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Inhibition of the High Affinity Myo-Inositol
Transport System: A Common Mechanism
of Action of Antibipolar Drugs?

Beate Lubrich, Ph.D., and Dietrich van Calker, M.D., Ph.D.

The mechanism of action of antibipolar drugs like lithium,
carbamazepine, and valproate that are used in the treatment
of manic-depressive illness, is unknown. Lithium is believed
to act through uncompetitive inhibition of
inositolmonophosphatase, which results in a depletion of
neural cells of inositol and a concomitant modulation of
phosphoinositol signaling. Here, we show that lithium ions,
carbamazepine, and valproate, but not the tricyclic
antidepressant amitriptyline, inhibit at therapeutically
relevant concentrations and with a time course similar to

their clinical actions the high affinity myo-inositol
transport in astrocyte-like cells and downrequlate the level
of the respective mRNA. Inhibition of inositol uptake could
thus represent an additional pathway for inositol depletion,
which might be relevant in the mechanism of action of all
three antibipolar drugs. [Neuropsychopharmacology
21:519-529, 1999] © 1999 American College of
Neuropsychopharmacology. Published by Elsevier

Science Inc.
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Manic-depressive disorder is an at least in part geneti-
cally transmitted illness that affects one to two percent of
the population and is characterized by episodic mood
swings in the form of depressive, and manic episodes
(Goodwin and Jamison 1990). It can be effectively
treated acutely and prophylactically by antibipolar
drugs like lithium salts, carbamazepine and valproate.
Recent evidence indicates that lithium’s beneficial effects
might be related to a modulation of cellular signal trans-
ducing mechanisms (for review see Berridge et al. 1989;
Jope and Williams 1994). In particular, the “inositol de-
pletion” hypothesis (Berridge et al. 1989) conjectures that
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lithium might act via depletion of susceptible brain areas
of myo-inositol, which is necessary to form inositolphos-
pholipids, an integral part of the cell membrane. The
breakdown of these lipids by receptor-triggered activa-
tion of phospholipase C leads to the formation of the two
second messenger molecules, inositol-1,4,5-trisphos-
phate and diacylglycerol (DAG), which regulate many
cellular activities. The lithium induced decrease of the
cellular inositol content is postulated to selectively im-
pair pathological overactivation of this system via insuf-
ficient supply of inositol for the resynthesis of inositol-
phospholipid or perhaps other mechanisms secondary
to inositol depletion such as activation of protein kinase
C (PKC) by accumulated DAG (Jope and Williams 1994).
The reason for lithium'’s inositol depleting effect and for
its selectivity for overactivated neural circuits is believed
to be the inhibition of inositolmonophosphatase (IM-
Pase), which is of the uncompetitive type and therefore
the more pronounced the more substrate (inositolmono-
phosphate, IMP) is formed by breakdown of inositol-
phospholipids. The inositol depletion hypothesis rests
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on the assumption that brain cells almost completely
rely on inositol formed from IMP, either as a final prod-
uct of the hydrolysis of inositolphospholipids or as an
intermediate of the de-novo-synthesis of inositol from
glucose-6-phosphate. However, recent evidence indi-
cates that brain cells may also accumulate inositol from
the extracellular space to a variable degree, which might
stipulate the cellular sensitivity to the inositol depleting
effect of lithium (for review see Gani et al. 1993). Indeed,
the myo-inositol content shows remarkable differences
in different areas of the rat brain already at basal condi-
tions and is altered by treatment with high concentra-
tions of myo-inositol with kinetics that are distinct in
each area (Patishi et al. 1996). Furthermore, the inositol
depletion induced by lithium salts is, after chronic treat-
ment, restricted to the hypothalamus (Lubrich et al.
1997). One potential source of the region-specific differ-
ences in inositol content and uptake is the high affinity
myo-inositol transport system, which has been charac-
terized in various cell types including those of neural or-
igin (Wiesinger 1991). This system is inhibited by activa-
tion of PKC (Handler and Kwon 1993; Batty et al. 1993).
Since lithium via increased accumulation of DAG can ac-
tivate and later downregulate PKC (for review Manji
and Lenox 1994; Maniji et al. 1995), we hypothesized that
the activity of the high affinity inositol uptake might also
be influenced by lithium. Here, we report that not only
lithium, but also the other antibipolar drugs carbam-
azepine and valproate, decrease both the activity of the
high affinity inositol transporter and the levels of its
mRNA in cultured astrocyte-like cells. These effects may
be of relevance for the mechanism of action of these
drugs, since the effects are seen at therapeutically rele-
vant concentrations and develop with a time course sim-
ilar to that of the clinical actions.

