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Abstract Mood disorders, such as bipolar and major
depressive disorders, are frequent, severe, and often
disabling neuropsychiatric diseases affecting millions of
individuals worldwide. Available mood stabilizers and
antidepressants remain unsatisfactory because of their
delayed and partial therapeutic efficacy. Therefore, the
development of targeted therapies, working more rapidly
and being fully effective, is urgently needed. In this
context, the protein kinase C (PKC) signaling system,
which regulates multiple neuronal processes implicated
in mood regulation, can constitute a novel therapeutic
target. This paper reviews the currently available
knowledge regarding the role of the PKC signaling
pathway in the pathophysiology of mood disorders and
the therapeutic potential of PKC modulators. Current
antidepressants and mood stabilizers have been shown
to modulate the PKC pathway, and the inhibition of this
intracellular signaling cascade results in antimanic-like
properties in animal models. Disrupted PKC activity has
been found both in postmortem brains and platelet from
patients with mood disorders. Finally, the PKC inhibitor
tamoxifen has recently demonstrated potent antimanic
properties in several clinical trials. Overall, emerging
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data from preclinical and clinical research suggest an
imbalance of the PKC signaling system in mood
disorders. Thus, PKC may be a critical molecular target
for the development of innovative therapeutics.
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Introduction

Mood disorders including major depressive disorder
(MDD) and bipolar disorder (BPD) are common, severe,
and often highly disabling illnesses that aftlict millions of
individuals worldwide. About 16% and 1% of the general
population are estimated to be affected by MDD and BPD,
respectively, at least once in their lifetime [1].

MDD, also named unipolar depression, is characterized by
depressed mood and loss of interest or pleasure in normal
activities. The hallmarks of BPD are mood shifts between
episodes of elevated (mania) and low (bipolar depression)
mood. Currently, the diagnostic criteria for an episode of
bipolar depression are the same as for MDD [2, 3].

Presently, the neurobiological mechanisms underlying
the pathophysiology of mood disorders are not fully
understood. Historically, the neuronal systems that have
received the greatest attention in depression were the
monoaminergic neurotransmitter ones. This was based on
the initial finding that the main biological action of
tricyclics and monoamine oxidase inhibitors, the first
generations of effective antidepressants (ADs), consists of
a potent inhibition of serotonin (5-HT), norepinephrine,
and, to a lesser extent, dopamine reuptake. More recently, it
became apparent that among the monoamines, 5S-HT plays a
crucial role in the mechanism of action of ADs, as
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demonstrated by the successful use of selective serotonin
reuptake inhibitors (SSRIs) since more than two decades.
Indeed, it remains that the common feature of all molecules
used to date, including the recently developed selective
norepinephrine or dual (mixed) reuptake inhibitors, is their
ability to increase central 5-HT neurotransmission [4, 5]. With
regard to BPD, several neurotransmitters, including mono-
amines, acetylcholine, and amino acids, are likely to be
involved in the pathophysiology of this disease [6-S].
Accordingly, either various BPD medications (atypical
antipsychotics, benzodiazepines) or drugs precipitating mood
switches (amphetamine, physostigmine) act through these
neurotransmitter systems. Yet, the cellular targets of lithium,
the gold standard treatment of BPD since the 1950s, and
valproate and carbamazepine, two other commonly pre-
scribed mood stabilizers, are still largely unknown.

Besides, it is now believed that mood disorders may be
associated with impairments of structural plasticity and
neuronal resilience and that current treatments may act by
correcting this dysfunction. In support of this hypothesis,
different forms of chronic stress have been shown to reduce
adult neurogenesis in the rodent hippocampus, and this
deficit was reversed by chronic AD treatment [9, 10]. In
addition, neuroimaging studies in patients with mood
disorders have demonstrated selective structure and func-
tion abnormalities across brain areas involved in processing
motivation and emotional behaviors, such as prefrontal
cortex and limbic regions [11].

