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Myo-Inositol Monophosphatase: Diverse
Effects of Lithium, Carbamazepine,

and Valproate

Robert Vadnal, M.D., and Ranganathan Parthasarathy, Ph.D.

The therapeutic molecular sites of action for the mood-
stabilizing medications are unknown. Myo-inositol
monophosphatase (E.C. 3.1.3.25) is a major enzyme of
the inositol signaling system that has previously been
shown to be inhibited by clinically relevant concentrations
of lithium, implicating this enzyme as a potential
therapeutic site of action in manic-depressive disorder.
Inhibition of myo-inositol monophosphatase (IMPase),
which converts myo-inositol monophosphates to myo-
inositol, results in increased levels of myo-inositol
monophosphates and decreased myo-inositol available for
the resynthesis of inositol phospholipids. In addition to
lithium, carbamazepine and valproate are also used
medically to treat manic-depressive disorder. It is of
considerable interest to determine whether inhibition of

IMPase activity is a common unifying mechanism for
mood-stabilizing medications. Using a partially purified
myo-inositol monophosphatase preparation derived from
bovine brain, we examined the effects of lithium,
carbamazepine, and valproate on the IMPase reaction.
These results demonstrate that (1) lithium inhibited
IMPase activity in the low millimolar range, (2)
carbamazepine stimulated the IMPase reaction beginning
in the low-micromolar range, and (3) valproate did not
demonstrate any stimulation or inhibition of IMPase. We
conclude that inhibition of IMPase is not a common
neurochemical mechanism for mood-stabilizing
medications. [Neuropsychopharmacology 12:277-285,
1995]
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Lithium, carbamazepine, and valproate are mood-
stabilizing medications used in the treatment of manic-
depressive disorder and also in other psychiatric syn-
dromes. Lithium'’s therapeutic effects in the treatment
of manic-depressive disorder have been hypothesized
tolie in its inhibition of signal transduction through the
inositol signaling system, specifically through inhibi-
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tion of the enzyme myo-inositol monophosphatase
(IMPase) (Berridge et al. 1982; Berridge et al. 1989; Bone
et al. 1992; Drummond 1987; Nahorski et al. 1991; Par-
thasarathy et al. 1994; Sherman et al. 1985). The inosi-
tol cycle was discovered as a signaling system in the
early 1950s (Hokin and Hokin 1955) and gradually led
to the discovery of numerous calcium-mobilizing ino-
sitol-linked receptors, including serotonergic (5-HT2a/
5-HT28/5-HT>c), muscarinic (M1/M3), adrenergic (a1a/
ais/aic/aip), metabotropic (mGlui, mGlus), hista-
minergic (Hy), cholecystokinin (CCKa, CCKas), tachyki-
nins (NKj, NK>, NK3), neurotensin, bradykinin (Bz),
bombesin (BB1, BB2), platelet activating factor (PAF),
and others (Fisher and Agranoff 1987, Watson and Gir-
dlestone 1994). Receptor stimulation activates a family
of GTP-binding proteins, Gq (Hepler and Gilman
1992), which results in the hydrolysis of the inositol
phospholipid, phosphatidylinositol 4, 5-bisphosphate
(PIPy), through phospholipase C (Rhee and Choi
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Figure 1. Overview of the
inositol signaling system.
Receptors linked to this sig-
naling system include sero-
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1992), releasing two second messengers intraceltularly:
myo-inositol 1,4,5-trisphosphate (IP3), which releases
calcium from intracellular stores (Streb et al. 1983), and
diacylglycerol (DAG), which is involved in the activa-
tion of protein kinase C (Nishizuka 1992). Free calcium
activates a variety of enzyme, ion channels, and recep-
tors, that amplify the initial signal into numerous sig-
naling pathways having various physiological effects
(Figure 1). The IP3 released from receptor-stimulated
inositol phospholipid hydrolysis, is metabolized gradu-
ally to myo-inositol monophosphates: myo-inositol
1-phosphate (Ins1P), and myo-inositol 4-phosphate
(Ins4P), which are then hydrolyzed by IMPase to free
myo-inositol and phosphate. D-Myo-inositol 3-phos-
phate (Ins3P) (formerly L-myo-inositol 1-phosphate),
is an additional inositol monophosphate derived from
glucose 6-phosphate through de novo synthesis. Thus,
the primary sources of myo-inositol are receptor-

