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Abstract Bipolar disorder is one of the most severely debilitating of all medical

illnesses. For a large number of patients, outcomes are quite poor. The illness
results in tremendous suffering for patients and their families and commonly
impairs functioning and workplace productivity. Risks of increased mor-
bidity and mortality, unfortunately, are frequent occurrences as well.

Until recently, little has been known about the specific molecular and
cellular underpinnings of bipolar disorder. Such knowledge is crucial for the
prospect of developing specific targeted therapies that are more effective and
that have a more rapid onset of action than currently available treatments.
Exciting recent data suggest that regulation of certain signalling pathways
may be involved in the aetiology of bipolar disorder and that these pathways
may be profitably targeted to treat the disorder. In particular, mania is as-
sociated with overactive protein kinase C (PKC) intracellular signalling, and
recent genome-wide association studies of bipolar disorder have implicated
an enzyme that reduces the activation of PKC. Importantly, the current
mainstays in the treatment of mania, lithium (a monovalent cation) and
valproate (a small fatty acid) indirectly inhibit PKC. In addition, recent
clinical studies with the relatively selective PKC inhibitor tamoxifen add
support to the relevance of the PKC target in bipolar disorder.

Overall, a growing body of work both on a preclinical and clinical level
indicates that PKC signalling may play an important role in the pathophysio-
logy and treatment of bipolar disorder. The development of CNS-penetrant
PKC inhibitors may have considerable benefit for this devastating illness.
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Bipolar disorder is a serious medical illness
that, unfortunately, is quite common, having a
lifetime prevalence of approximately 4.4% in the
US.IU Bipolar disorder is characterized by re-
current disturbances of emotional states, hedonic
drive, motoric behaviour, cognition, sleep and
functioning (all of which tend to conglomerate in
episodes) and residual symptoms that manifest
across the lifespan.

Because of such varied clinical syndromes, in
part for diagnostic and treatment purposes, bi-
polar disorder is broken down into discrete acute
episodes (manic, mixed, hypomanic and depres-
sive episodes). Therapies for bipolar disorder are
usually first tested in the acute phases of the ill-
ness, particularly in manic episodes, and once
efficacy is established for this pole of the illness,
usually a maintenance phase study takes place.
There are now several antimanic agents available
for clinical use, although a sizable proportion of
patients have a suboptimal response to them or
have intolerable adverse effects.’l A major pro-
blem with these ‘choices’ of anti-manic therapies
in terms of drug development is that, except for
lithium, all of the currently marketed treatments
for mania fall into the category of anticonvulsant
or antipsychotic drugs.’ It is remarkable that no
drug has been developed specifically for this
severe recurrent mood disorder since its original
conception by Kraepelin over a century ago. We
have yet to develop a new treatment expressly for
bipolar disorder; this lack of new treatments
most likely is a consequence of our lack of
understanding of the relevant molecular and
cellular substrates of this complex emotional,
behavioural, activity disorder.

Several drug development strategies in bipolar
disorder have been proposed.”! One path results
from our understanding that severe mood dis-
orders, although not classical neurodegenerative
disorders, are associated with regional impair-
ments of structural plasticity and cellular resi-
lience, and that drugs that enhance resilience will
have therapeutic effects. Another strategy is
based on understanding the therapeutically re-
levant biochemical targets of the currently effec-
tive medications lithium and valproate; their
target, which is the subject of this review, is pro-
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tein kinase C (PKC). The PKC story provides one
of the few examples where a drug is specifically
being developed for bipolar disorder based on an
identified molecular target. Indeed, such devel-
opment has gone from identifying a direct mole-
cular target in 1990 to a positive proof-of-concept
clinical study in humans with a modulator of the
relevant target in 2007.

1. Protein Kinase C (PKC)

PKC is a family of structurally related isozyme
subspecies with a heterogeneous distribution
throughout the body.>¢l There are at least 12
isoforms that differ in structure, subcellular lo-
calization, tissue specificity, mode of activation
and substrate specificity.[”! The isoforms are sub-
divided into three classes (classical/conventional,
novel and atypical) on the basis of activation re-
quirements. Conventional PKC isoforms (a, BI,
BIL, v) require calcium and diacylglycerol (DAG)
for activation, whereas novel PKC isoforms (9, €,
N, 0, ), which lack the C2 calcium-binding do-
main, only require DAG for activation. Atypical
PKC isoforms (g, A/1) lack both C2 and DAG-
binding C1 domains and, thus, are not respon-
sive to calcium or DAG, but respond to lipidic
mediators such as phosphatidylinositol 3,4,5-
triphosphate.[®! Such isoforms are relevant to
drug development, as directly targeting certain
isoforms could bring about a therapeutic effect
(e.g. antimanic) and the targeting of isozymes in a
discrete region rather than ubiquitously may
minimize adverse effects. The development of
isozyme-specific compounds for therapeutic use
has led to progress in the management of certain
conditions (see section 2).