METHODS

When not mentioned otherwise, chemicals were pur-
chased from Merck (Darmstadt, Germany). Carbamaz-
epine, lithium, and valproate containing media was ob-
tained by addition of the required amount of the
respective substance (all purchased from Sigma, Munich,
Germany). °[H]-Myo-Inositol (spec. activity 20 nCi/mMol)
was from Amersham, Braunschweig, Germany. Drugs
were dissolved in growth medium with the exception
of carbamazepine which was prepared as a stock solu-
tion in DMSO (final concentration of DMSO in the me-
dium 0.1%; DMSO at this concentration did not influ-
ence the uptake of *[H]-myo-Inositol).

Primary Astrocytes

Astrocyte cultures were established as described previ-
ously (Gebicke-Haerter et al. 1989). In brief, rat brains
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were dissected out of newborn Wistar rat pups
(<1day). Various regions (cerebellum, cortex, dien-
cephalon, hippocampus, and tegmentum) were iso-
lated. Brain tissues were gently dissociated by tritura-
tion in Dulbecco’s phosphate buffered saline (PBS)
(GIBCO BRL, Eggenstein) and filtered through cell
strainer (70 um O; Falcon, Meylan, France) into Dul-
becco’s modified Eagles Medium (DMEM). After two
washing steps cells were seeded into 24-well-dishes
(Falcon) (5 X 105 cells/well) or 6-well-dishes (Falcon)
(2 X 10° cells/well) for uptake experiments or RNA ex-
traction respectively. Cultures were maintained for four
weeks in DMEM containing 10% fetal calf serum with
0.01% penicillin and 0.01% streptomycin in a humidi-
fied atmosphere (5% CO,) at 37°C. Culture medium was
changed on the second day after preparation and twice
weekly thereafter. These cultures contain over 95% as-
trocyte-like cells as determined immunocytochemically
and are therefore generally referred to as “cultured as-
trocytes”, although strictly speaking they are rather “as-
troglia-rich cultures.” They contain, in addition, micro-
glia and some minor contamination of other cell types
such as ependymal cells but no neurons (for review see
Hamprecht and Loffler 1985).

Human Astrocytoma Cell Line U373 MG

The human astrocytoma cell line U373 MG (initial stock
kindly provided by Dr. Bernd Fiebich, Dept. of Psychia-
try, University of Freiburg, Germany) was grown in
minimal essential medium-Earle’s medium (MEM; Se-
romed, Berlin, Germany) containing 10% fetal calf se-
rum, L-glutamine, antibiotics, vitamins, amino acids,
and pyruvate. For the uptake experiment cells were
plated on 24 well dishes (10° cells/well).

Uptake Experiments

For determination of *[H]myo-inositol accumulation,
cultures were washed twice with PBS and incubated up
to 24 hours with culture medium containing 42 uM
(primary astrocytes) or 13 uM (astrocytoma cells) myo-
inositol (40 uM or 11 uM myo-inositol respectively are
present in the respective medium (DMEM for astro-
cytes and MEM for astrocytoma cells) and 2 pM
3[H]myo-inositol was added). Incubation was per-
formed at 37°C in a humidified atmosphere (5% CO,).
Subsequently, medium was removed and the remain-
ing radioactivity was eliminated by five washing steps
with PBS including 40 mM myo-inositol. Lyses was
performed with 10% TCA or 0.1N NaOH for measure-
ment of radioactivity or protein determination, respec-
tively. Radioactive samples were mixed with 3 ml of
liquid scintillation fluid (Lumasafe; Canberra-Packard,
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Groningen, The Netherlands) and counted. Determina-
tions were done in triplicate.

