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In an attempt to find the key to reducing the excessive morbidity and mortality seen with mood disorders,
our laboratory has been extensively investigating lithium’'s mechanisms of action in an integrated series of
clinical and preclinical studies. We have found that the chronic administration of the 2 structurally highly dis-
similar agents, lithium and valproate, brings about a strikingly similar reduction in protein kinase C (PKC) a
and € isozymes in rat frontal cortex and hippocampus. In view of PKC's critical role in regulating neuronal
excitability and neurotransmitter release, we have postulated that PKC inhibition may have antimanic efficacy.
In asmall study, we have found that tamoxifen (which, in addition to its estrogen receptor blockade, is aso a
PK C inhibitor) has marked antimanic efficacy. These exciting preliminary results suggest that PKC inhibitors
may represent anovel class of improved therapeutic agents for bipolar disorder, and thisis under further inves-
tigation. The beneficial effectsof mood stabilizers require alag period for onset of action and are generally not
immediately reversed upon drug. discontinuation; such patterns of effects suggest alterations at the genomic
level. We have therefore undertaken a‘series of studies to investigate the effects of these agents on the AP-1
family of transcription factors and have found that both drugs increase AP-1 DNA binding activity in areas of
rodent brain ex vivo and in human neuronal cellsin culture. Both treatments also increase the expression of a
reporter gene driven by an AP-1—containing promoter, and mutationsin the AP-1 sites of the reporter gene pro-
moter markedly attenuate these effects. Both treatments also increase the expression of several endogenous
proteins, whose genes are known to be regulated by AP-1. Although the precise mechanisms have not been fully
elucidated, preliminary results suggest that these effects may be mediated, in part, by mitogen-activating
protein kinases and glycogen synthase kinase 3. We have also utilized mRNA reverse transcription-poly-
merase chain reaction (RT-PCR) differential display to identify.concordant changes in gene expression induced
by the chronic administration of both lithium and val proate. We have identified concordant changes in anumber
of cDNA bands by both lithium and val proate. Cloning and characterizing of these genesis currently underway.
The identification of the functions of these genes offers the potentia not only for improved therapeutics for
reducing the morbidity and mortality associated with mood disorders, but may also provide important clues

about the underlying pathophysiology.
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B ipolar affective disorder (manic-depressive illness)
is a common, severe, chronic and often life-
threatening illness.! Suicideisthe cause of deathin 10% to
20% of individuals with either bipolar or recurrent depres-
sive disorders, and the risks of suicide in bipolar disorder
may be higher than those in unipolar depression (reviewed
in Simpson and Jamison,? this volume). In addition to sui-
cide, major mood disorders are also associated with many
other deleterious health-related effects, and the costs asso-
ciated with disability and premature death represent an
economic burden of tens of billions of dollars annually in
the United States alone.?* Despite the devastating impact
that these illnesses have on the lives of millions, there is
still a dearth of knowledge concerning the etiology of re-
current mood disorders.

The discovery of lithium's efficacy as a mood-
stabilizing agent revolutionized the treatment of patients
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with bipolar disorder—indeed, it is likely that the remark-
able efficacy of lithium has, in fact, served to spark arevo-
lution that has, over time, reshaped not only medical and
scientific, but also popular concepts of severe mental ill-
nesses. After nearly 3 decades of use in North America,
lithium continues to be the mainstay of treatment for this
disorder, both for the acute manic phase and as prophylaxis
for recurrent manic and depressive episodes.*>® Numerous
placebo-controlled studies have unequivocally documented
the efficacy of lithium in the long-term prophylactic treat-
ment of bipolar disorder, and the beneficial effects appear
to involve both areduction in the number of episodes, as
well astheir intensity (reviewed in Goodwin and Jamison®).
There is now compelling evidence that adequate lithium
treatment, particularly in-the context of a lithium clinic,
also reduces the excessive mortality observed in theillness
(reviewed in references 5, 7, and 8).

However, despite lithium’srole as one of psychiatry’s
most important treatments, the cellular and molecular ba-
sis for its mood-stabilizing and mortality-lowering effects
remains to be fully elucidated.>*® Furthermore, increasing
evidence suggests that a significant number of patients re-
spond poorly to lithium therapy, with several studies re-
porting that 20% to 40% of patients fail to show an ad-
equate antimanic response to lithium, while many others
are helped but continue to suffer significant morbidity.**?
The recognition of the significant morbidity and mortality
of the severe mood disorders, as well as the growing ap-
preciation that a significant percentage of patients respond
poorly to existing treatments, has made the task of discov-
ering new therapeutic agents that work quickly, potently,
specifically, and with fewer side effects increasingly more
important. This awareness has led to extensive investiga-
tion of other pharmacologic agents both for the treatment
of acute mania and for the long-term prophylaxis of bi-
polar disorder, and considerable evidence has shown the
anticonvulsants, dival proex and carbamazepine, to be effi-
cacious.™**® Double-blind studies have demonstrated that
divalproex can work as effectively as lithium in the treat-
ment of acute mania,*® and, with oral loading, may bring
about a more rapid remission of manic symptoms than
lithium.*” Although, to date, the body of data from con-
trolled studies is small, evidence also suggests that dival-
proex is effective in the long-term prophylaxis of bipolar
disorder.’® Considerable evidence has also shown that car-
bamazepine is an alternative or adjunctive treatment to
lithium, both for acute manic episodes and for long-term
prophylaxisin bipolar disorder.’*°

