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The antibipolar drug valproate mimics lithium in stimulating
glutamate release and inositol 1,4,5-trisphosphate accumulation
in brain cortex slices but not accumulation of inositol
monophosphates and bisphosphates
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ABSTRACT Valproic acid and lithium are effective anti-
bipolar drugs. We recently showed that lithium stimulated the
release of glutamate in monkey and mouse cerebral cortex
slices, which, through activation of the N-methyl-D-aspartate
receptor, increased accumulation of inositol 1,4,5-trisphos-
phate [Ins(1,4,5)P3]. We show here that valproate behaves
similarly to lithium in that at therapeutic concentrations it
stimulates glutamate release and Ins(1,4,5)P3 accumulation in
mouse cerebral cortex slices. The fact that these two effects are
a common denominator for two structurally unrelated anti-
bipolar drugs suggests that these effects are important in their
antibipolar action. The effects of maximal concentrations of
lithium and valproate on glutamate release are additive,
suggesting different mechanisms for release, which are dis-
cussed. The additivity of the two drugs on glutamate release
is consistent with the clinical benefit of combining the two
drugs in the treatment of subsets of bipolar patients, e.g., in
rapid cycling manic-depression. Unlike lithium, valproate
does not increase accumulation of inositol monophosphates,
inositol bisphosphates, or inositol 1,3,4-trisphosphate. This is
additional evidence against the ‘‘inositol depletion’’ hypothe-
sis, which states that, by trapping inositol in the form of
inositol monophosphates and certain inositol polyphosphates,
lithium exerts its antimanic action by inhibiting resynthesis of
phosphoinositides with resultant blunting of Ins(1,4,5)P3 sig-
naling.

Bipolar disorder, or manic-depression, is a major medical
problem. One percent of the population in the United States
is aff licted with this disease, and one in five people with the
disease commits suicide. The two FDA-approved antibipolar
drugs, lithium and valproic acid, are equally effective in
stabilizing mood in people with bipolar disorder, in spite of the
drugs’ totally different structures. Numerous biochemical ef-
fects of lithium have been reported, e.g., modulation of
sodium, potassium-activated ATPase, increase in cAMP, mod-
ulation of G proteins, down-regulation of protein kinase C, and
changes in phosphoinositide metabolism (for a review, see ref.
1). We previously showed that lithium stimulated accumula-
tion of inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] in cerebral
cortex slices of guinea pig and rabbit (2) and rhesus monkey (3,
4) in the presence or absence of cholinergic-muscarinic ago-
nists such as acetylcholine or carbamylcholine and in human
neuroblastoma cells (5) in the presence of acetylcholine.
However, as reported earlier (6), lithium inhibited accumula-

tion of Ins(1,4,5)P3 in mouse or rat cerebral cortex slices in the
presence of a cholinergic agonist (2), but we found that if the
incubation medium was supplemented with inositol, lithium
also stimulated accumulation of Ins(1,4,5)P3 (2). If a cholin-
ergic agonist was omitted, lithium increased accumulation of
Ins(1,4,5)P3 in mouse or rat cerebral cortex slices in the
absence of supplemental inositol.
In the absence of cholinergic agonists, the increased accu-

mulation of Ins(1,4,5)P3 was due to lithium-induced presyn-
aptic release of the neurotransmitter glutamate, which in turn
activated the N-methyl-D-aspartate (NMDA) receptor, as ev-
idenced by the fact that antagonists to the NMDA receptor–
channel complex selectively blocked the lithium-induced in-
crease in Ins(1,4,5)P3 (4). Antagonists to other receptors were
ineffective. Activation of the NMDA receptor is known to
increase Ins(1,4,5)P3 accumulation in cerebral cortex (7) by
increased influx of Ca21, which activates phospholipase C.
Although valproate has been used for years in the treatment

of epilepsy, the drug has only recently been used in the
treatment of manic-depression. It has been known for some
time that valproate increases g-aminobutyric acid levels in
many cerebral structures, and this has been suggested as a
mechanism for valproate’s antiseizure activity (for reviews, see
refs. 8 and 9). On the other hand, there are no convincing data
on valproate’s possible effects on glutamate release. We felt
that if the release of glutamate were a common denominator
in the action of lithium and valproate, this would support the
view that glutamate release and activation of the NMDA
receptor would have therapeutic relevance. We have, there-
fore, compared the effects of lithium and valproate on gluta-
mate release and accumulation of various inositol phosphates
in cerebral cortex.