Ins4P, with Ins3P produced
from glucose 6-phosphate
(Glu-6P) via de novo synthe-
sis. Lithium (Li) inhibits, car-
bamazepine (CBZ) stimulates,
and valproate (VLP) has no
effect on myo-inositol mono-
phosphatase (IMPase) ac-
tivity.

mediated and de novo pathways that maintain levels
of myo-inositol in brain in large amounts, approxi-
mately 10 mM (Sherman 1991). Myo-inositol then cy-
cles into the inositol phospholipids, thus providing fur-
ther substrate for receptor-linked signal transduction.

Myo-inositol monophosphatase appears to be a
highly conserved enzyme phylogenetically and has
been purified from rat and bovine brain, rat testicles,
and lily pollen, with similar molecular weights. It ex-
ists as a homodimer with a native molecular weight
of 58,000 + 2,000 and individual subunit weights of
29,000 + 600 as previously determined (Parthasarathy
et al. 1993). A remarkable feature of this enzyme is its
heat stability, demonstrating significant enzyme activ-
ity after exposure to 80°C for 15 minutes. IMPase is in-
hibited by lithium ions, and this inhibition is of the rare
uncompetitive type, with a K of 0.8 mM (Hallcher and
Sherman 1980; Nahorski et al. 1991) that is in the ther-
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apeutic range. Previously, this enzyme was considered
to be cytosolic, although we identified a membrane-
bound IMPase by Western blot analysis in brain, liver,
and testicular tissue that is also inhibited by lithium with
a cytosolic-to-membrane specific activity ratio of approx-
imately 8:1 (Vadnal et al. 1992). Biochemical and
stereochemical considerations led us to hypothesize a
new theory for the mechanism of action of lithium on
IMPase. We suggested that lithium may inhibit the for-
mation of a myo-inositol 1,3 or 4,5-cyclic phosphate in-
termediate that could form from either the D- or
L-isomers of either Ins1P or Ins4P (Parthasarathy et al.
1992). Because lithium inhibits IMPase activity, a poten-
tial site of action in the treatment of manic-depressive
disorder, it was of considerable interest to determine
if the mood-stabilizing medications carbamazepine and
valproate also inhibit IMPase, suggesting a common
neurochemical site of action. We describe three differ-
ent effects of these mood-stabilizing medications on bo-
vine brain IMPase activity in vitro, lithium inhibition,
carbamazepine stimulation, and valproate, the latter of
which had no effect.

METHODS
Materials

D-myo-inositol 1-phosphate was prepared from soy
bean phospholipid with some modifications as de-
scribed by Ballou (1962). The carbamazepine-2-hydroxy-
propyl-B-cyclodextrin (HBC) complex and uncon-
jugated HBC were obtained from Research Biochemical
International (Natick, MA). Carbamazepine, lithium
chloride, valproic acid, malachite green, ammonium
molybdate, and other chemicals, were obtained from
Sigma Chemical Co. (St. Louis, MO).