In addition to identifying much needed additions to our
therapeutic armamentarium, the recognition of the thera-
peutic efficacy of these structurally very dissimilar com-
pounds not only offers the potential for the elucidation of
the targets both common to and unique among the differ-
ent agents, but may also help to identify the biochemical
substrates predisposing individuals to bipolar disorder.*%
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To date, however, the mol ecular mechanisms underlying the
therapeutic actions of lithium, divalproex, or carbamaze-
pine have not been fully elucidated.’*** Although a num-
ber of acutein vitro effects of these agents have been iden-
tified, their therapeutic effects in the treatment of manic
depressive illness are seen only after chronic administra-
tion, thereby precluding any simple mechanistic interpre-
tations based on their acute biochemical effects. The search
for the mechanisms of action of mood-stabilizing agents has
been facilitated by a growing appreciation that, rather than
any single neurotransmitter system being responsible for
depression or mania, multiple interacting and overlapping
systems are involved in regulating mood, and that most ef-
fective drugs likely do not work on any particular neuro-
transmitter system in isolation, but rather affect the func-
tional balance between interacting systems. In this context,
signal transduction pathways arein apivotal positioninthe
CNS*# and thus represent attractive targets to explain the
efficacy of mood stabilizers in treating multiple aspects of
bipolar disorder.’®® |t is therefore not surprising that, in
recent years, research aimed at the elucidation of the mo-
lecular mechanisms underlying the therapeutic effects of
mood-stabilizing agents has focused on second messenger
generating systems, most notably the phosphoinositide/
protein kinase C pathway and signal transducing guanine
nucl eotide—binding proteins (G proteins).

LITHIUM AND THE PHOSPHOINOSITIDE CYCLE:
IS THE INOSITOL DEPLETION HYPOTHESIS
A VALID MODEL?

Over the last decade, research on the cellular mecha-
nisms underlying lithium’s therapeutic effects has focused
on intracellular second messenger generating systems and,
in particular, receptor-coupled hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate (PIP,). Although inositol phos-
pholipids are relatively minor components of cell mem-
branes, they play a major role inreceptor-mediated signal
transduction pathways and are involved in a diverse range
of responsesin the central nervous system (reviewed in ref-
erences 29-34). Activation of avariety of neurotransmitter
receptor subtypes (including muscarinic M,,-M;, and Ms;
noradrenergic a,; serotonergic 5-HT,; and several metabo-
tropic glutamatergic receptors) induces the hydrolysis of
membrane phospholipids. In brief, agonists suchas acetyl-
choline, norepinephrine, serotonin, or glutamate bind to
specific cell surface receptors, which interact with G pro-
teins. These proteins stimulate certain isoforms of the en-
zyme phospholipase C (PLC). Activated PLC catalyzes
the conversion of PIP, to 2 second messengers, inositol
1,4,5-trisphosphate (1P;) and diacylglycerol (DAG). IP;
stimulates the mobilization of intracellular Ca™, while
DAG activates protein kinase C (PKC). IP; can be phos-
phorylated and dephosphorylated, |eading to other inositol
phosphate compounds or to unphosphorylated inositol.
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Figure 1. Effects of Lithium on the Phosphoinositide Cycle*
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*Reproduced with modifications and permission from Manji et al.,
1995.% |n this scheme, occupancy of the receptor (R) by a specific
agonist (A) initiates the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) by phospholipase C (PLC). The signal from
the receptor is conveyed to the effector (PLC) by G proteins (usually
G, and/or G). Hydrolysis of PIP, by PLC resultsin the formation of 2
ma] or second messengers—inosi toI 1,4,5-trisphosphate (IP,) and
diacylglycerol (DAG). IP;mobilizes calcium from intracellular stores,
whereas DAG activates PKC. IP, is either dephosphorylated to form
InsP,, Ins P;, and, ultimately, free inositol or phosphorylated to form
Ins 1,3,4,5-P,, which is then desphosphorylated by sequential distinct
pathways. Lithium, at therapeutically relevant concentrations, inhibits
the dephosphorylation of Ins 1,3,4-P,, Ins 1,4-P,, and-all 3 forms of
inositol phosphates (not shown in detail in the figure). Since inthe
brain myo-inositol is derived primarily from recycling of inositol
phosphates, one conseguence of lithium’s action may be to reduce the
levels of free myo-inositol.

Inositol inturn is converted to phosphatidylinositol, which
inturn is phosphorylated to phosphatidylinositol phosphate
(PIP) and PIP, (Figure 1).

The ability of a cell to maintain sufficient supplies
of myo-inositol is crucia to the resynthesis of the phos-
phoinositides and the maintenance and efficiency of
signaling. Lithium, at therapeutically relevant concen-
trations, is an inhibitor of inositol monophosphatase
(IMPase) (K; = 0.8 mM) and results in an accumulation of
inositol-1-monophosphate as well as a reduction in free
inositol .*3 Lithium also inhibits inositol polyphosphate-
1-phosphatase, which is involved in recycling inositol
polyphosphatesto inositol. Furthermore, since the mode of
enzyme inhibition is uncompetitive, lithium’s effects have
been postulated to be most pronounced in systems under-
going the highest rate of PIP, hydrolysis (see reviews in
Nahorski et al.*), Thus, Berridge and associates®® first
proposed that the physiologic consequence of lithium's ac-
tion is derived through a depletion of free inositol and that
its selectivity could be attributed to its preferential action
(due to the uncompetitive nature of the inhibition) on the
most overactive receptor-mediated neuronal pathways. For
these reasons, it has been hypothesized that a physiologic
consequence of lithium’saction isderived through adeple-
tion of free myo-inositol in the brain—the “inositol deple-
tion hypothesis.”*%* Since severa subtypes of adrenergic,
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cholinergic, serotonergic, and metabotropic glutamatergic
receptors are coupled to PIP, hydrolysis in the brain, the
inositol depletion hypothesis, asinitially proposed, offered
an attractive explanation for lithium'’s therapeutic efficacy
in treating multiple aspects of bipolar disorder.

However, numerous studies have examined the effects
of lithium on receptor-mediated phosphoinositide re-
sponses, and athough some report a reduction in agonist-
stimulated PIP, hydrolysis in rat brain slices following
acute or chronic lithium, these findings have often been
small and inconsistent and subject to numerous method-
ological differences (see Jope and Williams? for an excel-
lent recent review). Additionally, several lines of evidence
suggest that the action of chronic lithium may not simply
be directly manifest in receptor-mediated phosphoin-
ositide turnover. While investigators have observed that
the levels of inositol in brain remain reduced in rats re-
ceiving chronic lithium,®®4 it has been difficult to dem-
onstrate that this resultsin areduction in the resynthesis of
PIP,, which is the substrate for agonist-induced phospho-
inositide turnover. It has been proposed that this, however,
may be due to the methodol ogical difficultiesin accurately
measuring alterations in a rapidly turning over, small,
signal-related pool of PIP, and that the resynthesis of in-
ositol phospholipids may also occur through base ex-
change reactions from other larger pools of phospholipids
such as phosphatidylcholine.*?