Activation of PKC results in its translocation,
and subcellular localization is thought to regulate
accessibility to activators and substrates.”] PKC
is activated by such varied upstream signals as
G protein-coupled receptors (GPDRs), receptor
tyrosine kinases (RTKs), and non-RTKs via
DAG activation. Several PKC isoforms are in-
dependently activated by the phospholipase C
(PLC) and phosphoinositide-3 kinase (P13K)
pathways.[’]

CNS Drugs 2009; 23 (7)
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2. PKC Signalling Cascade in Disease

PKCisimplicated in a diversity of cellular fun-
ctions, including cell cycle progression, prolif-
eration, differentiation and apoptosis (reviewed
in Mellor and Parker™). In addition, PKC ap-
pears to have a major role in regulating survival
signals in a variety of cell types, including neu-
rons. PKC was first recognized as a proteolyti-
cally activated serine/threonine kinase in the late
1970s'" and a decade later its first isoforms that
were calcium dependent were discovered.!'!]
Since then, 12 isoforms that are expressed by
mammalian cells have been identified.['?]

The first disease condition in which PKC iso-
forms and their modulation were demonstrated
to have a major role was cancer.!'?! Since then, the
role of PKC has been examined in may other dis-
eases including cardiovascular,['3! pulmonary,[!4
immune and infectious disease,!'® diabetes mel-
litus!'®! and, more recently, bipolar disorder.

3. PKC Signalling and the Brain

In the brain, PKC is highly enriched with a
heterogeneous distribution. It has an important
function in modulating both pre- and post-
synaptic facets of neurotransmission and it is
present in particularly high levels in presynaptic
nerve terminals.i! It has a number of additional
functions including regulation of neuronal excit-
ability, neurotransmitter release and long-term
alterations in gene expression and plasticity. Re-
garding the latter, PKC signalling pathways reg-
ulate dendritic spine morphology in brain slices
and in cultured neuronal synaptic prepara-
tions.l'”-181 A recent study reported what was the
structural basis for enhancement of long-term
associated memory in single dendritic spines
regulated by PKC.['”! Perhaps one of its most
important functions is in modulating the major
intracellular mediators of signals generated upon
external stimulation of cells via a variety of
neurotransmitter receptors (including musca-
rinic M, and M;, noradrenergic o;, seroto-
nergic 5-HT,, and metabotropic glutamatergic
receptors), which induce the hydrolysis of various
membrane phospholipids.l?%!
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PKC activity is increased in the prefrontal
cortex following exposure to even mild, un-
controllable stress.?!l Stress exposure increases
noradrenaline (norepinephrine) release in the pre-
frontal cortex,[??! which stimulates o-receptors
and activates the phosphatidyl inositol signalling
pathway.[?3] These actions greatly impair pre-
frontal cortex function. Thus, prefrontal cortical
cognitive deficits are observed following ex-
posure to stress, stimulation of o;-receptors, or
direct activation of PKC with phorbol esters in
the prefrontal cortex.[?3>-241 Conversely, inhibition
of PKC restores prefrontal cognitive function
following all of these conditions.[?*-> The detri-
mental effects of PKC activation are also ob-
served at the level of single cells, where the firing
of prefrontal cortical neurons during cognitive
tasks is markedly reduced by activation of PKC,
and restored by inhibition of PKC.[?3! Thus, the
ability of the prefrontal cortex to regulate emo-
tion, thought and action is markedly impaired by
overactivity of PKC signalling. These findings
may be particularly important for bipolar dis-
order, with a number of neuroimaging studies
highlighting structural and functional deficits in
the prefrontal cortex in the disorder (see review
by Arnsten and Manji??).

4. PKC Signalling Cascade in Bipolar
Disorder: A Joint Biochemical Target for
the Actions of Chronic Lithium and
Valproate

The identification of the acute, in vitro effects
of a number of antimanic agents led investigators
to develop criteria for relevant targets to pursue
for future therapeutic agents.?>-2l The criteria
include: (i) corroboration of the target at the
protein and functional level; (ii) observation of
effects at the target of chemically dissimilar but
clinically effective agents; (iii) occurrence of the
effects at a dose/plasma concentration and time-
frame consistent with clinical therapeutic effects;
(iv) localization of the target to brain regions
implicated in the neurobiology of the disorder
under consideration; and (v) when known, re-
levance of the target to known pathophysiology.
Application of this stringent criteria strategy has

CNS Drugs 2009; 23 (7)
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led a number of independent groups?’-3! to re-
cognize PKC as a promising direct biochemical
target for developing therapeutics for bipolar
disorder.

The antimanic drugs that meet the aforemen-
tioned criteria for further testing are lithium and
valproate. First, it is important to note that li-
thium (a monovalent cation) and valproate (an
8-carbon branched fatty acid) are structurally
dissimilar but have similar therapeutic effects,
both being antimanic agents. Secondly, their ef-
fect takes place in brain regions that have been
implicated to be critical circuits in mood disorder
pathophysiology, namely in limbic and limbic-
related regions. Thirdly, the effects occur at
therapeutic concentrations in vivo. Fourthly, si-
milar to the clinical therapeutic effects, the bio-
chemical alterations occur only after chronic (and
not acute) administration in a timeframe con-
sistent with clinically therapeutic effects. Lastly,
the effects are specific for these agents. As will be
discussed below, both lithium and valproate
bring about strikingly similar effects on the PKC
signalling cascade, actions which may be most
relevant to their antimanic profile.[?%