For determination of the time course of the drug ef-
fects, cells were cultivated for 16 days (astrocytoma
cells) or four weeks (cultured astrocytes) before the up-
take of *[H]-myo-inositol was determined (six hours in-
cubation time). One to 15 days before that time the vari-
ous drugs were added and medium was changed twice
weekly.

Protein Determination

Total cell protein was measured according to Bradford
(Bradford 1976) using the Bio-Rad Protein Assay (Bio-
Rad Laboratories, Munich, Germany) and bovine se-
rum albumin (Sigma, Deisenhofen, Germany) as stan-
dard. Determinations were done in duplicate.

mRNA Extraction

Cells were lysed in guanidinium isothiocyanate/mercap-
toethanol (GTC) solution (500 wl/well). Total RNA was
extracted according to Chomczynski and Sacchi (1987).

Reverse Transcription

One microgram of total RNA was transcribed into
cDNA in a total volume of 25 ul containing 0.5 pl
M-MLV RT (Gibco), 0.5 pl RNA’se inhibitor (Pharma-
cia), 1 pl random hexamers (2.5 nM), 9 pl H,O, 12.5 pl
10x buffer (Pharmacia), 4 pl DTT (0.1M), and 5 pl
dNTP’s (2.5 mM). After 10 min of incubation at 30°C
and 60 min at 42°C, the reaction was stopped by heating
at 95°C for 5 min. Potential contamination by genomic
DNA was checked by omitting reverse transcriptase
and using S12 primers in the subsequent PCR amplifi-
cation. Only RNA samples showing no bands after this
procedure were used for further investigations.

Polymerase Chain Reaction (PCR)

One microliter of the RT-reaction was used for PCR am-
plifications. The following reagents were added: 4 pl
MgCl,, (25 mM), 5 pl 10x PCR Buffer (Pharmacia), 4 .l
dNTPs (10 mM), 35 ul H,O, 0.5 pl of each primer, and
0.125 pl Taq Polymerase (Pharmacia). PCR conditions
were as follows: 1 min denaturation at 94°C, 1 min
primer annealing and 1.5 min amplification at 72°C.
PCR was terminated after an incubation at 72°C for 7
min. Sequences of oligonucleotide primer pairs and
PCR conditions were as follows: rat SMIT primers used
for semiquantitative RT-PCR # 207 (5'-AGGGACTG-
GAGCTGCAAGTGG) and # 1154 (5'-CTGTTGAA-
GATGGAGGCCA); annealing temperature, 58°C, 32
cycles. S12 ribosomal protein (Ayane et al. 1989) # 49
(5'-ACGTCAACACTGCTCTACA) and # 360 (5'-CTT-
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TGCCATAGTCCTTAAC); annealing temperature 56°C,
28 cycles. The plateau phase of the PCR-reaction was
not reached under these conditions.

Quantification of PCR-Products

Amplified cDNAs were separated by agarose gel elec-
trophoresis and analyzed using the One-DeScan gel im-
aging system (MWG Biotech, Munich). Arbitrary units
of SMIT mRNA were correlated to arbitrary units 512
mRNA (=100%) of the same sample. Results are given
as means * SD from four RNA samples, obtained from
four independent cell preparations with four indepen-
dent RNA extractions.

RESULTS

Time Course of the Effects of Antibipolar Drugs and
Amitriptyline on High Affinity Myo-Inositol
Uptake in Cultured Primary Astrocyte

The effects of chronic pretreatment with antibipolar
drugs on the high affinity myo-inositol uptake were
studied in the human astrocytoma cell line U373 MG
and in primary astrocyte cultures from rat brain. The
uptake of *[H]-inositol in both astrocytes (Figure 1) and
astrocytoma cells (not shown) is linear up to approxi-
mately 6 hrs; a steady state is reached after 24 hrs.