Thus, although the validity of theinositol depletion hy-
pothesis as originally articulated® has been called into
guestion, a large body of preclinical data suggests that
some of theinitial actions of lithium may occur with arel-
ative depletion of myo-inositol**; this relative depletion
of myc-inositol-may initiate a cascade of secondary
changes at different levels of the signal transduction pro-
cess and gene expression in the CNS, effects that are ulti-
mately responsible for lithium’s therapeutic efficacy.’*®

WHAT GENETIC FACTORS
PLAY A ROLE IN DETERMINING
TREATMENT RESPONSIVENESS?

It has been recognized in recent years that although
lithium has had a remarkable beneficial effect on the lives
of millions, a significant percentage of patients respond
inadequately. With the growing recognition that bipolar
disorder likely represents a heterogeneous group of disor-
ders, the importance of identifying genetic, biochemical,
or clinical predictors of differential treatment responsive-
ness or resistance has become increasingly appreciated.
Although some important clinical leads have been identi-
fied,“®4*2 thereis at present a dearth of knowledge about
the genetic or biochemical factors associated with lithium
responsiveness or resistance. Thus, thereis aclear need to
elucidate the genetic and/or biochemical mechanisms as-
sociated with responsiveness or resistance to lithium’s
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Figure 2. Typical Proton MRS Spectrum From the Frontal
Lobe of a Bipolar Disorder Patient*
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* Abbreviations: Cho = choline compounds, Cr = creatine/
phosphocreatine, Glx = glutamate/glutamine, ml = myo-inositol,
NA = N-acetyl-aspartate.

actions, not only to better identify patients likely to re-
spond to lithium treatment, but also to facilitate the devel-
opment of new therapeutic agents.

Recent genetic linkage studies suggesting the.involve-
ment of specific genes in bipolar disorder have dlicited
considerable excitement about the possibilities for im-
proved treatment of this condition.*** Similar-to other
common and complex diseases like diabetes’™*® and hy-
pertension,*** the inheritance of bipolar disorder appears
to be multifactorial in nature rather than the result of
simple Mendelian transmission (discussed in Philibert et
al.®Y). It is thus not altogether surprising that (with a few
notable recent exceptions) there has been alack of replica-
tion of initial studies using linkage analysis. Differencesin
diagnostic criteria or the suspicion of etiologic heteroge-
neity has been cited as possible reasons for failure to repli-
cate these data. Most recently, several independent re-
search groups have reported linkage of bipolar disorder to
disparate chromosomal regions—4p,* 6p, 13q, and 15q,%
and 189.%* An accompanying commentary by Risch and
Botstein® attributed much of the uneven findings to the
complex genetic mechanisms underlying the disease.

Linkage studies will undoubtedly continue to be anim-
portant means of exploring the etiology and selective
treatment responsiveness of bipolar disorder, but thereisa
growing consensus that it isimportant to utilize additional
approaches and methodologies to facilitate the identifica-
tion of the biochemical pathways underlying the patho-
physiology and/or selective treatment responsiveness of a
disorder as complex as bipolar disorder. Another comple-
mentary and potentially very powerful strategy isto focus
on certain biochemical pathways that have some a priori
theoretical relevance to treatment responsiveness. In this
context, it is noteworthy that the genomic structure of the
human inositol monophosphatase gene has recently been
reported and a polymorphism (G to A) has been identi-
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Figure 3. In Vivo Proton MRS Test-Retest Stability/Reliability
in 6 Healthy Volunteers*
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*Combined data (17 test-retest pairs) from the frontal, temporal,
parietal, and occipital lobes.

fied.®®” |nterestingly, the same laboratory has reported
that 2 additional myo-inositol monophosphatase gene
(IMPA)-ike transcripts originate from the human ge-
nome, 1 from a position close to IMPA itself on chromo-
some 8 and the other from chromosome 18p.%” This re-
search group is currently undertaking studiesto determine
if this polymorphism plays arole in determining respon-
siveness to lithium’s therapeutic effects.®®

Our research group has recently undertaken a series of
studies to determine (1) if lithium does indeed reduce the
levels of myo-inositol in critical brain regions of individu-
als with bipolar disorder (it has never been demonstrated
to occur.in human brain) and (2) if individual differences
in susceptibility to lithium-induced CNS myo-inositol re-
ductions represent major factors determining resistance or
responsiveness to lithium’s therapeutic effects.

Proton magnetic resonance spectroscopy (MRS) spec-
tra are acquired from 8cc regions of interest (ROIs) in the
frontal, temporal, parietal, and occipital lobes, with an ac-
quisition time of 5 min/ROI (STEAM pulse sequence
TE =30 msec, TM = 13.7 msec, TR'= 2000 msec) (Figure
2). Using proton MRS, we have been able to quantitate
myo-inositol concentration in the frontal, temporal, pari-
etal, and occipital lobes with excellent reliability (Figure
3). Using a test-retest design (scan interval range, 1-12
weeks) in 6 hedthy volunteer subjects, the brain
myo-inositol concentration (expressed in units of myo-
inositol x 10%brain water and reported as the mean + SE)
was as follows: 2.571 + 0.281 vs. 2.504 = 0.243 with a
mean difference of 0.068 or + 3% of the myo-inositol mea-
sure, thus demonstrating that the temporal stability and
test-retest reliability of this measure is remarkably good.
In order to evaluate the interrater reliability of this
method, 2 trained individuals analyzed the in vivo NMR
data with MRUI-VARPRO time domain spectral analysis
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software.®® Theindividuals were blind to the study infor-
mation and to each other’s results. Interclass correlation
coefficient analysis revealed an interrater reliability of
greater than 98%.