A considerable amount of biochemical data
supports the potential involvement of PKC in the
pathophysiology and treatment of bipolar dis-
order (table I). Friedman and colleaguest®?! in-
vestigated PKC activity and PKC translocation
in response to serotonin in platelets obtained
from patients with bipolar disorder before and
during lithium treatment. They reported that the
ratios of platelet membrane-bound to cytosolic
PKC activities were elevated in subjects in a
manic episode. In addition, serotonin-elicited
platelet PKC translocation was found to be en-
hanced in those subjects. Wang and Friedman[#4
measured PKC isozyme levels, activity and
translocation in post-mortem brain tissue from
patients with bipolar disorder. They reported
increased PKC activity and translocation in the
brains of patients with bipolar disorder compared
with controls, effects that were accompanied by
elevated levels of selected PKC isozymes in cor-
tices of the patients.

PKCsignalling pathways are altered after treat-
ment with lithium or valproate.[20-28:35-3747.571 With
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regard to brain regions showing PKC changes,
chronic treatment with lithium in rats resulted
in a significantly decreased PKC stimulation-
induced release with phorbol esters in the cortex,
hypothalamus and hippocampus; these areas
have been implicated in mood disorder patho-
physiology. Regarding PKC isozymes, chronic
lithium administration resulted in reduced activ-
ity of several PKC o and ¢ isoforms!??! in the
frontal cortex and hippocampus. Similar to li-
thium, the other primary antimanic drug, valpro-
ate, was also found to cause an isozyme-specific
decrease in PKC o and £.?81 However, unlike li-
thium, the effects of valproate appear to be lar-
gely independent of myo-inositol.?%! This finding
that the two drugs act via different sub-pathways
may explain why patients who do not respond to
lithium treatment may respond to valproate
treatment or have some differences in efficacy
based on manic syndrome profile (e.g. manic vs
mixed episode). The study of PKC substrates has
also yielded information regarding PKC in bipolar
disorder. Myristoylated alanine-rich protein
kinase C substrate (MARCKS), a key substrate
of PKC, is a protein that has been implicated in
signalling and neuroplastic events associated with
cytoskeletal architecture;*>#3 it is regulated by
chronic lithium treatment. Valproate also has
been reported to alter PKC substrates.[2$-%]
Other supportive evidence for the role of PKC
in bipolar disorder is that stimulants (e.g. amphe-
tamine), which are capable of triggering manic
episodes in susceptible individuals and induce
manic-like behaviours in rodents,?!! activate
PKC and GAP-43 (growth-associated protein of
43 kDa) phosphorylation (implicated in neuro-
transmitter release)®3-36-5%-%0 [figure 1]. The PKC
inhibitor tamoxifen significantly reduced amphe-
tamine-induced hyperactivity in a large open
field without affecting spontaneous activity, and
normalized amphetamine-induced increase in
visits to the centre of an open field (representing
risk-taking behaviour); tamoxifen also atte-
nuated amphetamine-induced phosphorylation
of GAP-43.21 Similarly, in addition to amphe-
tamines, data with cocaine in animals is often
used to infer the involvement of PKC in bipolar
disorder. For example, increased hedonistic drive

CNS Drugs 2009; 23 (7)
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Table I. Evidence implicating protein kinase C (PKC) in the pathophysiology and treatment of bipolar disorder

Study (y)

PKC-related evidence

Cultures, animals, humans
Bitran et al.[32! (1990)

Giambalvol33-341 (1992)
Friedman et al.[3% (1993)

Gnegy et al.l*®! (1993)

Maniji et al.[371 (1993)

Chen et al.l281 (1994)

Maniji et al.[8! (1996)
Cervo et al.[3% (1997)

Birnbaum et al.[*°! (2004)

Wang and Friedmani'! (1989)

Lenox et al.*2! (1992)

Friedman et al.[3%! (1993)

Steketeel?”41 (1993, 1994)
Wang and Friedmani*4! (1996)

Watson and Lenox[*5! (1996)

Browman et al.l2%! (1998)

Chronic (but not acute) lithium treatment attenuates agonist- and phorbol ester- and phorbol-12-
myristate-13-acetate-mediated stimulation of the Na*/H* antiporter activity in HL-60 cells, suggesting an
impairment of PKC activity

Increased particulate PKC activity in synaptosomes incubated with amphetamine 1-10 pmol/L

Ratios of platelet membrane-bound to cytosolic PKC activities were elevated in manic subjects. Also,
serotonin-elicited platelet PKC translocation was enhanced in subjects with mania; lithium treatment
resulted in a reduction in cytosolic and membrane-associated PKC activities and in an attenuated PKC
translocation in response to serotonin, which normalized with lithium treatment

Increased membrane/cytosol PKC partitioning in platelets from manic subjects; normalized with lithium
treatment

Amphetamine resulted in increased phosphorylation of the neural-specific calmodulin-binding protein
GAP-43 (involved in neurotransmitter release) in purified synaptic plasma membrane of female rat
striatum

Chronic lithium treatment for 5 wk resulted in a 30% reduction in [2H]PDbu-binding in the subiculum and in
CA1 regions of the rat hippocampus as measured by quantitative autoradiography; immunoblot analysis
of hippocampal PKC with isozyme-specific antibodies showed a 30% reduction in membrane-associated
PKC o