Thus far, although marked improvements in the safety
profile of drug therapies for mood disorders have been
achieved, there are still a number of critical dimensions for
which improvements are needed. One important, if not critical,
dimension consists of effectiveness. In MDD for instance, only
one third of patients fully respond to conventional AD
treatments, one third are partial responders and undergo
polytherapies (i.e., combined treatments of several ADs or
AD and other medication), and the remaining one third does
not respond to any mono- or polytherapy. In addition, the full
efficacy of classic ADs on mood improvement requires at least
3 to 4 weeks of treatment. This delayed onset of action has been
suggested to be linked to the late desensitization of inhibitory 5-
HT, o autoreceptors that occurs few weeks after the beginning
of the treatment, concomitantly with the improvement in
mood [4, 12]. The situation is similarly sobering for BPD,
where a sizable proportion of patients fail to respond to
currently available therapeutics. The presence of unwanted
side effects may also limit adherence to treatment in subjects
with mood disorders. There is consequently a critical, unmet
need to both identify and test novel drug targets for mood
disorders in order to develop new treatments more effective
and more rapidly acting than currently available medications.

Recently, new strategies of research have emerged, in
order to shorten the onset of action of ADs by “bypassing”
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the 5-HT-related inertia. They were oriented toward
investigating beyond the receptor level, searching for the
intracellular targets that were affected by AD treatment. In
parallel, recent studies have shown that lithium and
valproate, two structurally dissimilar mood stabilizers,
targeted several intracellular signaling pathways, such as
glycogen synthase kinase-3 (GSK-3) or protein kinase C
(PKC) [13].

Intracellular signaling cascades may be the common
denominator of all the assumptions on pathophysiological
mechanisms made so far, by transducing a wide range of
signals coming from multiple receptors of neurotransmitters
and neurotrophic factors, which have been implicated in
mood disorders. Targeting such signaling pathways might
thus exert global and more potent effects.

This article reviews the findings implicating the PKC
signaling pathway in the pathophysiology and treatment of
mood disorders and points out this intracellular signaling
molecule as a promising target for the development of
novel therapeutics for these debilitating diseases.

The PKC Signaling Pathway

The “PKC” term actually defines a family of serine/
threonine kinases, which are involved in the signal
transduction mechanisms of tyrosine kinase and G
protein-coupled receptors. The family comprises 10 differ-
ent [...] 9 genes in mammals. All PKCs consist of C-
terminal catalytic and N-terminal regulatory domains. The
catalytic region is highly homologous among different
isoforms. By contrast, the regulatory region, which is
responsible for the second messenger requirements of the
isozymes, differs among PKCs. The PKC family is thus
divided into three classes depending on their structure and
requirements for activation: (1) conventional PKCs, com-
posed of PKCa, PKCRI, PKCPII, and PKCy, require both
Ca®" and diacylglycerol (DAG) for activation; (2) novel
PKCs, which include PKC6, PKCe, PKCn, and PKC9, are
also activated by DAG but not by Ca>*; and (3) anypical
PKCs, consisting of A and (, require neither Ca®" nor
DAG to be activated [14].

All PKC isozymes are highly expressed in the central
nervous system. Particularly, the € isoform is predominant-
ly expressed in the brain compared to the other tissues, and
the PKCy is exclusively localized in the brain [15]. A large
majority of PKC isozymes is highly expressed in brain
regions involved in mood regulation (i.e., hippocampus,
frontal cortex), both within neurons and glia [15-17].