After extensive validation of this method for in vivo
measurement of regional brain myo-inositol concentra-
tion, we have begun to apply this methodology in our stud-
ies of bipolar disorder patients undergoing lithium
therapy. Our preliminary results show that therapeutic ad-
ministration.of lithium does, indeed, produce a significant
brain-region_specific reduction in myo-inositol levels in
bipolar disorder patients (reference 70 and Moore GJ,
Bebchuk JM, Parrish JK, et al., manuscript in review).
Studies are currently under way to determine if the lithi-
um-induced reductions in-myo-inositol levels are associ-
ated with components of the therapeutic response.

LITHIUM AND PROTEIN KINASE C:
IMPLICATIONS FOR THE DEVELOPMENT
OF NOVEL DRUGS FOR BIPOLAR DISORDER

In addition to the effects of lithium on phosphoinositide
turnover, considerable recent research has clearly shown
that the PKC signaling pathway is a target for the actions
of chronic lithium (reviewed in Jope and Williams®®
and Manji et al.’%). PKC is highly enriched in brain and
plays a major role in regulating presynaptic and post-
synaptic aspects of neurotransmission.**”"? PK C is one of
the major intracellular mediators of signals generated
upon external stimulation of cells via a variety of neu-
rotransmitter receptor subtypes that induce the hydrolysis
of membrane phospholipids. PKC is now known to exist
as afamily of closely related subspecies, has a heteroge-
neous distribution in brain (with particularly high levelsin
presynaptic nerve terminals), and playsamajor role in the
regulation of neuronal excitability, neurotransmitter re-
lease, and long-term alterations in gene expression and
plasticity.*>™"

Recent evidence accumulating from various |labora-
tories has demonstrated that lithium exerts significant ef-
fects on PKC in a number of cell systems including the
brain.**®7 The preponderance of the currently available
data suggests that chronic lithium exposure results in an
attenuation of phorbol ester—mediated responses, which
may be accompanied by a down-regulation of PKC
isozymes (reviewed in Jope and Williams® and Manji et
al.*™), Activation of PKC is now known to facilitate the
release of anumber of neurotransmitters, and biochemical
studies have revealed that chronic (3-week) lithium at
therapeutic levels attenuates PK C-induced [*H]5-HT re-
lease in hippocampus.™ Although the precise mechanisms
by which PKC activation facilitates neurotransmitter re-
lease remain to be fully elucidated, it has been postulated
that the phosphorylation of myristoylated alanine-rich C
kinase substrate (MARCKYS) and growth-associated pro-
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Figure 4. Computer-Generated Pseudocolor Images of PKC
Distribution in Hippocampi From Representative Control (A)
and Lithium-Treated (B) Rats*

*Reproduced with permission from Manji et al.” Male
Sprague-Dawley rats were fed Li,CO;-supplemented chow (0.165% by
weight) for 5 weeks (serum lithium concentration, 0.82 + 0.07 mM).
Following decapitation, brains were rapidly frozen and cryosections
cut at 20 um onto gelatin-coated slides. Sections were incubated with
[®H]PDBuU (2.5 nM, 20 Ci/mmol) according to previously described
methods, and autoradiograms produced by simultaneously exposing
LKB Ultrofilm to brain sections and radioactive standards. For each
coronal section through the dorsal hippocampus, regions of interest
(RQIs) were produced without knowledge of the experimental group
around the subiculum (S), CA1, CA3, and dentate gyrus (DG) fields.
Measurements of multiple coronal brain image slices from each rat
produced an overall mean [*H]PDBu binding for each ROI in that rat.
These means for each ROl were compared between groups with 1-way
ANOQVAS, with post hoc Scheffé analysis. Image analysis revealed
significant 30% decreases in [*H]PDBu binding in the CA1 region
(F=5.83,df =1,14; p< .05, 1-way analysis of variance) and
subiculum (F = 5.50, df = 1,14; p < .05, 1-way analysis of variance) in
the lithium-treated group compared with the control group. Smaller,
nonsignificant decreasesin [*H]PDBu binding were also observed in
the CA3 region and dentate gyrus.

tein (GAP-43) by PKC plays akey rolein facilitating neu-
rotransmitter release.”>™ In this context, it is noteworthy
that seminal studies by Lenox and associates (this vol-
ume)”” have demonstrated that the levels of MARCKS, a
protein implicated in synaptic transmission, were signifi-
cantly reduced after chronic lithium exposure.

Using quantitative autoradiographic techniques, it has
been demonstrated that chronic (5-week) lithium adminis-
tration results in a significant decrease in membrane-
associated PKC in severa hippocampal structures, most
notably the subiculum and CA1 region, in the absence of
any significant changes in the various other cortical and
subcortical structures examined™ (Figure 4). Furthermore,
immunoblotting using monoclonal anti-PKC antibodies
has revealed an isozyme-specific decreasein PKC a and €
(which have been particularly implicated in facilitating
neurotransmitter release), in the absence of significant
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aterationsin PKC 3, PKCy, PKC 9, or PKC . The mecha-
nisms by which lithium produces the isozyme-sel ective de-
creases in the immunolabeling of PKC a and PKC € are
presently unclear.” Although PKC subspecies exhibit
subtle differences in their enzymatic properties, ligand
binding, and substrate specificity in vitro, the isoforms ex-
hibit different tissue- and cell type—specific expression pat-
ternsin vitro, and they aso differ in their susceptibility to
degradation. Do these effects of lithium on PKC isozymes
have any clinical relevance? The decreases in the levels of
PKC a and PKC ¢ following chronic lithium may repre-
sent 1 mechanism by which chronic lithium administration
attenuates the release of catecholamines, and, along with
its effects on receptor/G protein coupling (vide infra),
may be relevant to lithium's protective effects against
spontaneous-, stress-, and pharmacol ogic (e.g., stimulant)-
induced manic episodes. Indeed, given the key role(s) of
these PKC isozymes in the regulation of neurona excit-
ability and neurotransmitter release, the possibility that in-
hibition of PKC isozymes represents the biochemical ef-
fect most therapeutically relevant for lithium's antimanic
effects is a heuristic and testable hypothesis (discussed in
more detail below). In the absence of suitable animal mod-
elsfor the major psychiatric disorders, amajor problemin-
herent in neuropharmacologic research is the difficulty in
precisely ascribing therapeutic relevance to any-observed
biochemical finding.