Chronic exposure (6-7 d) of rat C6 glioma cells to ‘therapeutic’ concentrations (0.6 mmol/L) of valproate
resulted in decreased PKC activity in both membrane and cytosolic fractions and increased the

cytosol/membrane ratio of PKC activity; Western blot analysis revealed isozyme-selective decreases in
the levels of PKC o and ¢ in both the membrane and cytosolic fractions after long-term valproate exposure

Chronic myo-inositol administration attenuated lithium-induced decreased in PKC «, and levels of
MARCKS and GAP-43 in rat hippocampus and frontal cortex

In a balanced CPP in rats, PKC was found to be involved in the mechanism underlying consolidation
of CPP

High levels of PKC activity in prefrontal cortex, as seen during stress exposure, markedly impair
behavioural and electrophysiological measures of working memory in rat; chronic treatment with lithium
or valproate for 6 wk abolished exogenous activation of PKC signalling

Chronic treatment with lithium in rats resulted in a significantly decreased PKC stimulation-induced
release with phorbol esters in cortex, hypothalamus and hippocampus; exposure of brain slices obtained
from lithium-treated rats to depolarization and PKC stimulation resulted in marked reductions in
translocation of PKC from the cytoplasma to the membrane compartment

Immunoblot analysis revealed that chronic (but not acute) lithium treatment results in reduced in vivo
levels of MARCKS in rat hippocampus — effects that were not immediately reversed following lithium
discontinuation

Ratios of platelet membrane-bound to cytosolic PKC activities were elevated in 12 medication-free manic
subjects. Also, serotonin-elicited platelet PKC translocation was enhanced in subjects with mania; lithium
treatment resulted in a reduction in cytosolic and membrane-associated PKC activities and in an
attenuated PKC translocation in response to serotonin, which normalized with lithium treatment
Increased membrane/cytosol PKC partitioning in platelets from manic subjects; normalized with lithium
treatment

Intra-A10 administration of a PKC inhibitor, H7, inhibited cocaine-induced behavioural sensitization in rats

Brain membrane-associated PKC activity was higher in bipolar subjects vs controls; PKC isozymes in
cortical homogenates showed that cytosolic o and membrane-associated y PKC isozymes were elevated
in cortices of subjects with bipolar affective disorder

Chronic lithium treatment produces a dose- and time-dependent downregulation of MARCKS protein in
immortalized rat hippocampus cells

Behavioural and tissue studies indicate that injection of a PKC inhibitor, Ro31-8220, into the nucleus
acumbens in rats attenuates the acute response to amphetamine

Continued next page
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Table I. Contd
Study (y) PKC-related evidence

Wang et al.[6l (1999)

Hahn and Friedman*7! (1999)

Soares et al.*8! (2000)

Wang et al.[*1 (2001)

Wang and Friedmanl5% (2001)

Einat et al.l2' (2007)

Kurita et al.l5'1 (2007)
Kantor and Gnegy!®® (1998)
Pandey et al.521 (2008)

Clinical trials
Kulkarni et al.l5%1 (2006)

Bebchuk et al.[541 (2000)

Zarate et al.®%1 (2007)

Yildiz et al.!¢! (2008)

In basal state, manic subjects had higher membrane PKC activity than depressed subjects and controls;
ratio of membrane to cytosol PKC activity was significantly higher in manic subjects compared with
controls, depressed or schizophrenic subjects; stimulation of platelets with serotonin in vitro resulted in
greater membrane-to-cytosol ratio in manic subjects compared with other groups

Long-term lithium treatment significantly reduced PKC activation in rat brains, as measured by the
translocation of cytoplasmic PKC to the membrane component, or by quantitative binding of the PKC
ligand, PDBu. Alterations in platelet PKC were shown in bipolar patients during the manic states of the
illness. Compared with patients with major depressive disorder, schizophrenia or healthy controls, PKC
activity was significantly increased in manic patients and was suppressed following mood-stabilizer
treatment

Lithium-treated euthymic bipolar patients had lower levels of cytosolic PKC o compared with healthy
subjects

In slices of rat brain cortex, chronic (but not acute) lithium treatment reduced phorbol-induced PKC
translocation from cytosol to membrane without affecting basal membrane or cytosolic PKC activity;
immunoblotting revealed that chronic lithium treatment reduced cytosolic PKC o and &

Increased association of RACK1 with membrane yPKC and (PKC was increased under basal conditions
in bipolar disorder relative to control brains; stimulation with phorbol esters increased the amount of
RACK1 that co-immunoprecipitated with o, B, v, 8, ¢ PKC isozymes in frontal cortex of subjects with
bipolar disorder

The PKC inhibitor tamoxifen significantly reduced amphetamine-induced hyperactivity in a large open
field without affecting spontaneous activity, and normalized amphetamine-induced increase in visits to
the centre of an open field (representing risk-taking behaviour); tamoxifen attenuated amphetamine-
induced phosphorylation of GAP-43

Sodium valproate at therapeutic concentrations inhibited PKC in human astrocytoma cells
PKC inhibitors blocked amphetamine-mediated dopamine release in rat striatal slice