EXPERIMENTAL PROCEDURES

White male adult ICR mice (Harlan Sprague–Dawley) were
killed by cervical dislocation. The brain was rapidly removed
and cross-chopped cerebral cortex slices were prepared and
incubated in batch as previously described (2). Nominally
Ca21-free Krebs–Henseleit bicarbonate saline (KHBS) was
supplemented with 10 mM MgCl2 for slicing and restorative
incubations because this buffer has been shown to prevent
damage that occurs when slices are incubated in normal
physiological buffer immediately after slicing (10). After the
first 45 min of incubation, MgCl2 was returned to normal (1
mM).
Slices were then incubated with 0.25mCi ofmyo-[3H]inositol

(1 Ci 5 37 GBq) in 5 ml for 60 min. At the end of this
incubation, free label was removed by four sequential washes
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in 25 ml of KHBS. Slices were then divided into aliquots (1–2
mg average protein as measured by the bichichoninic acid
method) and incubated in 3.2 ml of KHBS for 30 min. This
incubation was repeated three times, with complete medium
replacement between incubations, before treatment with val-
proic acid. Samples were then preincubated for 60 min with or
without various concentrations of valproate. Ca21 was added
(1.3 mM final concentration), and the reaction was stopped
after 20 min. Removal of medium for glutamate measurement,
quenching with perchloric acid, extraction of inositol phos-
phates, and separation by HPLC were as previously described
(2, 4). Data were normalized to total tritium disintegrations
per minute.
Samples were prepared for enzymatic assay of glutamate as

previously described (4). The glutamate assay described in ref.
4 was changed to improve the signal-to-noise ratio (permitting
higher amplification of the fluorescence signal and therefore
higher sensitivity) and also changed to increase the number of
samples that could be assayed. We adopted the glutamate
dehydrogenase assay described by Passonneau and Lowry (11)
with the following modifications. The reaction was carried out
entirely in disposable methacrylate cuvettes (4 ml) in a volume
of 1 ml containing 0.2–0.5 ml of sample (water was added to
bring all samples to 0.5 ml), 50 mM Triszacetate, pH 8.4 [the
blank fluorescence of reagent grade Tris is more than an order
of magnitude lower than that of ‘‘Trizma’’ grade (Sigma)]y0.15
mM NAD1y0.1 mM ADPy0.1 mM EDTAy1 unit/ml gluta-
mate dehydrogenase. Blank fluorescence of each sample and
standard was measured 2 min after the start of the reaction
(excitation wavelength 5 340 nm; emission wavelength 5 453
nm). The samples were then kept for 1 hr at room temperature
before the final f luorescence reading. The new normal range
of the assay was 0–0.1 nmol of L-glutamate. All values are the
means 6 SEM of triplicate or quadruplicate slice incubations.
All experiments were repeated at least three times, and the
values are either presented as an averaged percent effect from
several experiments or presented as absolute values from
representative experiments.

RESULTS AND DISCUSSION

Effects of Valproate on Accumulation of Extracellular Glu-
tamate and Intracellular Ins(1,4,5)P3 in Mouse Cerebral
Cortex Slices. Increasing concentrations of valproate progres-
sively increased glutamate release up to 1 mM, followed by a
plateau (Fig. 1). The therapeutic concentration of valproate in
the blood is as high as 0.7 mM (12). The stimulation of
glutamate accumulation by valproate was greater at 2 hr than
at 1 hr (data not shown).
Table 1 shows in a separate experiment the effect of

valproate on glutamate release and Ins(1,4,5)P3 accumulation.
Valproate increased glutamate release by 31% and Ins(1,4,5)P3
accumulation by 22%. Both effects were highly significant. In
these two respects, lithium and valproate act similarly. The fact
that lithium and valproate, two structurally unrelated drugs,
enhance glutamate release and Ins(1,4,5)P3 accumulation sug-
gests that these effects may be involved in their antibipolar
activity.
Effects of Combination of Lithium and Valproate on Glu-

tamate Release. Do valproate and lithium increase extracel-
lular glutamate by the same mechanism? To test this, we
studied the effect of maximally effective concentrations of
each drug on glutamate release separately and in combination
(Fig. 2). If valproic acid and lithium released glutamate by
separate mechanisms, one would predict that their effects on
glutamate would be additive at maximally effective concen-
trations (over 10 times the maximal therapeutic concentration
for lithium and twice the therapeutic concentration for val-
proate), whereas no additivity would suggest a similar mech-
anism for glutamate release. When combined, there was at

