, its cause is unknown,
treatment is symptomatic, and it remains a significant cause
of perinatal morbidity and mortality worldwide (26,44). We
suggested previously that the neurochemical changes that con-
tribute to eclamptic seizures also occur in normal pregnancies,
but to a lesser extent (51). By studying neurochemical changes
that result during the course of a normal pregnancy, we hope
to identify systems that could benefit from further study.

SMOLEN, SMOLEN AND HAN

In this paper, we have shown that the concentration of
GABA and the rate of GABA turnover is significantly reduced
during pregnancy in mice. We suggest that the reduction in
GABA turnover is a compensatory anticonvulsant mechanism
to offset the inherent seizure susceptibility brought about by
the reduced level of the major inhibitory neurotransmitter in
brain.
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