PKC Bl and PKC BlI, but not PKC o or 3, were significantly decreased in both membrane as well as cytosol
fractions of platelets obtained from medication-free patients with bipolar disorder compared with healthy
controls; pharmacotherapy significantly increased PKC activity not PKC isozymes

In a 28-d, three-arm, double-blind, lithium and/or valproate add-on study, the PKC inhibitor tamoxifen
40 mg/d (n=5) was found to have anti-manic effects superior to placebo (n=4)

Preliminary data from a single-blind, open-label, add-on (some patients were on no other medications)
study suggest that tamoxifen may have efficacy in the treatment of acute mania

In a 3-wk, double-blind, placebo-controlled study (n=16), tamoxifen (up to 140 mg/d) was superior to
placebo in acute mania; lorazepam up to 2 mg/d was permitted for the first 10 d of the blinded phase.
Significant improvement was seen as early as d 5 in YMRS scores; no significant improvement was seen
in MADRS scores

In a 3-wk, double-blind, placebo-controlled study (n=66), tamoxifen (up to 80 mg/d) was superior to
placebo in acute mania; lorazepam up to 5 mg/day was permitted for the entire duration of the study.
Significant improvement in YMRS was reported at wk 3; significant improvement was also seen in CGI
and PANSS total and positive subscale scores; no significant improvement was seen with HAMD-17 and
MADRS scores; caregiver permitted as well as individualized food preferences and enriched recreational
activities

CGl=Clinical Global Impression scale; CPP =conditioned place preference; GAP-43 =growth-associated protein-43; HAMD-17 =17-ltem
Hamilton Depression Rating Scale; MADRS = Montgomery-Asberg Depression Rating Scale; MARCKS =myristoylated alanine-rich PKC
substrate; PANSS = Positive and Negative Syndrome Scale; PDBu = [*H]phorbol 12,13-dibutyrate; RACK1 = receptor for activated C kinase-
1; YMRS =Young Mania Rating Scale.

and tendency to abuse drugs are well known
facets of manic behaviour. Models of such beha-
viours are consumption of reward and conditioned
place preference (CPP).[01:621 PK C inhibition with
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H7 in the A10 area blocked the development of
cocaine CPP* and intra-accumbens injections
of the PKC inhibitor NPC-15437 blocked am-
phetamine CPP.[63!

CNS Drugs 2009; 23 (7)
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Although cognitive disturbance is not one of
the primary components of mania, cognition
certainly is disrupted in those with the disorder.
Recently, Birnbaum and colleagues?! have de-
monstrated that excessive activation of PKC in
rodents dramatically impaired the cognitive
functions of the prefrontal cortex, exposure to
stress activated PKC and resulted in prefrontal
dysfunction and inhibition of PKC (including
indirectly with mood stabilizers) protected cog-
nitive function.

As can be seen, pharmacological activation of
PKC in animals results in many of the beha-
vioural changes seen in mania such as hyper-
activity, risk-taking behaviour and increased
hedonic drive. Its inhibition attenuates these
same behavioural changes in a manner similar to
that of mood stabilizers in acute mania (figure 1).

Finally, the potential role of the PKC signal-
ling pathway in the pathophysiology of bipolar
disorder has been further strengthened by the
exciting recent identification of a bipolar sus-
ceptibility gene, which is an upstream regulator
of PKC. Two recent, independent, genome-wide
association studies identified diacylglycerol ki-
nase cta (DGKH) as a risk gene for bipolar dis-
order.[04%1 DGKH is a major regulator of DAG,
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5. PKC Inhibitors: Novel Therapeutics for
Acute Mania?

As summarized in section 4, the PKC signal-
ling pathway appears to be a relevant and im-
portant target for the antimanic actions of two
structurally dissimilar antimanic agents — lithium
and valproate. Do the effects of these antimanic
agents on PKC signalling actually have any
therapeutic significance? As discussed in section
4, the PKC signalling pathway fulfils most of the
criteria for therapeutic relevance. Thus, there is
an obvious need to explore the potential efficacy
of a direct PKC inhibitor in the treatment of
acute mania.

Up to this point, a limitation to further devel-
oping the therapeutic potential of the PKC tar-
get has been that there is only one relatively selec-
tive inhibitor of PKC available for human use
that crosses the blood-brain barrier — tamoxifen.
Tamoxifen, a synthetic anti-estrogen, is widely
used in the treatment of breast cancer!®® and is
among the least toxic of the anticancer thera-
peutic regimens. It has also been approved as a

Ca*

Normalized

NA

NA DA

DA
NA T Activity
T Hedonic drive
T Risk taking

Ca*t
Ca*

Catt . .
“Manic behaviour”

Fig. 1. Protein kinase C (PKC) in the pathophysiology and treatment of manic behaviour. DA =dopamine; GAP-43 =growth-associated
protein of 43 kDa; NA =noradrenaline (norepinephrine); T indicates increased.
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chemopreventive agent in women at high-risk
for breast cancer. Aside from its estrogen receptor
antagonism effects,l®! it has recently become
apparent that tamoxifen possesses potent and
selective PKC inhibitory effects at therapeuti-
cally relevant concentrations.[®”-%8] Furthermore,
tamoxifen is brain penetrant, readily crossing
the blood-brain barrier, and is fairly well tolerated
even at doses 10-fold higher than routinely used
in cancer (up to 200 mg/day).[6”]

Based on encouraging preclinical data (section 4),
we and others embarked on proof-of-concept
studies with tamoxifen in acute mania.