One approach that can be utilized is to identify com-
mon biochemical targets that are modified by drugs be-
longing to the same therapeutic class (e.g., antimanic
agents) but possessing distinct chemical structures (e.g.,
lithium and divalproex, the only 2 drugs approved by the
Food and Drug Administration [FDA] for the treatment of
bipolar disorder) when administered in a “therapeutically
relevant” paradigm. These are 2 structurally highly dis-
similar, but therapeutically efficacious agents; although
they likely do not exert their therapeutic effects by pre-
cisely the same mechanisms, identifying the biochemical
targets that are regulated in concert by these 2 agents,
when administered in atherapeutically relevant paradigm,
may provide important clues about molecular mechanisms
underlying mood stabilization in the brain. In view of
lithium's significant effects on PKC outlined above, we
have investigated the effects of valproate on various as-
pects of PK C functioning. We have found that the structur-
ally highly dissimilar agent, valproate, produces strikingly
similar effects on the PKC signaling pathway as does
lithium.®"™ Interestingly, chronic lithium and valproate
appear to regulate PKC isozymes by distinct mechanisms,
with effects of valproate appearing to be largely indepen-
dent of myo-inositol. This biochemical observation is con-
sistent with the clinical observations that some patients
show preferential response to one agent or the other and
that one often observes additive therapeutic effects in pa-
tients when the 2 agents are coadministered.
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PKC INHIBITORS IN THE TREATMENT
OF ACUTE MANIA

In view of the pivotal role of the PKC signaling path-
way in the regulation of neuronal excitability, neurotrans-
mitter release, and long-term synaptic events,*?™7280 ye
have postulated that the attenuation of PKC activity may
play a major role in the therapeutic effects of the only 2
drugs approved by the FDA for the treatment of mania.
There is thus a clear need to investigate the efficacy of
PKC inhibitors in the treatment of mania. There is cur-
rently only 1 relatively selective PKC inhibitor available
for human use—tamoxifen. Tamoxifen, a synthetic non-
steroidal antiestrogen, has been widely used in the treat-
ment of breast cancer.>® A number of its effects are dueto
estrogen receptor antagonism,® but it has become clear in
recent yearsthat it is also a potent PKC inhibitor at thera-
peutically relevant concentrations.® We have therefore
initiated a pilot study investigating the efficacy of tamoxi-
fen in the treatment of acute mania.®® Clearly, these results
have to be considered preliminary due to the small sample
size thus far. Nevertheless, the significant (and in some
cases rapid and striking) results we observed do suggest
that tamoxifen possesses antimanic properties.® In view
of the preliminary data suggesting the involvement of the
PKC signaling system in the pathophysiology of bipolar
disorder,®%" these results suggest that PK C inhibitors may
be very useful agents in the treatment of bipolar disorder.
Larger, double-blind placebo-controlled studies of tamox-
ifen.and of novel selective PKC inhibitorsin the treatment
of ' mania are clearly warranted.

LITHIUM AND G PROTEINS

As discussed aready, abundant experimental evidence
has shown that™ lithium attenuates receptor-mediated
adenylyl cyclase activity:and phosphoinositide turnover in
rodents and in man, in the absence of consistent changesin
the density of the receptors themselves.’*® Although the
lithium ion (at therapeutic concentrations) does not di-
rectly affect G protein function, there is considerable evi-
dence that chronic lithium administration affects G protein
function.'°8# A|though some studies have reported mod-
est changesin the levels of G protein subunits, the prepon-
derance of the data suggests that chronic lithium does not
modify G protein levels per se (reviewed in Lenox and
Manji#), but clearly modifies G protein function (Table 1).

Onetool that has been utilized to investigate the effects
of chronic lithium on G protein function is pertussis toxin.
Pertussis toxin is an invaluable tool for the study of
G proteins because it catalyzes the transfer of an ADP-
ribose moiety from nicotinamide adenine dinucleotide
(NAD, an endogenous compound present in every cell)
onto certain G proteins. The use of subunit-selective anti-
serais clearly the method of choice for quantitating G pro-
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Table 1. Evidence for the Effects of Lithium on G Proteins*

Attenuation of receptor-stimulated adenylyl cyclase activity

Attenuation of receptor-mediated and GTPyS-mediated
phosphoinositide turnover

Attenuation of agonist-induced [*H]GTP binding

Reversal of the effects of lithium by increasing GTP

Increase in lymphocyte and rat brain 3-adrenergic receptor K, /Ky, ratio

Increase in pertussis toxin—catalyzed [*2P]ADP-ribosylation in platelets
and in rat brain

Reduction in Ga,, Ga;;, Ga;, mRNA inrat cortex

*Reproduced with permission from Manji et al., 1996.7

tein subunit levels, However, since these antisera rec-
ognize both the dissociated active a subunits and the cor-
responding undissociated, inactive heterotrimeric afy
complex, they do not, when utilized alone, provide in-
formation about conformational changes occurring in
the absence of quantitative changes. For this reason, per-
tussis toxin can be an invaluable tool for the functional
and structural aspects of various G proteins. By using
[®*PINAD* and determining the transfer of its [*P]ADP-
ribose moiety to membrane components, it is possible
to obtain information about functional aspects.of the G
protein. The functional aspect that can be studied using
[**P]ADP-ribosylation of membrane components is pos-
sible because pertussis toxin selectively catalyzes the
ADP-ribosylation of a given conformational state (disso-
ciated/undissociated) of the G proteins. Thus, altered sus-
ceptibility of the G proteins to toxin-catalyzed ADP
ribosylation has been shown to result from an altered con-
formational state and to correlate with alterationsin relay-
ing molecular signals from extracellular receptorsto intra-
cellular effectors.’®®

In contrast to the negligible effects on the levels of G
protein subunits, chronic lithium has been shown to pro-
duce a significant increase in pertussis toxin—catalyzed
[**P]ADP-ribosylation both in rat brain and in platelets of
subjects undergoing lithium treatment.”%? Since pertus-
sistoxin selectively catalyzes the ADP-ribosylation of the
undissociated, inactive apy heterotrimeric form of G,
these results suggest that lithium inactivates G; via a stabi-
lization of the inactive conformation (vide supra). Overall,
the data strongly argue for an effect of chronic lithium
on the signal-transducing G proteins in both humans and
rodents. Interestingly, for both G, and G,, lithium’'s major
effects appear to be a stabilization of the heterotrimeric,
undissociated (afy) conformation of the G protein.