least an additive effect of the two drugs. This result suggests
that the two drugs elevate glutamate by different mechanisms.
It has been reported (13) that valproate stimulates glutaminase
and inhibits glutamine synthetase activities in primary cultures
of rat brain astrocytes, leading to increased intracellular
glutamate, which could account for the elevated level of
extracellular glutamate in cerebral cortex slices in the presence
of valproate. It has also been reported that valproate lowered
the Km and the Vmax for glutamate uptake in rat astroglial
primary cultures in acute but not chronic experiments (14). We
were unable to find any acute effects of valproate on these
kinetic parameters in cerebral cortex slices (unpublished ob-
servations). On the other hand, we were able to show an
inhibition by lithium of glutamate uptake in cortical slices and
synaptosomes (unpublished observations). These separate
mechanisms for elevating extracellular glutamate could ac-
count for the additivity of the two drugs on glutamate release.
With regard to the clinical significance of the additive effect of
valproate and lithium on glutamate release, it has been re-
ported that the combination of valproate and lithium is more
effective than either drug alone in some patients showing

FIG. 1. Effect of valproate on glutamate release from mouse
cerebral cortex slices. Slices were prepared, restored, and prelabeled
as described in Experimental Procedures. Slices (average protein 5 1.5
mg) were washed by incubating four times for 30 min in fresh buffer
(3.2 ml). After washing, the slices were preincubated in the absence of
Ca21with the indicated concentrations of sodium valproate for 60min.
The incubations were continued for 20 min with 1.2 mM Ca21.
Aliquots of the medium free of slices were analyzed enzymatically for
glutamate as described under Experimental Procedures. 3H disintegra-
tions per minute in the medium and tissue were measured, and the
values were normalized to total disintegrations per minute to correct
for differences in amounts of tissue. This figure combines three
separate experiments.

Table 1. Effect of valproate on glutamate release and
[3H]Ins(1,4,5)P3 levels

Glutamate [3H]Ins(1,4,5)P3

Control 139 6 5 nM 1,340 6 62 dpm
Valproate (2 mM) 183 6 11 nM 1,640 6 28 dpm
Increase 31.4% 22%
P value for increase 0.008 0.003

Mouse cerebral cortex slices were prepared, prelabeled, and incu-
bated as described in Experimental Procedures and in Fig. 1 with these
modifications. myo-[3H]inositol was 0.1 mCiyml during prelabeling.
After aliquots of medium were taken for enzymatic determination of
glutamate, the reaction was stopped with 3% perchloric acid, and the
acid soluble extract was treated as described in Experimental Proce-
dures.
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inadequate response to monotherapy, e.g., in rapid cycling
bipolar disorder (15).
Comparison of the Effects of Lithium and Valproate on

Accumulation of Inositol Monophosphates, Inositol Bisphos-
phates, and Inositol 1,3,4-Trisphosphate. Lithium, through its
inhibition of inositol monophosphatase and inositol 1,4-
bisphosphate- and inositol 1,3,4-trisphosphate 1-phosphomo-
noesterases, causes accumulation of the respective inositol
phosphates (16, 17). As shown in Table 2, in the presence of
carbachol, lithium exerted a strong enhancing effect on accu-
mulation of inositol mono- and bisphosphates as well as
inositol 1,3,4-trisphosphate. On the other hand, in the same
experiment, valproate did not increase accumulation of these
inositol phosphates. Similar results were found if carbachol was
omitted (data not shown). Recently, it has been shown that
valproate does not inhibit inositol monophosphatase in cell-
free enzyme preparations from brain (18). Thus, inhibition of
inositol monophosphatase and selective inositol polyphos-
phate 1-phosphatases with enhancement of accumulation of
their respective inositol phosphates does not appear to be
essential for antibipolar activity, at least in the case of valproic
acid.
A prevalent hypothesis for the antimanic action of lithium