We have verified the high affinity nature of this uptake
by assessment of its Km (50 pM in cultures from cortex
and tegmentum, 27 uM in cultures from other areas) (Lu-
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Figure 1. Time course of *[H]myo-inositol uptake in pri-
mary astrocyte cultures of cortex. Individual cultures were
incubated as described in the “Methods” section for the indi-
cated time periods after 14-day preincubation with vehicle
(*), ImM lithium (O), 50 wM carbamazepine (V), or 0.6 mM
valproate (<). Results are means = S.D. (Student’s t-test).
Similar results were obtained for the kinetics of uptake also
in astrocyte cultures from the other brain regions and the
astrocytoma cell line U373 MG, whereas the extent of uptake
and of the inhibition by antibipolar drugs varied as evident
from Figure 4.
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Figure 2. °[H]myo-inositol uptake in U373 MG human astrocytoma cell line after pretreatment with carbamazepine (50
puM), lithium chloride (1 mM), or valproate (0.6 mM), respectively. Cells were seeded and cultivated for 16 days. Antibipolar
drugs were added 1-15 days before the uptake was assessed by incubation with®[H]myo-inositol for six hours as described
in “Methods.” Control cultures were pretreated for the identical times but received vehicle only. Values are given as means
of four experiments + S.D. *p < .01 (Wilcoxon test) compared to controls (9.7 + 0.2 nmol/mg protein).

brich et al. submitted) and its inhibition by L-fucose (our
unpublished results). Chronic (14 d) treatment with lith-
ium, carbamazepine, and valproate inhibits the uptake in
astrocytes (Figure 1) and astrocytoma cells (not shown).
The uptake kinetics and its alteration by the three antibi-
polar drugs are illustrated for astrocytes from cortex in
Figure 1. The time course of the effects of the antibipolar
drugs in U373 MG cells (Figure 2) and astrocytes (Figure
3) was assessed by measuring the uptake during six hours,
i.e., within the linear range of uptake (Figure 1). In astrocy-
toma cells, lithium and carbamazepine initially provoke
an increase of uptake capacity with a maximum after six
days of pretreatment, which is, in the case of lithium, pre-
ceded by a small decrease of inositol uptake on the second

day of pretreatment. The increase is followed by the devel-
opment of an inhibition of uptake which is evident after
eight days of pretreatment and persists up to at least 15
days. Similarly to lithium, also valproate causes an initial
decrease of uptake, which is followed first by an increase
or shoulder in the time course and then by a further inhibi-
tion, which also persists up to at least day 15.
Preincubation with lithium, carbamazepine, and val-
proate induces also an inhibition of uptake in cultured as-
trocytes. The time course of these effects was studied in
cultures of cells from cortex (Figure 3). In contrast to the
results obtained in astrocytoma cells, primary astrocyte
cultures showed no activation of inositol uptake during
the first six days of pretreatment but a rather gradually
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Figure 3. ’[H]myo-inositol uptake in primary astrocyte cultures of rat cortex after pretreatment with 50 pM carbam-
azepine, 1 mM lithium chloride, 0.6 mM valproate, or 0.5 uM amitriptyline. Cells were cultivated for four weeks. The vari-
ous drugs were added 1-15 days before the end of this total cultivation time. Control cultures were pretreated for the
identical times but received vehicle only. After pretreatment cultures were washed and incubated for six hours with
3[H]myo-inositol for determination of uptake capacity as described in “Methods.” Values are given as means of four experi-
ments = S.D. *p < .01 (Wilcoxon test) compared to controls (48.4 = 2.8 nmol/mg protein).

developing inhibition that reached its maximum after
about one week and persisted thereafter up to at least 15
days. However, also in astrocytes the time course showed
a shoulder at the time, where an activation of uptake was
observed in astrocytoma cells (Figure 3).

In contrast to the effects of the antibipolar drugs, the
tricyclic antidepressant amitriptyline at a concentration
equivalent to the plasma level used clinically (0.5 wM)
did not influence significantly the myo-inositol uptake
capacity of primary astrocyte cultures (Figure 3).