Do lithium's effects on signal-transducing G proteins
have any relevance to its putative antisuicidal effect?
It should be articulated that any attempts to link specific
biochemical effects to a highly complex behavior such as
suicide must clearly be considered highly speculative.
Nevertheless, the signal-transducing G proteins represent
biochemical targets that are well placed to regulate the
functional balance between interacting neurotransmitter
systems, thereby making them attractive candidates for

J Clin Psychiatry 1999;60 (suppl 2)

Figure 5. Regulation of Serotonin Release by Nerve Terminal
Autoreceptors and Heteroreceptors: Effects of Chronic
Lithium*
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*nhibitory autoreceptors (generally 5-HT5,5) and heteroreceptors
(e.g., a,-adrenergic receptors) are present on serotonin nerve terminals
and regulate serotonin release. When activated, these receptors activate
certain G proteins (G; and G,); these G proteins dissociate into a and
By subunits. The activated By subunits of G/G, inhibit certain
voltage-gated Ca"* channels, thereby inhibiting serotonin release.
Chronic lithium uncouples the receptors from the G proteins and may
maintain the G protein in its inactive, undissociated afy

heterotrimeric conformation. The net effect of thisisto facilitate the
amount of serotonin released per nerve impulse.

Abbreviations: R, = inhibitory receptor, a;, = a subunit of G proteins,
G; and G,, By= G protein By subunits, 5-HT = serotonin.

Chronic Lithium

mediating complex behaviors. Although our understand-
ing about the neurobiology of suicide is clearly in itsin-
fancy, the neurotransmitter serotonin has been implicated
in several studies, leading to the hypothesis that low sero-
tonergic activity-is associated with increased suicide risk
(see review by Mann,* this volume). In this context, it is
noteworthy that lithium, viaits effects on G/G,, has been
demonstrated to desensitize presynaptic nerve termina
autoreceptors regulating serotonin release®* (see Figure
5). Thisaction would be compatible with increased seroto-
nin release in critical neuronal circuits, effects that may
underlie the putative antisuicidal effectsof lithium.
Although also clearly highly speculative, it isalso plau-
sible that disruption of signaling pathwaysmay. play arole
in the purported increase in suicidality observed with cho-
lesterol-lowering agents. Recent evidence has suggested
that pharmacologic lowering of cholesterol is associated
with increased nonillness mortality (with suicide as a ma-
jor contributor).*® The possibility that signal transduction
pathways underlie some of the behavioral manifestations
of cholesterol-lowering agents is suggested by the obser-
vation that the activity of many heterotrimeric G proteins
may be modulated by isoprenylation.®® Protein iso-
prenylation is a posttranslational modification in which a
farnesyl or geranyl isoprenoid, derived from the mevalo-
nate pathway, is attached to a carboxy-terminal cysteine
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Figure 6. Membrane Attachment of G Protein Subunits:
Potential Targets for the Behavioral Effects of
Cholesterol-Lowering Agents*
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*The figure depicts the mechanisms by which G protein a and y
subunits are attached to the plasma membrane, thereby allowing for
appropriate signal throughput from receptors to effectors. The lipid
modifications of the G protein subunits may be impaired by the
cholesterol-lowering agent lovastatin, biochemical effects which may
underlie (in part) the reported behavioral effects of these agents.

residue.®® The physiologic importance of these posttrans-
lational modifications becomes apparent when.one re-
cognizes that the action of Ga, on adenylyl cyclase is de-
pendent on the interaction of the subunit with the cell
membrane,**'® effects that are related to the lipid modifi-
cations of the G protein subunits.*®* Notably, the y subunit
of the heterotrimeric G proteinsis prenylated.’® Most per-
tinent to the present discussion, the cholesterol-lowering
drug lovastatin, which is a competitive inhibitor of
hydroxy-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, suppresses meval onate synthesis and protein prenyla-
tion (see Figure 6).%'% The potential clinical relevance of
these biochemical effectsis suggested by the observations
that lovastatin has been demonstrated to decrease the
membranous levels of Ga,'™ to reduce corresponding
adenylyl cyclase activity,’® and to reduce cAM P-medi ated
gene expression'® in cultured cells. Interestingly, lova-
statin has also recently been demonstrated to have a sup-
pressant effect on PKC activation, effects which may be
attributable to an impairment of cytosol to membrane
translocation of PKC.'® Thus, at least in in vitro cell cul-
ture models, the cholesterol-lowering agent lovastatin has
been demonstrated to disrupt the membrane attachment of
critical signal molecules. It is thus quite plausible that the
disruption of cellular signaling may, in susceptible indi-
viduals, be associated with adverse behavioral sequelae,
and is worthy of further study.

DO ALL PUTATIVE
MOOD-STABILIZING AGENTS EXERT
EFFECTS ON THE PKC SIGNALING PATHWAY?