Preparation of Bovine Brain IMPase

A partially purifted preparation of IMPase from bovine
brain was prepared using a modified procedure of Par-
thasarathy et al. (1993). Bovine brains were obtained
from alocal abattoir. A four-step partial purification was
performed using 536 g of bovine brain: (1) high-speed
supernatant (10,000 rpm), (2) 40 to 60% ammonium sul-
fate precipitation, (3) heated at 80°C for 15 min, and
(4) DEAE-cellulose column. The heating step eliminated
nonspecific alkaline phosphatase activity, which was
tested using p-nitrophenyl phosphate as substrate and
found to be negative. The heated enzyme preparation
was dialyzed in 2 x 4 liters of 20 mM of Tris-HCl buffer
(pH 7.8) containing 1 mM DTT and 1 mM EGTA. The
dialyzed enzyme preparation was passed on to a DEAE-
cellulose column (2.5 x 22 cm), and a salt gradient
0-0.25 M) was used to elute the enzyme for the column.
All the fractions were analyzed for enzyme activity. Ac-
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tive fractions were pooled and used as an enzyme
source. This enzyme preparation demonstrated a
specific activity of 421 mU/mg protein.

Assay of Myo-Inositol Monophosphatase

The IMPase assay was carried out as follows: Three-
tenths of a milliliter of the reaction mixture consisting
of 0.05 ml of 120 mM Tris-HCl (pH 7.8), 0.05 ml of 18
mM or 3 mM magnesium chloride, 0.05 ml of 4.2 mM
D-myo-inositol 1-phosphate, 0.125 ml of water or differ-
ent agents (lithium, carbamazepine, and valproic acid),
and 0.025 ml of enzyme was incubated at 37°C for 15
minutes. The enzyme assay was linear at the 15-minute
time point (Eisenberg 1967). The reaction was stopped
by the addition of 0.05 ml of 20% trichloroacetic acid
(TCA). The suspension was centrifuged, and 0.1 m! of
supernatant was used to estimate the liberated inor-
ganic phosphate using malachite green reagent (Eisen-
berg and Parthasarathy 1987). The specific activity of
the enzyme was expressed as nanomoles of phosphate
liberated per minute (mU) per milligram protein. Pro-
tein was assayed using the method of Lowry et al.
(1951). Each concentration of lithium, carbamazepine,
and valproic acid tested was run in triplicate. Controls,
runin triplicate, consisted of assay buffer, magnesium
(Mg?*), substrate, test drugs, with the enzyme added
after trichloroacetic acid (TCA) addition to control for
possible phosphate contamination and nonspecific sub-
strate degradation. Controls not containing any drug
were also run in triplicate. Since ordinary carbamaze-
pine is poorly soluble in water, a special preparation
of carbamazepine, carbamazepine:HBC complex, which
assists in solubilization in a water-based assay, was used
for most of these enzyme studies. In addition, in cer-
tain enzyme assays, natural carbamazepine was initially
dissolved in ethanol (20%) or propylene glycol (10%)
for solubilization and comparison with the carbamaze-
pine:HBC preparation.

RESULTS

The IMPase used in these experiments was partially
purified from bovine brain using a four-step procedure
resulting in a specific activity of 421 mU/mg protein.
Magnesium is a necessary cofactor for IMPase activity
and has previously been demonstrated to stimulate the
enzyme in low concentrations and to inhibit the enzyme
at higher levels (Hallcher and Sherman 1980). Increas-
ing concentrations (0-50 mM) of Mg?+ were tested to
determine the optimal concentration of this cofactor in
our preparation (Figure 2). Maximal activity was ob-
served at 3 mM Mg?*, which corresponds with previ-
ous reports (Gee et al. 1988; Honchar et al. 1989). Phys-
iological levels of intracellular Mg?+ are approximately
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0.3t0 0.6 mM (Heaton 1993). Therefore, we performed
two types of in vitro IMPase assays that differed only
in the concentrations of Mg2*: 3 mM (which provides
maximal stimulation) and 0.5 mM (which is a physio-
logical concentration). The baseline activity using 3 mM
Mg?+ was approximately twice the activity obtained
with 0.5 mM Mg?+ (Figures 2, 4).