Effects of Antibipolar Drugs on Cultured Primary
Astrocytes from Different Brain Regions

Chronic pretreatment (14 days) with antibipolar drugs
inhibited the uptake rate of [H]myo-inositol in primary

astrocyte cultures of cells from all brain regions exam-
ined, with the exception of cultures of cells from dien-
cephalon where only carbamazepine and valproate, but
not lithium, were effective (examplified for astrocytes
from cortex in Figure 1). This reduction was also evi-
dent at the steady-state levels (24 hrs incubation with
3[H]myo-inositol) and was most pronounced in cultures
of cells from cerebellum and tegmentum (Figure 4). In
contrast, in cultures of cells from cortex and hippocam-
pus the reduction of steady-state levels was much less
pronounced and significant only for pretreatment with
either lithium or valproate, but not with carbamaz-
epine. Primary astrocyte cultures of diencephalon are
unique in exhibiting a pronounced inhibition of uptake
after pretreatment with carbamazepine and valproate
but no effect of lithium (Figure 4).
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Figure 4. Changes in steady-state levels of 3[H]myo-inositol (24 hrs of incubation) in astrocyte cultures after chronic treat-
ment with lithium (LiCl, 1mM), carbamazepine (CBZ, 50 uM), or valproate (VPA, 0.6mM). Control (co) levels were 49.5 + 1.8
nmol/mg protein for cerebellum, 83.1 * 0.67 nmol/mg protein for cortex, 50.9 = 1.6 nmol/mg protein for diencephalon,
81.3 = 0.87 nmol/mg protein for hippocampus, and 68.4 = 0.56 nmol/mg protein for tegmentum. Values are given as means
of six experiments = S.D. *p < .005; **p < .001; ***p < .0001 (Student’s ¢-test) compared to controls.

Effects of Antibipolar Drugs on the Content of SMIT
mRNA in Primary Astrocyte Cultures

Semiquantitative determination of SMIT mRNA con-
tent was performed in primary astrocyte cultures of
cells from cortex and cerebellum as examples of cul-
tures with high and low basal activity of the high affin-
ity myo-inositol uptake, respectively. This corresponds
with high and low content of SMIT mRNA in cultures
from these areas, respectively (Lubrich et al. submit-
ted). Chronic (14 days) pretreatment with carbamaz-

epine, lithium, or valproate resulted in statistically sig-
nificant decreases of mRNA content in cultures of cells
from both regions (Figure 5).

DISCUSSION

The results of the present study provide evidence that
all three drugs known to exhibit clinically proven anti-
bipolar efficacy in patients, share at therapeutically rel-
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Figure 5. Semi-quantitative determination of SMIT mRNA content in primary astrocytes cultured from cerebellum and
cortex after chronic pretreatment (14 days) with carbamazepine (CBZ), lithium (LiCl), and valproate (VPA) compared to
controls (co). Total RNA was reverse transcribed and transporter cDONAs were quantified using ribosomal protein S12
cDNA as internal standard (for details see “Methods”). (A) SMIT cDNA quantified by a gel analytic program. Arbitrary
units of SMIT cDNA were normalized to S12 cDNA (=1). Values are given as means of four experiments = S.D. *p < .005;
**p < .001; **p < .0001 (Student’s t-test, one tailed). (B) RT-PCR products using SMIT primers (upper panel) or primer for
512 (lower panel). RNA was prepared from primary astrocyte cultures derived from cerebellum and cortex. The bright band
in marker lanes is 800 bp. Lane 1: controls; Lane 2: pretreatment with carbamazepine; Lane 3: pretreatment with lithium;

Lane 4: pretreatment with valproate.

evant concentrations and with a time course similar to
the onset of their clinical effects, one biochemical prop-
erty, the inhibition of activity of the high affinity myo-
inositol uptake in astrocytes (both of human and rat
origin) together with a concomitant decrease in the
content of the respective mRNA. These results appear
particularly relevant, since the “inositol depletion hy-
pothesis,” the presently prevailing hypothesis of lith-
ium’s action, postulates a depletion of inositol in over-
activated neural circuits as the principal initial event in
the mechanism of action of lithium ions (Berridge et al.
1989). While this hypothesis originally explained lith-

ium’s inositol depleting effect by uncompetitive inhibi-
tion of IMPase, our results suggest that inhibition of the
high affinity myo-inositol uptake could reinforce this
action of lithium and might, in addition, also mediate
the effects of valproate and carbamazepine. It is of his-
torical interest that an effect of lithium on inositol trans-
port has already been proposed in the very first publi-
cation about lithium’s effect on brain inositol (Allison
and Steward 1971).