5.1 Clinical Studies

In the first study with tamoxifen in patients
with acute bipolar mania,l®* seven subjects (five
males and two females) were studied. Subjects
were in- or outpatients aged 18-65 years, who
met a diagnosis of bipolar mood disorder — manic
episode based on a structured clinical interview
for DSM-IV."% In addition, participants were
required to have a Young Mania Rating Scale
(YMRS)! score of >14 at baseline and were
excluded if they met diagnostic criteria for any
other current psychiatric disorder and they were
required to be in good physical health. Five
patients received tamoxifen alone and two patients
had tamoxifen added to their current treatment.
In all patients, tamoxifen was started at a dosage
of 10mg twice daily and was titrated up to a
maximal dosage of 80 mg/day in divided doses.
Subjects received tamoxifen for a mean of
8.414.2 days, with a mean daily dose of 57.1 mg.
Assessments were done every 3-7 days by staff
blind to the treatment condition. Tamoxifen re-
sulted in a significant decrease versus baseline in
manic symptoms rated by the YMRS, with a
mean decrease of 10.29 points (p=0.03). In ad-
dition, 71% met response criteria (50% decrease
in the YMRS score from baseline). The Hamilton
Depression Rating Scale (HAMD) scores did not
show a consistent change over time. Overall, the
study medication was well tolerated, one subject
reported flushing.

The second study involved only women.[33
This trial consisted of a 28-day, three-arm,
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double-blind study involving 13 women where
tamoxifen (n=35) was compared with two other
groups, medroxyprogesterone acetate (n=4) and
placebo (n=4); all subjects were receiving con-
comitant treatment that consisted of either li-
thium (at therapeutic concentrations), valproate,
or their combination. Subjects were randomized
to a fixed dosage of tamoxifen 40 mg/day. Ta-
moxifen-treated patients showed a significantly
greater improvement in symptoms of mania and
positive symptoms of psychosis compared with
the placebo group. Some limitations of the study
include no mention on how long subjects were on
lithium or valproate prior to starting the study
and whether other concomitant medications were
used during the study (e.g. antipsychotics or
benzodiazepines). Furthermore, neither the do-
sage nor concentration of valproate during the
study were specified. It is possible that the im-
provements seen could be attributed to these
other factors.

More recently, we completed a double-blind,
placebo-controlled trial with tamoxifen mono-
therapy in patients with bipolar mania and found
the drug to have significant antimanic effects as
early as day 5 and throughout the 3 weeks of the
trial.’3 The study characteristics were as follows:
subjects were men and women in good physical
health, aged 18-65 years, who were inpatients
with a current diagnosis of bipolar disorder,
current episode manic or mixed with or without
psychotic features as diagnosed by means of the
Structured Clinical Interview for Axis I DSM-IV
Disorders — Patient Version (SCID-P). Subjects
were required to have a score of >14 on the
YMRS at screening and at randomization
(baseline) and not to have >20% improvement in
YMRS total scores between the screen and ran-
domization visits. Subjects were required to have
been previously treated with at least one trial of
an antimanic agent at some point during the
course of their illness (i.e. lithium, valproate,
carbamazepine or an antipsychotic [typical,
atypical]). All psychotropic medications, with the
exception of benzodiazepines, were discontinued
at least 2 days before entering the double-blind
phase of the study. Subjects received flexible
dosing of either tamoxifen (20-140 mg/day) or

CNS Drugs 2009; 23 (7)
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placebo up to a maximum of 140 mg/day of ta-
moxifen or matching placebo. Dosages as high as
we studied have been reported to be well toler-
ated.[®! Figure 2 illustrates the study design and
dose escalation used in the study. The dosage of
tamoxifen was increased by 20 mg/day until one
of the following endpoints was reached: (i) re-
sponse criterion (defined as a 50% decrease in
YMRS ratings from baseline); (ii) intolerable
adverse effects; or (iii) the maximum allowable
dosage of tamoxifen had been reached,
140 mg/day. Concomitant use of the benzodiaze-
pine lorazepam (up to 2mg/day) was allowed
during the first 10 days of the double-blind phase;
after that no other psychotropic medication was
permitted. Subjects were rated on a daily basis for
the first 7 days and then weekly thereafter (days
14 and 21) [figure 2].

Sixteen subjects were randomized. Eight sub-
jects received tamoxifen and eight received pla-
cebo. There were 14 males and 2 females, and the
mean age was 35.4 £ 7.8 years. Fifty-six percent of
patients had a lifetime diagnosis of any substance
abuse or dependence. Based on DSM-IV criteria
using the SCID-P, 69% of patients had a manic
index episode, and 50% were experiencing psy-

Placebo

4

\ 4

Tamoxifen
(20-140 mg/day)

48-hour
drug-free
period

3-week
double-blind phase

1,234,567 10 14 2

—

Days

140 mg/day :
120 mg/day :
100 mg/day
80 mg/day E
60 mg/day :
40 mg/day E

»
P

Tamoxifen 20—140 mg/day

20 mg/day :
Tamoxifen dose escalation |

»!
>

Lorazepam 2 mg/day

Fig. 2. Efficacy of a protein kinase C inhibitor (tamoxifen) in the
treatment of acute mania: a pilot study design and dose escalation.
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chosis. The mean length of illness was approxi-
mately 16 years and the current manic episode had
lasted a mean of 34 days. Most of the subjects had
had significant prior treatment with antimanic
agents or mood stabilizers during the course of
their illness.