The mechanisms leading to the activation of conven-
tional PKC isoforms have been extensively studied and are
schematized in Fig. 1. Upon stimulation of receptors that
increase intracellular Ca*" and DAG, PKC is recruited to
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Fig. 1 Activation of conventional PKC isoforms. The interaction of an
agonist ligand with G-protein coupled receptor activates a Gq protein. The
(Gq protein activates the phospholipase C (PLC), which in turn cleaves the
phosphatidylinositol-4,5-bisphosphate (PIP,) into DAG and inositol-1,4,5-
trisphosphate (IP3). IP; interacts with calcium channels on the endoplas-
mic reticulum, to release Ca>" from intracellular stores to cytoplasm.
Increase of intracellular Ca®" then facilitates the translocation of PKC to
the cell membrane, where it is activated by DAG. Recycling of IP; is
carried out through the phosphoinositide cycle, in which two enzymes,
inositol polyphosphate-1-phosphatase (IPPase) and inositol monophos-
phatase (IMPase), play a key role. DAG is converted into PIP, through
a series of metabolic steps that involves the action of an enzyme called
DAG kinase (DGK). ER endoplasmic reticulum, Myo-I myo-inositol

Fig. 2 Schematic illustration of
main PKC substrates in the
central nervous system, and
functions related to mood
regulation. Activated PKC
phosphorylates multiple
substrate proteins and thereby
affects gene expression, synaptic
plasticity, and neurotransmis-
sion, which in turn regulate
mood-related behaviors. AMPAR
a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

Monoamine
transportand
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receptor, CREB cAMP regulato- Glyc‘-’g?" 2
ry element-binding protein, metabolism <—(GSK-3p
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the cell membrane and undergoes conformational changes,
allowing substrate binding and phosphorylation. Figure 2
summarizes the major substrates of PKC that have been
described in the literature [18—28]. Through their phos-
phorylation, PKC is able to modulate a multiplicity of
neuronal functions such as short- (neurotransmitter release
and ion fluxes), mid- (receptor regulation), and long-term
processes (cell proliferation, synaptic remodeling, and gene
expression). Interestingly, three major substrates, myristoy-
lated alanine-rich C kinase substrate (MARCKS), GAP-43,
and neurogranin are involved in the pre- and postsynaptic
regulation of neurotransmitter release and synaptic plasticity
[18, 27].

Actually, PKC plays a major role in synaptic cross-talk
and transduces converging postsynaptic signals generated
after external stimulation of cells via several Gq protein-
coupled receptors—including serotonin (5-HT,), norepi-
nephrine (o), acetylcholine (M;, M;, and M;), and
glutamate (mGluR1 and mGIluRS5) receptors—and through
the receptor TrkB, activated by neurotrophic factors such as
neurotrophin-3/4 and brain-derived neurotrophic factor.
Thus, PKC is at the crossroads of transduction pathways
from a wide variety of neurotransmitters and growth
factors, which are likely implicated in mood disorders.

The activity of PKC can be pharmacologically modulated
by exogenous compounds. Thus, many PKC inhibitors have
been designed, but it appears that the vast majority of them
address in fact multiple molecular targets. These inhibitors act
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either at the regulatory (NPC-15437, tamoxifen, and calphos-
tin C) or at the catalytic domain (Ro31-8220, chelerythrine,
and H-7) of PKC. Among the cited inhibitors, only cheler-
ythrine, NPC-15437, and calphostin C are selective of the
PKC (for review, see [29]). In addition to their anti-PKC
properties, tamoxifen is also an estrogen receptor modulator,
and the other molecules inhibit several other kinases.
Conversely, PKC activators have been far less developed.
Most are phorbol esters, and in addition to not being specific
to PKC, they are also potent tumor promoters [30, 31]. In
spite of limitations exhibited by PKC modulators, they have
been extensively used to elucidate the physiological func-
tions of this family of kinases. So far, none of the identified
PKC modulators display selectivity toward a particular
isozyme. Another generation of more selective PKC modu-
lators would therefore be highly useful in defining the role of
each PKC isozyme.

Preclinical Studies

Is the PKC Pathway Influenced by Mood Disorder
Treatments?

With the purpose of developing improved therapeutics, a
significant proportion of the recently conducted research in
the field has been devoted to identify common targets,
shared by the different existing medications. In this context,
it appears of interest to assess the extent to which the PKC
system can be modulated by current mood stabilizers
(lithium, and the antiepileptics valproate and carbamaze-
pine) and antimanic agents (atypical antipsychotics), as well
as by ADs (notably SSRIs).