(the mechanism of its antidepressive effect is not explained)
has been the ‘‘inositol depletion’’ hypothesis, which states that
accumulation of the above nonmessenger inositol phosphates
traps enough inositol in the phosphorylated form to inhibit
phosphatidylinositol synthesis sufficiently to lower Ins(1,4,5)P3
signaling (19). This has been postulated to exert an antimanic
effect via inhibition of Ins(1,4,5)P3 postsynaptic signaling,

which is coupled to the neurotransmitter, acetylcholine, and
possibly to other neurotransmitters which lead to activation of
phospholipase C. Although inhibitions of Ins(1,4,5)P3 and
inositol 1,3,4,5-tetrakisphosphate accumulations by lithium
have been shown in rat and mouse cerebral cortex slices
incubated in the presence of high concentrations of cholinergic
agonists (2, 6), it is important to note that if cholinergic
agonists were omitted, lithium increased Ins(1,4,5)P3 accumu-
lation in mouse cerebral cortex slices (4). In the higher species,
including man and lower primates, lithium increased
Ins(1,4,5)P3 in the presence or absence of cholinergic agonists.
The high concentrations of cholinergic agonists, which have
been routinely used, stimulate a large breakdown of phospha-
tidylinositol, trapping considerable inositol as inositol phos-
phates in the presence of lithium. Also, in astrocytoma cells,
cholinergic agonists inhibit the uptake of inositol (20). Thus,
under conditions of high concentrations of cholinergic agonists
and in the presence of lithium, rat and mouse cerebral cortex
slices, unlike slices in higher species (2–4), are incapable of
retaining sufficient inositol to maintain normal levels of
Ins(1,4,5)P3.
Lithium produces dramatic morphogenic defects in early

development in numerous organisms, and it has been sug-
gested that inositol depletion through inhibition of inositol
monophosphatase is responsible (19). However, Klein and
Melton (21) recently showed that inositol monophosphatase
could be completely inhibited by a specific inhibitor,
L-690.330, without producing any developmental defects.
Rather, evidence is presented that the selective inhibition of
glycogen synthetase kinase-3 b is involved in lithium’s terato-
genic effects. This is additional evidence that inhibition of
inositol monophosphatase may not be important in lithium’s
biological effects.
It is not difficult to visualize how increased release of the

excitatory neurotransmitter glutamate might exert an antide-
pressive effect. How might elevated glutamate exert an anti-
manic effect? It is generally believed that antidepressants exert
their mood-elevating effect, not by the immediate increase in
synaptic serotonin and norepinephrine, but by the gradual
down-regulation of selective receptors. This is consonant with
their delayed antidepressive effect. It is possible that chronic
elevation of glutamate and Ins(1,4,5)P3 might down-regulate
their respective receptors, which could exert an antimanic
effect by decreasing intracellular calcium. We have observed a
small but statistically significant down-regulation of the
Ins(1,4,5)P3 receptor in the cerebral cortices of mice chroni-
cally treated with lithium (G. V. Los and L.E.H., unpublished
observations).
Activation of the NMDA receptor affords some central

nervous system selectivity because NMDA receptors are
largely, but not exclusively, confined to the central nervous
system. Stimulation of this receptor would have widespread
ramifications in the brain through increased influx of Ca21 in

FIG. 2. Effects of high valproate (2 mM) and high lithium (25 mM)
concentrations separately and in combination on extracellular gluta-
mate. Mouse cerebral cortex slices were prepared, restored, prela-
beled, and incubated as described in Experimental Procedures and in
Fig. 1. Glutamate levels in the media of drug-treated slices all differed
significantly from the control (P, 0.001). The percent increase above
the control is shown (control, glutamate 5 106 6 1 nM).

Table 2. Effects of valproate and lithium on [3H]inositol phosphates in carbachol-stimulated mouse
cerebral cortical slices

Inositol
phosphates Carbachol Valproate 1 carbachol Lithium 1 carbachol

Monophosphates 53,000 6 1,320 50,700 6 917 128,400 6 4,300
Ins(1,3)P2 495 6 13 455 6 34 1,340 6 46
Ins(1,4)P2 10,700 6 132 11,800 6 132 85,200 6 2,480
Ins(1,3,4)P3 201 6 19 234 6 10 402 6 18

Values represent 3H disintegrations per minute in inositol phosphates. Prelabeled mouse brain cortical
slices were preincubated for 12 min with or without sodium valproate (2 mM) or LiCl (10 mM) in KHBS
(1.2 mM in CaCl2). The reaction was continued for 12 min with carbamylcholine chloride (1 mM), then
quenched with perchloric acid. The [3H]inositol phosphates in the neutralized extract were separated by
HPLC. In each of three experiments, brains from six mice were used, and 0.4 mM myo-[3H]inositol was
present during prelabeling. See Experimental Procedures for detailed methods.
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NMDA-bearing neurons and their known crosstalk with other
neurotransmitter systems.
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