Tamoxifen-treated patients received a mean
dosage of 110mg/day. The linear mixed model
for the YMRS showed a significant interaction
between time and drug (p=0.01). A significant
difference between placebo and tamoxifen was
found at 21 days (d=1.08,95% CI 0.45, 1.71). The
tamoxifen group showed significant improve-
ment from baseline as early as day 5 (figure 3).
The mean change in YMRS scores on placebo at
3 weeks was 4.7t4.1 and on tamoxifen was
—18.3+£4.3. Five of eight (63%) tamoxifen-treated
patients had 250% improvement in YMRS scores
at the endpoint of the study, while one of eight
(13%) had similar improvement on placebo. In
the same study, remission (YMRS <7) rates were
25% with tamoxifen versus 0% with placebo.
Using lorazepam did not alter these results.

Tamoxifen appeared to have beneficial effects
on the YMRS sub-items of elevated mood, in-
creased motor activity or energy, decreased sleep,
increased speech, increased sexual interest and
appearance. No beneficial effects were noted on
depressive and psychotic symptoms scores; this
could be because either tamoxifen has specific
antimanic effects only, or that a large sample
of patients with these characteristics would be
needed to discern specific effects on these other
symptom domains.

Overall, tamoxifen was well tolerated during
the 3-week trial. No patient discontinued treat-
ment because of an adverse event, and the only
treatment-emergent event with a statistically sig-
nificantly more frequent occurrence in the ta-
moxifen group compared with the placebo group
was loss of appetite (p=0.03).

This double-blind, placebo-controlled, pilot
trial supports our previous single-blind study!>4
in demonstrating that the relatively selective PKC
inhibitor tamoxifen has significant antimanic
properties in individuals with bipolar disorder.
Our placebo-controlled monotherapy trial with
tamoxifen>® confirmed our hypothesis, namely
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Fig. 3. Efficacy of a protein kinase C inhibitor (tamoxifen) in the
treatment of acute mania: a pilot study (reproduced from Zarate
et al.l5%)). Tamoxifen vs placebo: * p <0.05 after correction. Week vs
baseline for tamoxifen: * p<0.05, #* p<0.01, #*x p<0.001 after
correction. YMRS =Young Mania Rating Scale.

that directly inhibiting PKC would result in im-
provement in manic symptoms. The onset of the
effects was fairly rapid (within 5 days), which
implies that more directly targeting PKC inhibi-
tion may be associated with a short time to the
onset of antimanic effects. Current data show
that the effects of lithium on PKC are con-
siderably more distal and upstream, and this may
account for the prolonged lag period to the onset
of effect for lithium.

A recent controlled study also found that ta-
moxifen was effective in acute mania and extends
findings from the previous studies.[*® In this trial,
66 patients aged 18—60 years, diagnosed as having
DSM-IV bipolar I disorder, currently in a manic
or mixed state, with or without psychotic fea-
tures, with a baseline YMRS score of >20 were
randomized to treatment with tamoxifen (up to
80 mg/day) or placebo for 3 weeks. Concomitant
use of oral lorazepam was permitted during the
study as clinically indicated, up to a maximum of
Smg per 24 hours. In addition, its use was avoid-
ed after the initial 12 days whenever possible
and it was not given within 12 hours of scheduled
ratings. A caregiver, individualized food pre-
ferences and enriched recreational activities were
also permitted during the study. Intent-to-treat
analysis showed greater improvements with ta-
moxifen than placebo. Intent-to-treat analysis of
available measures on all 66 subjects indicated
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that tamoxifen treatment yielded mean decreases
in scores on the YMRS and Clinical Global
Impressions-Mania of 5.84 and 0.73 points per
week, respectively, compared with mean in-
creases of 1.50 and 0.10 points per week, respect-
ively, with placebo. Tamoxifen was found to be
superior to placebo on all individual YMRS
items. Significant improvements were also seen in
the Positive and Negative Syndrome Scale
(PANSS) total and positive subscale scores. No
significant improvements were seen in 17-item
HAMD and Montgomery-Asberg Depression
Rating Scale (MADRS) scores. Rates of response
were 48% (14/29) with tamoxifen versus 5% (1/21)
with placebo. Remission (YMRS score <12) rates
were 28% with tamoxifen versus 0% with placebo.
No serious adverse events were reported and,
overall, tamoxifen was well tolerated.

Of note, while the results from the studies of
tamoxifen in mania are encouraging, they are
preliminary and need to be confirmed in con-
trolled studies involving more selective PKC
inhibitors. Such future controlled studies would
then provide an extra degree of confidence of the
relevance of PKC in bipolar disorder.

Regarding the selectivity of the effects of ta-
moxifen on PKC, it is important to re-emphasise,
as discussed earlier in this section, that tamoxifen
is also an anti-estrogen. It is possible that some of
the antimanic effects seen with tamoxifen are at-
tributable to estrogen receptor antagonism.3-721
Again, controlled trials with brain penetrant
selective PKC inhibitors would help to clarify
this issue.