The effects of two additional divalent cations, cal-
cium (Ca?*) and manganese (Mn?*), on IMPase activ-
ity were also determined (Figure 3). Calcium was shown
to inhibit IMPase beginning at 10 uM, with Mn?*-
induced inhibition starting at 100 pM. Our results
demonstrated a 63% reduction in IMPase activity with
50 pM Ca?+ and a 29% reduction with 1 mM Mn2+.
These results are in contrast to earlier findings, which
found that Mn?* was a more potent inhibitor than
Ca2+ (Hallcher and Sherman 1980). These differences
are most likely due to differences in the IMPase prepa-
ration and in the assay conditions.

Lithium'’s therapeutic concentration ranges from 0.8
to 1.2 meq/l, carbamazepine from 7 to 12 ug/ml, and
valproate from 50 to 120 ug/ml (Gerner and Stanton

1992). A comparison of lithium, carbamazepine (CBZ),
and valproate on IMPase activity is demonstrated in Fig-
ure 4, which shows a comparison between the 3 mM
Mg?+ and 0.5 mM Mg?* IMPase assay. Lithium ex-
hibited a similar pattern of inhibition under both assay
conditions (Figure 4), with increasing inhibition from
0.1 to 10 mM LiCl. At 1 mM, IMPase activity was in-
hibited by 17% (3 mM Mg?* assay) and 16% (0.5 mM
Mg?+ assay). Valproate was tested for effects on IMP-
ase activity with concentrations from 2 pM to 5 mM,
demonstrating no effects on enzyme activity. In con-
trast to the inhibitory effect of lithium and to the lack
of effect of valproate, carbamazepine (0.5 mM Mg?*
IMPase assay) demonstrated a 32% stimulation of IMP-
ase that began at 1 uM and gradually increased through-
out the concentrations tested to a 74% increase in ac-
tivity at 1 mM (Figure 4). Stimulation was also noted
in the 3 mM Mg?+* IMPase assay. However, the over-
all stimulation pattern was less pronounced with a max-
imal stimulation of 18% at 1 mM. The carbamazepine
preparation used in these experiments was the car-
bamazepine:HBC complex (see Materials). HBC alone
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demonstrated no effect on IMPase activity at any con-
centration (1 pM-2 mM).

To further confirm the stimulatory effect of car-
bamazepine noted with the carbamazepine:HBC prep-

1.00

015

025
mM Carbamazepine

aration, IMPase activity was determined using car-
bamazepine dissolved in ethanol (20%) and also in
propylene glycol (10%) with final concentrations of
3.33% and 1.66%, respectively (Figure 5). At these con-
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centrations no stimulatory or inhibitory effects of etha-
nol or propylene glycol were noted on IMPase activity.
In comparing three different carbamazepine prepara-
tions —carbamazepine in HBC, ethanol, and propylene
glycol —all three formulations demonstrated a stimula-
tion of IMPase activity, with carbamazepine:HBC dem-
onstrating the largest increase. These effects of IMPase
activity by lithium, carbamazepine, and valproate were
noted in both the 0.5 mM Mg?+ and the 3 mM Mg?2+
IMPase assays, with the largest increases occurring in
the 0.5 mM Mg?* enzyme assays, suggesting that
these effects may occur physiologically. The low micro-
molar effects of carbamazepine and the low millimolar
effects of lithium are in clinically relevant concentrations
for each.

DISCUSSION

Lithium and the inositol system have been linked since
Allison and Stewart (1971) first demonstrated that acute
administration of lithium resulted in a 30% decrease in
inositol levels in rat cerebral cortex. It was subsequently
determined that the decrease in inositol was caused by
inhibition of the enzyme IMPase, which converts myo-
inositol monophosphates to myo-inositol (Hallcher and
Sherman 1980) that is then reincorporated into inositol
phospholipids. The inositol depletion hypothesis is a
strong candidate for the mechanism of action of lithium
and may be the therapeutic site of action in the treat-
ment of manic-depressive disorder and has led to the
further study of IMPase in order to design future mood-
stabilizing drugs (Berridge et al. 1982; Belmaker and
Kofman 1990; Bone et al. 1992; Drummond 1987; Kof-
man and Belmaker 1993; Nahorski et al. 1991; Sherman
et al. 1985). The control of intracellular levels of myo-
inositol depends primarily on the action of IMPase that
hydrolyzes myo-inositol monophosphates derived from
(1) cell stimulation producing Ins1P, Ins4P, and (2) de
novo synthesis from glucose forming Ins3P. Myo-
inositol is available for reincorporation into the inositol
lipid pool, thereby affecting signal transduction through
the inositol signaling system. In addition to lithium, car-
bamazepine and valproate are also commonly being
used in the treatment of manic-depressive disorder
(German and Stanton 1992). Therefore it is of consid-
erable interest to determine whether each of these
mood-stabilizing medications has a similar inhibitory
effect on IMPase.