A potential alternative explanation for the data of the
present report could be that chronic treatment with
mood stabilizers activates an outward transport of ino-



526 B. Lubrich and D. van Calker

sitol, which would result in a release of unlabelled inos-
itol during incubation and a consequent reduction of
the specific activity of *[H]-myo-inositol that could be
misconceived as inhibition of uptake. We have, how-
ever, shown (Figure 5) that not only the uptake of 3[H]-
myo-inositol, but also the level of SMIT mRNA, is
downregulated by chronic treatment with mood stabi-
lizers, which suggests that the high affinity transport is
altered by these stabilizers. Whether or not, in addition,
the efflux of inositol might be modified by antibipolar
drugs cannot be assessed by the present experiments
and must be clarified in subsequent studies.

Effects of antibipolar drugs on myo-inositol trans-
port have not been reported previously with one nota-
ble exception: Very recently Wolfson et al. (1998) in
their study of cultured mouse astrocytes have observed
a reduction of steady state levels (“pool size”) of myo-
inositol after one to eight days of preincubation with
lithium. While this finding is in agreement with the re-
sults presented here, these authors did not find an inhi-
bition of uptake rates after eight days of lithium treat-
ment, in direct contradiction to the results of our study.
However, since these authors investigated apparently
only cultures treated for up to eight days, they may
well have overlooked effects occurring later. Already, a
small shift to the right of the time course of the lithium
induced effects and /or a more pronounced initial, tran-
sitory increase of uptake or shoulder in the time course
(see Figures 2 and 3) could have caused their measure-
ment to be made at a time point, where the inhibition, if
any, is only marginally pronounced. Such subtle alter-
ations in the time course could be readily explained by
the differences between their mouse astrocytes that
were treated with dibutyryl cyclic AMP and the rat cul-
tures used in our study, which were free of dibutyryl
cyclic AMP.

PKC isoenzymes have received particular attention
as potential targets in the mechanism of action of lith-
ium and other antibipolar drugs (Manji and Lenox
1994; Manji et al. 1995, 1996; Lenox et al. 1996). Since
PKC is known to acutely inhibit the activity of the high
affinity inositol transporter (Handler and Kwon 1993;
Batty et al. 1993), it is tempting to speculate that modifi-
cations of PKC activity might also be responsible for the
effects of antibipolar drugs on this system. The effects
of lithium ions on the activity of PKC can be divided
into several phases (for review see Manji and Lenox
1994): Initially lithium ions appear to increase PKC ac-
tivity. More chronic treatment leads via proteolytic deg-
radation to “downregulation” of membrane-bound
PKC activity, which may be associated with increased
nuclear PKC activity that could modify gene expres-
sion. This sequence of events might partially explain
the peculiar time course of lithium’s effects on the activ-
ity of the high affinity inositol uptake system in astrocy-
toma cells, which shows three distinct phases (Figure
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2). In agreement with an initial increase of PKC activity
inositol uptake is first transiently inhibited. This is fol-
lowed by an increase of uptake capacity, which could
be interpreted as the result of subsequent downregula-
tion of PKC. Subsequently, persistent inhibition of up-
take develops. This third phase is probably due to con-
comitant or subsequent inhibition of gene expression of
the myo-inositol transporter, since the level of SMIT
mRNA was found to be reduced after 14 days of lith-
ium treatment (Figure 4). In agreement with a role of
PKC, we have obtained preliminary evidence that the
peculiar time course of lithium in the modulation of
inositol uptake can be mimicked by the application of
specific activators and inhibitors of PKC isoenzymes
(Lubrich and van Calker, unpublished).

Various other mechanisms must be considered.
Thus, lithium induces an activation of the transcription
factors c-fos and cjun (Manji and Lenox 1994), which
may cause a rapid increase of the expression of SMIT
(Cohen et al. 1991) and may contribute to the increase of
inositol uptake observed in the second phase (Figure 2).
In addition, the activity of SMIT protein is also regu-
lated by protein kinase A (Preston et al. 1995) and thus
also dependent on the cyclic AMP pathway. Since lith-
ium ions both acutely and chronically influence the ac-
tivity and gene expression, respectively, of adenylate
cyclase (for review see Mork et al. 1992; Manji et al.
1995), effects elicited via modifications of cyclic AMP
accumulation could also play a significant role.