Finally, the adverse effect of diminished ap-
petite and the potential for depression merits
further discussion. In our controlled study,®> we
found that a reduction in appetite was more com-
mon with tamoxifen than with placebo. The basis
for this property is unknown but has been sug-
gested to be the result of the build-up of malonyl-
coenzyme A in the hypothalamus and inhibition
of fatty acid synthase expression specifically in
the ventromedial nucleus of the hypothalamus.[”!
Depression has been reported to result from ta-
moxifen therapy in patients with cancer./473]
Whether it is a common occurrence in individuals
receiving long-term tamoxifen therapy or the result
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of heightened distress and disrupted adjustment
from cancer is the subject of ongoing study.[”¢]
Short-term studies (<4 weeks) in mania found
no significant worsening of depression.[’3-35771
Whether this outcome occurs more commonly
with chronic treatment and especially in patients
with or at risk of a mood disorder is unknown.
Itis important to stress that the primary aim of
our studies was to determine the relevance of the
PKC target for the development of drug treat-
ments for bipolar disorder and not to develop
tamoxifen per se for clinical use. The effect of tam-
oxifen on the course of bipolar disorder, as well
as adverse effect liability when used on a long-
term basis (e.g. anti-estrogen effects), would first
need to be studied before the drug could be used
in this indication. The evidence generated to date
on both a preclinical and clinical basis supports
further study with PKC inhibitors. Issues to con-
sider in the selection of a PKC inhibitor are selec-
tivity, brain penetrance, and short- and long-term
tolerability and safety. Selective PKC inhibitors
are presently in phase I-III of development to
treat a variety of conditions (e.g. diabetic com-
plications [see Gould et al.””! for a review]) and
are possible candidates to test in bipolar disorder
(see table II). Much research still remains to be
done to determine their tolerability, toxicity,
selectivity and blood-brain barrier penetrance.
There are now compelling data to support the
notion that targeting intracellular signalling cas-
cades may have considerable utility in the treat-
ment of bipolar disorder. The use of modulators

of ubiquitous kinases in the CNS, however, still
raises concerns of specificity, tolerability and
safety. Is it, in fact, feasible to develop such
drugs? At least 50 drugs that target kinases are in
clinical development for various medical ill-
nesses, and many more are being investigated at
the preclinical level.l”81 However, lithium, a mood
stabilizer that targets signalling cascade mole-
cules, has been a mainstay of treatment for bi-
polar disorder for almost 60 years, providing a
key example of a safe and effective modulator
of signalling systems in the CNS. Tamoxifen is
another (nonspecific) regulator of CNS signalling
molecules with an acceptable efficacy and safety
profile. Although both drugs modulate signalling
pathways that are involved in diverse brain
functions, and possibly other CNS disorders,
they demonstrate relatively circumscribed clinical
effects. Developing other therapies that target the
CNS is therefore entirely possible, albeit chal-
lenging. There are a number of strategies cur-
rently being explored that may be very useful in
the development of CNS kinase-targeted drugs
with adequate specificity and tolerability.[7°-301

6. Conclusions

The results of the clinical studies with tamox-
ifen, a relatively selective PKC inhibitor, clearly
need to be interpreted with caution but are met
with considerable enthusiasm. Our hypothesis
that PKC inhibition would bring about anti-
manic effects in patients with bipolar disorder

Table Il. Classification and examples of protein kinase C (PKC) inhibitors

PKC class Example Isozyme affected Route of Phase of Comments
administration development
Indocarbazole class  Enzastaurin PKC B Oral Phase |-l
Midostaurin PKC o, B, v, 8, &, m Oral Phase |-l
(PKC-412)
UCN-01 Conventional > novel Intravenous Phase I-lI
PKC isoforms
Biological agents Bryostatin Conventional > novel Oral Phase I-II Behaves as a short-term PKC
activator and long-term inhibitor
Curcumin PKC isoforms Intravenous Phase I-l11
Antisense Aprinocarsen Predominantly targets ~ Oral Phase |-l
oligonucleotides (1S1S-3521) PKC o
Others Tamoxifen PKC o, §, & Oral Phase II, currently  Positive control studies in bipolar

on the market mania; also is an anti-estrogen
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was confirmed in our controlled monotherapy
study, as well as other studies. These findings
suggest that PKC inhibition might be relevant to
the antimanic effects of lithium and valproate.
Future studies examining more selective PKC
inhibitors would need to take advantage of ex-
isting technologies (e.g. brain imaging, genetics)
in an attempt to identify surrogate measures of
outcome and to increase our understanding of the
pathophysiology of the disease.

Finally, regarding the future of drug trial de-
signs in acute mania, the controlled studies!>>-3¢]
reviewed here suggest that smaller proof-of-
concept studies at single sites are feasible. These
studies in acute mania were conducted at aca-
demic sites with treatment-resistant patients, and
similar ones should be considered in the future
and are likely to be major contributors to our
knowledge base in identifying novel drug targets
for bipolar disorder. An editorial on clinical trials
in mania and implications for study design and
drug development expands on this previous
point.[311
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