Mood Stabilizers and Antimanic Agents Several investiga-
tions have revealed that the prototypical mood stabilizer
lithium inhibits PKC function. Thus, Bitran et al. [32]
showed an attenuation of PKC activity after a prolonged in
vitro exposure of HL60 cells to lithium. This effect could
be related to an action on o« and ¢ isoforms, since a
decrease of the levels of these isoforms was observed
following incubation with lithium [32, 33]. This apparent
selectivity of lithium towards PKCax and PKCe isozymes
was subsequently confirmed in vivo by the same group.
Thus, chronic (5 weeks), but not subacute (5 days),
treatment of rats with lithium decreased the levels of
membrane-associated PKCa and PKCe in both the hippo-
campus and frontal cortex, without changing those of the
PKCpI, PKCpII, PKCy, PKCS, or PKCC( isoforms [33].
This result is congruent with the diminution of rat
hippocampal PKC activity observed after 5 weeks of
lithium treatment [34]. This delayed decrease in PKC
function is clinically relevant since lithium’s efficacy
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appears after a comparable time frame in the treatment of
BPD. Additionally, chronic administration of lithium also
decreased the phosphorylation of several PKC substrates,
such as MARCKS, neurogranin, NMDA, and AMPA
receptors in rodent hippocampus and cortex [35-37]. All
these data suggest that PKC could be involved in the
therapeutic effect of lithium.

Similarly, despite being structurally dissimilar to lithium,
valproate and carbamazepine share most of the effects of
lithium on PKC. Like lithium, chronic carbamazepine
administration decreased PKC-mediated phosphorylation
of several endogenous substrates within the rat brain [35].
Chronic valproate reduced the activity of PKC, both in vitro
[33, 38] and in vivo [33]. Importantly, valproate also
induced an isozyme-selective decrease in the levels of
PKC«x and PKCe, but not PKC6 and PKCC( in C6 glioma
cells [38], as well as a decrease in cortical PKCx levels in
chronically treated rats [33]. Finally, even atypical anti-
psychotics, used for the treatment of acute mania, seem to
modulate the PKC pathway. Clozapine for instance,
decreased PKC activity after 5 days of exposure in mouse
neuroblastoma cells [39].

These data demonstrate that mood-stabilizing agents
from different classes have a common inhibitory effect
on PKC and support that this intracellular pathway
could contribute, at least in part, to their therapeutic
effect. Nevertheless, it is important to note that there is
no current evidence that these agents target PKC in a
direct manner. Instead, they may rather target upstream
effectors, such as the phosphoinositide cycle. Indeed,
lithium directly inhibits IPPase and IMPase and there-
fore limits the IP; recycling into PIP,, thus attenuating
intracellular calcium release and PKC activation (Fig. 1).
Interestingly, a magnetic resonance spectroscopy study
showed that lithium rapidly reduced myo-inositol levels in
the frontal cortex of bipolar patients within 5-7 days,
whereas symptom improvement did not occur before 3 to
4 weeks [40]. This time lag between myo-inositol
lowering and clinical amelioration suggests that the
reduction of myo-inositol per se does not underlie
lithium’s therapeutic effects. However, this event may
initiate a cascade of secondary signaling in which
downstream effectors, like PKC, could be ultimately
responsible for lithium’s therapeutic efficacy.

Antidepressant Treatments A small number of studies have
examined the effect of chronic treatment of ADs on the
PKC pathway and have yield mixed results. Indeed,
increased PKC activity and MARCKS phosphorylation have
been reported in the rat prefrontal cortex after a 10-day
treatment with the tricyclic AD imipramine [37]. However, it
was also shown that chronic administration (3 weeks) of
fluoxetine or desipramine decreased PKC activity in the rat
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cortex and hippocampus, while a single dose of either AD
failed to induce any PKC activity changes in both of these
structures [41]. In particular, it appears that PKCy and PKC8
are the most affected isoforms since chronic (3 weeks) AD
treatment with the SSRIs fluoxetine or citalopram selectively
reduced expression of PKCy and PKC? in the rat whole
brain [42].