In contrast to the effects observed with lithium and
valproate described above, we have found that carba-
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mazepine, a clinically efficacious antimanic and mood-
stabilizing agent, has very modest effects on the PKC
signaling pathway. We have thus investigated the effects
of carbamazepine on another major transmembrane sig-
naling system, the cyclic AMP (cCAMP) generating path-
way. The CAMP generating system also plays amajor role
in the regulation of neuronal excitability, and has been
postulated to play a role in the pathophysiology of both
seizure disorders'®™ and bipolar disorder.? We have
found that carbamazepine, at therapeutically relevant con-
centrations, inhibits both basal adenylyl cyclase and
forskolin (FSK)-stimulated cAMP accumulation in C6
glioma cells™3® Within the clinical therapeutic range
(~50 pM), carbamazepine inhibited basal cAMP levels
by 10% to 20%, and FSK -stimulated cAMP production by
40% to 60%. Together, these data indicate that carba-
mazepine is more effective in inhibiting the activated
adenylyl cyclase system, although the possibility of “floor
effects’ (that is, an inability to lower basal CAMP levels
beyond certain levelsin this system) cannot be ruled out.
To further characterize the mechanism(s) by which car-
bamazepine attenuates basal and FSK-stimulated cCAMP,
weinvestigated the inhibitory G protein, G;. Thus, acarba-
mazepine-induced activation of G; might be postulated to
underlie the decreases in basal and FSK-stimulated cAMP
that we have observed. To further characterize the site at
which carbamazepine exertsitsinhibitory effects, we puri-
fied adenylyl cyclases from rat cerebral cortex using a
FSK' affinity purification column. We found that similar
to the situation observed in intact C6 cells and in C6 cell
membranes, carbamazepine inhibited both basal and
FSK-stimulated activity of purified adenylyl cyclase (see
Table 2)." Taken together, the data suggest that carba-
mazepine inhibits CAMP production by acting directly on
adenylyl cyclase and/or through factor(s) that are tightly
associated with and co-purify with adenylyl cyclase. In
view of the mgjor role of the CAMP system in the regula-
tion of neuronal excitability and neurotransmitter release,
and the evidence for this system in the pathophysiology of
seizure disorders and bipolar disorder, these effects may
play arole in the therapeutic effects of carbamazepine.

EFFECTS OF MOOD STABILIZERS ON
TRANSCRIPTION FACTORS AND
GENE EXPRESSION

In recent years, it has become increasingly appreciated
that any relevant biochemical models proposed for the ef-
fects of many psychotropic drugs (including mood stabi-
lizers, antidepressants, and antipsychotics) must attempt to
account for their special temporal clinical profile—in par-
ticular that the therapeutic effects require alag period for
onset of action and are generally not immediately reversed
upon discontinuation.’®** Patterns of effects requiring such
prolonged administration of the drug suggest alterations at
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Table 2. Effects of Carbamazepine on Adenylyl Cyclase
Activity*

Basal activity

Forskolin stimulated

!
!
Choleratoxin stimulated !
Phosphodiesterases 0
Purified adenylyl cyclase activity !
CREB phosphorylation !
* Reproduced with permission from Manji et ., 1996.”

the genomic level 2> To investigate the putative effects
of mood stabilizers on gene expression, we have initialy
examined their effects on the DNA binding activity of tran-
scription factors, especially the AP-1 family of transcrip-
tion factors. Activator protein-1 (AP-1) is a collection of
homodimeric and heterodimeric complexes composed of
products from 2 transcription factor families, Fos and Jun.
These products bind to acommon DNA site (known asthe
12-o-tetradecanoyl-phorbol 13-acetate [TPA] response el-
ement) in the regulatory domain of the gene and activate
gene transcription in response to PKC activators, growth
factors, cytokines, and other agents (including neurotrans-
mitters).">® Induction of c-fosis rapid-and transient; Fos
protein reaches its maximal levels within 30 minutes, and
decreases to low levels within 1 to 2 hours."'* I nduction of
c-jun islonger lasting and varies from afew hours to sev-
eral daysin acell-type and stimulus-dependent manner.*
The c-jun geneis subject to positive autoregul ation through
an AP-1 binding site in its promoter. The genes known to
be regulated by the AP-1 family of transcription factorsin
the brain include genes for various neuropeptides, neuro-
trophins, receptors, transcription factors, enzymes in-
volved in neurotransmitter biosynthesis, and proteins that
bind to cytoskeletal elements.™®

In recent years, several independent laboratories have
demonstrated that lithium, at therapeutically relevant con-
centrations, regulatesAP-1 DNA binding activity." "% The
effects of lithium and valproate on DNA binding activity
of AP-1 have been examined using methods verified by
both competition assay with cold and mutant TPA response
element (TRE) oligos and supershift assay with antibodies
against AP-1 transcription factors.**** We have found that
both lithium and val proate, at therapeutically relevant con-
centrations, produce atime- and concentration-dependent
increasein the DNA-binding of TRE to AP-1 transcription
inrat brain ex vivo and in cultured human neuroblastoma
cells factors.**** Studies have further confirmed that
these effects on AP-1 DNA binding activity do, in fact,
translate into changes at the gene expression level. Effects
of lithium on gene expression were first studied in cells
transiently transfected with the pGL2-control vector. The
reporter gene, luciferase, in the pGL2-control vector is
driven by an SV40 promoter, which has 2 characterized
AP-1 sites. Using this reporter gene transfection system,
we attempted to further verify the role of AP-1 sites in
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mediating the effects of lithium and valproate on gene ex-
pression by eliminating the AP-1 sites by mutagenesis.
Lithium and valproate in a time- and concentration-
dependent manner increased the expression of aluciferase
reporter gene driven by an SV40 promoter that contains
TRESs.**'%1% Furthermore, mutations in the TRE sites of
the reporter gene promoter markedly attenuated these ef-
fects. These data indicate that lithium and valproate may
stimulate gene expression (at least in part) through the
AP-1 transcription factor pathway, effectsthat may play an
important role in itslong-term clinical actions.