Interestingly, the three phases in the time course of
lithium’s effect on inositol uptake are particularly pro-
nounced only in astrocytoma cells, whereas, in primary
astrocytes the second phase (activation of uptake) only
shows as a shoulder in the time course (Figure 3). This
could be explained by, e.g., a different timing and ratio
of the various mechanisms described above in primary
astrocytes as compared to their transformed counter-
parts. Indeed, tumor cells often show a more pro-
nounced PKC activation (McCarthy 1996; Baltuch et al.
1995; Couldwell et al. 1992).

Valproate appears to share with lithium ions the
property to modify the activity of several isoenzymes of
PKC (Manji et al. 1996; Chen et al. 1994), albeit appar-
ently acting via different mechanisms (Lenox et al.
1996). Accordingly, the time course of the effects of val-
proate on inositol uptake in astrocytoma cells is strik-
ingly similar to that of lithium ions (Figure 2), although
the second phase (activation of uptake) only shows as a
shoulder in valproate treated cells (Figure 2).

Unlike the effects of lithium and valproate, chronic
treatment with carbamazepine does not seem to influ-
ence PKC activity (Lenox et al. 1996). Furthermore, ear-
lier attempts to identify carbamazepine-induced alter-
ations of phosphoinositol signaling have lead to
equivocal results (McDermott and Logan 1989; Elphick
et al. 1988). It may, therefore, be surprising that carba-
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mazepine evokes effects on inositol uptake, which fol-
low a time course somewhat similar to that of the ac-
tions of lithium and valproate, with the exception of the
initial decrease in activity in astrocytoma cells, which is
not observed with carbamazepine (Figure 2). However,
several of the potential mechanisms discussed above
could also apply for carbamazepine’s action. Particu-
larly, carbamazepine has been shown to inhibit both
basal and stimulated cyclic AMP accumulation (Chen et
al. 1996; van Calker et al. 1991) and may, thus, influence
the inositol transporter, e.g., via direct effects mediated
by protein kinase A and indirectly via modulation of
c-fos induction (Manyji et al. 1996; Divish et al. 1991) and
subsequent alterations of SMIT gene transcription (Co-
hen et al. 1991).

The inhibition by antibipolar drugs of the myo-inosi-
tol transporter appears to be a specific effect of this class
of substances, since at least the tricyclic antidepressant
amitriptyline did not evoke similar effects in primary
astrocytes. Thus, inhibition of myo-inositol transport
might be related to the mood stabilizing effect of these
compounds, while tricyclic antidepressants are gener-
ally not beneficial as mood stabilizers in bipolar disor-
der but may even provoke manic or mixed episodes
and cycle acceleration (Altshuler et al. 1995).

The decrease in the level of SMIT mRNA observed in
astrocytes from cerebellum (approximately 40%; see
Figure 5) is roughly comparable to the inhibition of up-
take as evident from the steady state levels (40-60%),
whereas in astrocyte cultures from cortex, this decrease
of mRNA appears to be more pronounced (30% for CBZ
and VPA, 50% for lithium) than the inhibition of uptake
(approximately 20%). It must, however, be stressed that
determination of mRNA by the RT-PCR method ap-
plied does not allow any quantitative statements as to
the real amount of mRNA present but is at best a semi-
quantitative measure of the relative alterations induced.

The extent of inhibition evoked by the three drugs is
not uniform but distinct in primary astrocytes cultured
from different brain regions (Figure 4). This is particu-
larly evident from the steady state levels that are ob-
tained after 24 hrs of incubation with *[H]myo-inositol
(Figure 4). The reason for these differences are unclear.
However, a differential impact of the various potential
mechanisms discussed above depending on the type of
astrocytes could be envisaged. These results add to the
growing body of evidence that cultured primary astro-
cytes from different brain regions differ in their bio-
chemical properties (Lee et al. 1994; Shao et al. 1994;
Hansson 1990) the notion that they also may respond
differentially to pharmacological treatments.