Beyond pharmacological therapies for mood disorders, it
is interesting to note that electroconvulsive seizures, an
efficient alternative to severe AD-refractory depressions,
increased the phosphorylation of PKC substrates, namely
GAP-43, MARCKS, and neurogranin in the rat frontal
cortex and hippocampus [43].

Behavioral Effects of PKC Modulators on Animal Models
of Mania and Depression

Manic-Like Behaviors There is currently no animal model
available relevant enough to reproduce all the symptoms of
BPD, and in particular, the alternation of depressive and
manic states—a core feature of the disease. Instead, these
animal models mimic only some of the symptoms of the
manic state [44].

One of the most established behavioral rodent model of
mania is based on the measurement of psychostimulant-
induced hyperactivity, a behavior that is reproducibly
attenuated by a number of treatments used in mania,
including lithium, valproate, and antipsychotics [45, 46].
Studies performed in this model have suggested that PKC
could be involved in the modulation of manic-like behavior.
Thus, the two PKC inhibitors tamoxifen and chelerythrine
attenuated the hyperlocomotion induced by amphetamine in
mice and rats [47—49]. Two other PKC inhibitors, H-7 and
Ro031-8220, administered respectively in the ventral teg-
mental area or in the nucleus accumbens, also reduced
psychostimulant-induced hyperactivity [50, 51]. This effect
of PKC inhibitors could be, at least in part, dopamine-
dependent, because it is known that PKC regulates
psychostimulant-mediated dopamine release probably via
the regulation of dopamine transporter activity [52, 53]. A
recent study showing that PKC( knockout (KO) mice
exhibited impaired locomotor responsiveness to amphet-
amine provided evidence that the 3 isoform may be more
specifically included in this regulation [54]. Interestingly,
Szabo et al. [37] revealed that chronic treatment with
amphetamine increased membrane and cytosolic PKC
activity and phosphorylation of its main cellular substrates,
MARCKS and neurogranin, in the rat frontal cortex.
Similarly, these authors also demonstrated an enhancement
of MARCKS and neurogranin phosphorylation in the
frontal cortex after sleep deprivation, another putative
animal model of mania [55].

Increased hedonistic drive and increased tendency to
drug abuse are well-known facets of manic behavior. These
behaviors can be modeled by using the consumption of
reward and conditioned place preference (CPP) paradigms
[56]. Interestingly, selective (NPC-15437, chelerythrine,
calphostin C) and non-selective (H-7) PKC inhibitors,
regardless of the brain region in which they are injected
(amygdala, nucleus accumbens, or more widely in the
lateral ventricle), diminished the CPP induced by several
drugs of abuse (morphine, cocaine, or methamphetamine)
[57-60]. Targeted genetic deletions also support the
involvement of PKC in such affective-like behaviors. Thus,
PKCy KO mice showed reduced morphine-induced CPP
[60] and PKCe KO mice exhibited reduced ethanol self-
administration [61].

Augmentation of risk-taking behaviors may be inter-
preted as another facet of mania, and it can be assessed in
anxiety-related protocols [56]. In this concern, there is
recent evidence suggesting that PKC inhibition decreases
risk-taking behaviors. Indeed, we recently showed that
tamoxifen or chelerythrine increased the avoidance of
anxiogenic zones in the elevated plus-maze or the bright-
lighted open field [62].

In addition, using the resident-intruder aggression test,
Raygada et al. [63] reported that mice exposed in utero to
the PKC activators n-6 polyunsaturated fatty acids subse-
quently developed aggressiveness. These results support the
claim that PKC activation can induce manic-like behaviors.