The major finding in this study is that all three drugs
had different effects on IMPase. At clinically relevant
levels IMPase activity was shown to be inhibited by
lithium (low millimolar) and stimulated by carbamaze-
pine (low micromolar), with no effect demonstrated by
valproate. At first glance, the fact that these three mood-
stabilizing medications have different effects on the
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IMPase reaction may suggest to some that the inositol
system may not be a therapeutic site of action for mood-
stabilizing medications. However, this does not con-
sider the possibility that these medications may act at
different or multiple sites within the inositol signaling
system or that selective neurotransmitter systems may
be involved. Interruption of the inositol cycle within
specific neurotransmitter systems at the level of myo-
inositol monophosphatase would lead to decreased lev-
els of intracellular inositol. This would result in de-
creased signal transmission within a particular neuronal
system that might be excitatory or inhibitory on other
circuits involved in the syndrome of either manic or
depressive states. Berridge et al. (1982) originally pro-
posed that lithium would be most effective in hyperac-
tive cells as opposed to quiescent cells (i.e., cells or neu-
ronal circuits that are highly stimulated will experience
inositol depletion and decreased production of inosi-
tol lipids reducing signal transmission). Studies regard-
ing myo-inositol monophosphatase have demonstrated
that lithium inhibited this enzyme (Hallcher and Sher-
man 1980; Naccarato et al. 1974) and did so at clinically
relevant concentrations of approximately 1 mM (Hall-
cher and Sherman 1980). Our present study demon-
strated a similar lithium inhibition profile on IMPase
activity, using both the 3 mM Mg?* (maximal stimula-
tion) and 0.5 mM Mg?* (physiological Mg?+) enzyme
assays (Figure 4). Chronic lithium studies in rat brain
have been shown to increase (Renshaw et al. 1986) or
have no effect (Honchar et al. 1989) on IMPase activity.
Further studies are required to clarify these findings.

Behaviorally, lithium has been shown to inhibit
rearing in rats (Kofman and Belmaker 1993), and this
behavioral effect was reversed with both myo- and
L-chiro-inositol. In addition, myo-inositol has been
shown to inhibit lithtum-pilocarpine limbic seizures in
mice (Tricklebank et al. 1991) and in rats (Kofman et
al. 1991). In the latter study, myo-inositol was compared
to L-chiro-inositol and was found to specifically de-
crease seizure activity, with decreases noted in both sei-
zure latency and severity. These seizures occur in
lithium pretreated rats who receive subconvulsant
doses of pilocarpine, resulting in limbic seizures (Hon-
char et al. 1989). These studies raise the issue of poten-
tial anticonvulsant effects of increased myo-inositol lev-
els. This lithium-pilocarpine induced limbic seizure
model has been suggested to be a behavioral model that
would identify new lithiumlike drugs (Kofman and Bel-
maker 1993).

In human studies Agam and Livne (1989) first
demonstrated that IMPase could be measured in hu-
man erythrocytes, demonstrating the feasibility of
measuring IMPase in a psychiatric patient population.
Moscovich et al. (1990) studies IMPase in three groups
of bipolar (manic-depressive) patients (1) not treated
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with lithium, (2) treated with lithium, and (3) normal
controls. The untreated bipolar patients showed IMPase
activity similar to control patients. Bipolar patients
treated with lithium demonstrated an approximate 80%
inhibition of red blood cell IMPase activity. Further
studies of this type will determine if IMPase activity cor-
related with various subgroups of bipolar disorder pa-
tients or have predictive value with regard to medica-
tion selection or clinical course.