In contrast to historical views that had attributed to
glial cells only a passive role as “neuro-glue” (“Nerven-
kitt”) astrocytes are now appreciated as actively con-
tributing to neural function, e.g., through interglial and
reciprocal glia/neuron communication by way of cal-

Effects of Mood Stabilizers on Myo-Inositol Transport 527

cium waves (for recent reviews see Dermietzel and
Spray 1998; Verkhratsky et al. 1998). Astrocytes appear
to be particularly important for the myo-inositol ho-
meostasis in the brain since they accumulate inositol
more intensely (Glanville et al. 1989) and express much
higher amounts of SMIT mRNA than neurons (our un-
published results). Thus, while the original inositol de-
pletion hypothesis has only implied neurons as the tar-
get of lithiums dampening effect on phosphoinositol
signaling, there is no inherent reason to restrict this ac-
tion to neuronal cells, since also glial cells express this
signal transduction system (Verkhratsky et al. 1998)
and are actively involved in information processing.

A particularly compelling feature of the original
“inositol depletion” hypothesis was that it offered an
explanation for the hitherto unexplained property of
lithium to specifically influence only the altered mood
of individuals with affective disorders, leaving almost
unaltered the psychological functioning of normal sub-
jects. This was hypothesized to be due to lithium’s un-
competitive mode of inhibition of IMPase, which would
result in an inhibition that is the more pronounced the
more the phosphoinositol signaling is activated. Rele-
vant inhibition and, thus, inositol depletion and its se-
quelae would therefore be restricted to pathologically
overactivated pathways. In agreement with this postu-
late, we have found that chronic treatment with lithium
reduces the level of inositol only in the hypothalamus,
perhaps because this region is particularly activated
due to the stress of chronic lithium feeding (Lubrich et
al. 1997). Inositol depletion evoked by inhibition of high
affinity inositol uptake is, in contrast, observed in astro-
cyte cultures of several brain regions and may, there-
fore, be less selective in its impact on signal transduc-
tion. One potential explanation for this discrepant
findings might be that cultured astroglia in vitro, al-
though they share several properties with their counter-
parts in vivo (Duffy and MacVicar 1995), are neverthe-
less heavily proliferating and particularly activated, at
least in part due to the absence of the inhibitory influ-
ence of neurons (for review see McMillan et al. 1994).
Thus, the sensitivity to inhibition by mood stabilizers of
the inositol uptake in these cultures may reflect the
properties of activated astrocytes, whereas, resting as-
trocytes in vivo might be much less prone to these ef-
fects. Furthermore, even with significant downregula-
tion of SMIT mRNA and myo-inositol uptake rates, the
steady-state levels of myo-inositol in primary astrocyte
cultures are reduced only to 50% at most, and resting
astrocytes in vivo might maintain even higher levels of
inositol (see above). This concentration might well be
sufficient to replenish intracellular inositol for phos-
phoinositide resynthesis during normal activation and
function. However, in states of pathological overactiva-
tion, PKC activity could increase to a degree that fur-
ther downregulate inositol uptake up to an extent that
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does not fulfill the elevated requirements for inositol re-
plenishment. Therefore, treatment with antibipolar
drugs would in principle reinforce a physiological feed
back mechanism, which would protect the cell against
exaggerated stimulation of phosphoinositol signaling.
Although presently speculative, such a mechanism
might explain why not only lithium, but also the other
two mood stabilizers, show a considerable selectivity in
their effects on disturbed mood. The ultimate test for
the validity of this hypothesis would be the develop-
ment and analysis of potential clinical efficacy of com-
pounds specifically targeted in their action at inhibition
of inositol uptake.

In conclusion, we have provided evidence from in
vitro studies that inhibition of the high affinity myo-
inositol transporter could be relevant in the mechanism
of action of antibipolar drugs. The results encourage in-
vestigations of the potential clinical usefulness of inosi-
tol uptake inhibitors as mood stabilizers that may be
advantageous with respect to their risk-benefit profile.
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