In order to ascribe any potential therapeutic relevance
to the observed biochemical findings, it is obviously nec-
essary to demonstrate that they do, in fact, also occur in
critical regions of the CNS in vivo. It is well established
that the expression of tyrosine hydroxylase (TH) is medi-
ated in large part by the AP-1 family of transcription fac-
tors.’® We therefore investigated the effects of acute and
chronic lithium on the levels of TH in 3 brain areas that
have been implicated in the pathophysiology of mood dis-
orders—frontal cortex, hippocampus, and striatum. 2%
Chronic lithium significantly increased the levelsof TH in
all 3 brain areas aswell as in human neuroblastoma SY5Y
cells (Figure 7).*! Future in situ hybridization studies or
immunohistochemistry studies are clearly needed to deter-
mine if lithium also increases the expression of TH areas
of brain known to contain the cell bodies of the major nor-
adrenergic and dopaminergic systems, namely the locus
ceruleus, ventral tegmental area, and substantia nigra. Al-
terations in the functioning of the catecholaminergic sys-
tem have been postulated in the pathophysiology and
treatment of mood disorders for decades'*¥; the potential
role of these’changesin TH in mediating lithium’s putative
antisuicidal effects remains to be elucidated. The results
clearly show that, in addition to increasing AP-1 DNA
binding activity and the expression of the luciferase re-
porter gene in vitro, chronic lithium increases the TH lev-
elsin areas of rat brain ex vivo. These effects are compat-
ible with an effect on the DNA-binding of TRE to the
AP-1 family of transcription factors and have the potential
to regulate patterns of gene expression in critical neuronal
circuits.®®*3* The precise mechanisms by which lithium
regulates AP-1 DNA binding activity remains to be fully
delineated, but may involve effects on mitogen-activated
protein kinases. In addition, it is noteworthy that lithium,
at clinically relevant concentrations, has recently been
demonstrated to inhibit the activity of glycogen synthase
kinase-3p (GSK-3B)."***¥ GSK-3p is known to phospho-
rylate c-jun at 3 sites adjacent to the DNA binding domain,
thereby reducing TRE binding.****¥" Interestingly, valpro-
ate, at therapeutically relevant concentrations, has also re-
cently been demonstrated to inhibit the activity of GSK a
and GSK B, therole of GSK-3B in regulating changesin
CNS gene expression by mood-stahilizing agentsis thus a
very exciting new area of research (see Figure 8).
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Figure 7. Effects of Lithium on Tyrosine Hydroxylase (TH)
Levels in Areas of Rat Brain and in Human Neuroblastoma
SY5Y Cellst
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‘tReproduced, with modifications and permission from Chen et al.**
Rats were treated with lithium and saline for 9 days or 4 weeks. Frontal
cortex (A), hippocampus (B), and striatum (C) samples were subjected
to sodium dodecy! sulfate—polyacrylamide gel electrophoresis and
immunoblotting of TH. Four weeks of lithium treatment resulted in
increasesin TH levelsin frontal cortex (approximately 2%) hippo-
campus (approximately 140%), and striatum (approximately 120%).
*p < .05 compared with saline-treated rats. Human SH-SY 5Y
neuroblastoma cells (D) were incubated with lithium (1 mM), and
immunoblotting of TH was conducted in whole-cell lysates. Incubation
with lithium resulted in significant increases in the levels of TH in
these cells.

**p < .05 compared with control.

CONCLUDING REMARKS

We clearly still have much to learn about the mecha-
nisms of action of mood-stabilizing agents, but the rate of
progress in recent years has been exciting indeed. The be-
havioral and physiologic manifestations of the recurrent
mood disorders are complex and are mediated by a net-
work of interconnected neurotransmitter pathways; thus,
regulation of signal transduction within critical regions
of the brain remains an attractive target for psychophar-
macologic interventions. Current studies of the long-term
treatment-induced changes in the phosphoinositide and
PKC signaling pathways, GSK-3[3, and gene expression
regulation are most promising avenues for investigation.

The recent advances in the identification of signal
transduction pathways as targets for mood-stabilizing
agents also have the potentia to lead to the development
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Figure 8. Regulation of AP-1 DNA Binding Activity by
Protein Kinases: Therapeutic Implications*
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*Protein kinase C isozymes have the potential to regulate AP-1 DNA
binding activity in anumber of ways. PKC isozymes activate certain
mitogen-activated protein (MAP) kinases, which phosphorylate c-jun,
thereby enhancing the formation of the active AP-1 complex. Glycogen
synthase kinase 33 (GSK-3B) is known to phosphorylate c-jun at sites
adjacent to the DNA binding domain, thereby reducing AP-1 binding;
interestingly both lithium and valproate (VPA) at therapeutically
relevant concentrations inhibit the activity of GSK-3(3. Thus, lithium
and VPA may increase AP-1 DNA binding activity (at least in part) by
inhibiting GSK-3, thereby removing its tonic inhibitory effects on
AP-1.

of truly novel effective pharmacotherapiesfor mood disor-
ders. It is becoming increasingly clear that for many pa-
tients new drugs simply mimicking the “traditional” drugs
that directly or indirectly alter neurotransmitter levels and
those that bind to cell surface receptors may be of limited
benefit. This is because such strategies implicitly assume
that the target receptor(s) isfunctionally intact, and that al-
tered synaptic activity will thus be transduced to modify
the postsynaptic-“throughput” of the system. However,
improved therapeutics for refractory patients may only be
obtained by the direct ‘targeting of postreceptor sites.
Although clearly more complex than the development of
receptor-specific drugs, it may be possible to design novel
agents to selectively affect second messenger systems be-
cause they are quite heterogeneous at the molecular and
cellular level, are linked to receptorsin a variety of ways,
and are expressed in different stoichiometries in different
cell types. Additionally, since signal transduction path-
ways display certain unique characteristics depending on
their activity state (e.g., rate of guanine nucleotide ex-
change, G protein conformational states, GTP hydrolysis,
interaction with different RGS [regulators of G protein
signaling] proteins, cytosol-to-membrane translocation of
PKC isozymes and receptor kinases), they offer built-in
targets for relative specificity of action, depending on the
“set-point” of the substrate. In sum, the rapid technologi-
cal advances in both biochemistry and molecular biology
have greatly enhanced our ability to understand the com-
plexities of the regulation of neuronal function; these ad-
vances hold much promise for the development of novel
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improved therapeutics for mood disorders, as well as for
our understanding of the pathophysiology of these life-
threatening illnesses.

Drug names: carbamazepine (Tegretol and others), divalproex sodium
(Depakote), lovastatin (Mevacor), tamoxifen (Nolvadex).
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