Depressed patients were noted to have decreased
levels of inositol in the cerebrospinal fluid (CSF) (Bar-
kai et al. 1978). Using an open design, Levine et al.
(1993) treated patients diagnosed as having treatment-
resistant depression with large doses of inositol (6 g per
day) for 4 weeks and demonstrated an impressive
reduction in depressive symptoms in 9 out of 11 pa-
tients. It should be noted that these patients did not
have bipolar disorder, depressive phase, but rather met
the DSM-III-R criteria for major depressive disorder,
which excludes bipolar patients. Studies have not yet
been done on bipolar patients in the depressed phase
with inositol supplementation, which may prove to be
of therapeutic benefit.

The effectiveness of carbamazepine and valproate
in the treatment of manic-depressive disorder has been
established although the underlying molecular mech-
anisms of action are unknown (McElroy et al. 1992; Post
etal. 1991, 1992). Patients who are lithium-resistant may
respond to carbamazepine or valproate, suggesting that
this disorder is heterogeneous with regard to both clin-
ical features and medication response. Do these alter-
native mood-stabilizing medications modulate the ino-
sitol signal system similar to lithium? Valproate was
shown in this study to have no effect on IMPase activ-
ity in vitro from micromolar to millimolar concentra-
tions (Figure 4). Li et al (1993), using a brain slice model,
demonstrated a regional inhibitory effect of valproate
on inositol signaling in rat striatum but not frontal cor-
tex in rats treated for 28 days. Few studies have explored
the effects of valproate on the inositol system, and more
basic and clinical studies are needed. However, valpro-
ate and lithium do not share IMPase inhibition as a com-
mon site of action.

In contrast, we have demonstrated that carbamaze-
pine stimulates IMPase activity in vitro, beginning at
low micromolar concentrations that are clinically rele-
vant (Figure 4). This stimulatory effect should increase
intracellular levels of free myo-inositol, an effect directly
opposite to that of lithium. However, an increase in
myo-inositol levels does not necessarily result in an in-
crease in inositol phospholipids. It is possible that other
metabolic and signaling pathways may be modulated.
Since it has been demonstrated that giving myo-inositol
intraventricularly in rats attenuates lithium-pilocarpine
limbic seizures (Kofman and Belmaker 1993), further
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studies need to be done to explore the novel possibility
that increasing myo-inositol levels may have anticon-
vulsant effects in certain types of seizures. A major
question is whether carbamazepine stimulates [IMPase
in vivo. Using an acute in vivo model with rats
pretreated with carbamazepine, we previously demon-
strated a decrease in basal levels of inositol monophos-
phates (IP1) in rat cerebral cortex (15%) and hip-
pocampus (17%), which suggested an increase in
IMPase activity in vivo (Vadnal and Bazan 1988). The
decreased levels of IP; in carbamazepine-treated rats,
contrasted with lithium-pretreatment that demon-
strated elevated basal levels of IP1 using an in vivo
preparation (Vadnal and Bazan 1987). Further in vivo
studies are needed to clarify this area.

Drug development in the area of mood-stabilizing
medications is based on IMPase inhibition. Several
IMPase inhibitors have been developed as lithium like
medications such as K-76 monocarboxylic agents (Pach-
ter 1991), a sesquiterpene derivative L-671,776 (Lam et
al. 1992), methylenebis-phosphonic acid (Kulagowski
et al. 1991), and D- and L- myo-inositol 1-phospho-
thiorates (Baker et al. 1991). As the molecular mecha-
nisms of action for lithium carbamazepine and valpro-
ate are further understood, new sites of action in the
signal transduction pathway will be targeted in addi-
tion to IMPase inhibition.
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