Finally, activation of PKC in the prefrontal cortex with
phorbol esters has been shown to induce cognitive deficits
in monkeys and rodents [64]. Interestingly, it was also
shown that inhibition of PKC rescued working memory
impairments [65]. These findings are highly relevant to
mania, as disrupted cognitive function constitutes a major
symptom of bipolar illness.

Overall, behavioral data from animal models of mania
support the notion that PKC inhibition may have antimanic
properties, whereas PKC activation might induce manic-
like behaviors.

Depression-Like Behaviors Alterations of the PKC signal-
ing pathway have been found in various animal models of
depression, and more generally after stress. Thus, it was
recently shown that C57Bl/6 mice, exposed to chronic mild
stress, displayed decreased hippocampal PKC activity [66].
Besides, Park et al. [67] showed that a chronic mild stress
protocol reduced the expression of the PKC substrate GAP-
43 mRNA in the rat dentate gyrus. In the olfactory
bulbectomy paradigm, a significant decrease of both the
PKCo autophosphorylation and the phosphorylation of the
NMDA receptor subunit NR1 on its PKC-dependent site
(Ser 896) was observed in the CA1l region of the
hippocampus [68, 69]. Likewise, in the learned helplessness
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rat model, repeated inescapable shock significantly attenu-
ated PLC activity and PLCy; and PLCf3; protein and
mRNA levels, both in the frontal cortex and hippocampus
[70]. Moreover, PKCfI expression and translocation were
reduced in the hippocampus of adult rats exposed to
prenatal stress [71]. In other chronic stress paradigms,
namely restrained stress and rats subjected to 4 weeks of
forced swimming, decreases of hippocampal PKCox mRNA
expression or PKC activity were found [72, 73].

Given that decreases in PKC function have been found
in several animal models of depression and chronic stress, it
appears likely that pharmacological activation of the PKC
pathway may exert antidepressant-like effects. Accordingly,
in two screening tests for ADs (forced swim and open space
swim tests), acute administration of the PKC activators
phorbol 12-myristate 13-acetate (PMA) or bryostatin-1 in
naive rats resulted in an antidepressant-like activity, as
indicated by a reduction of immobility. Further, these
effects were strongly reversed by co-administration of a
PKC inhibitor [74, 75]. In addition, we recently showed
that a chronic treatment with the PKC inhibitors tamoxifen
and chelerythrine increased the immobility behavior of
naive rats in the forced swim test [62]. Moreover, the
offspring of dams exposed to the PKC activators n-6
polyunsaturated fatty acids spent less time immobile in the
forced swim test at adulthood [63]. All these findings
support the assumption that PKC activation can produce an
antidepressant-like effect. Further investigations on the
behavioral effects of PKC modulators in animal models of
depression are needed to comfort this hypothesis. From a
therapeutic point of view, it is expected that new, more
selective, and effective activators will be developed in the
next future. Unfortunately indeed, PMA has potent tumor-
igenic effects, and both PMA and bryostatin-1 rapidly
downregulate PKC translocation to the membrane, thus
causing PKC inhibition at high doses and/or prolonged
exposure.

The above preclinical findings are in favor of a PKC
system failure as one of the possible causes of mood
disorders. More precisely, it can be postulated that this
intracellular pathway is overactive in mania and weakened
in depression.

Clinical Studies

Abnormalities of the PKC System in Patients with Mood
Disorders

Genetic Studies Mood disorders, like most psychiatric

disorders, have complex causes that likely involve genetic
factors in addition to non-genetic influences. MDD and
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BPD appear to be polygenic diseases in which several
genes, each with a modest influence on its own, contribute
to the risk of developing such diseases.

Most of the genetic correlation studies associating mood
disorders with the PKC signaling pathway have focused
attention on BPD. To date, there is no clear evidence of a
direct link between specific genes of the PKC pathway
proteins and mood disorders. However, some polymor-
phisms of upstream effectors have been associated with
BPD. Thus, two independent genome-wide association
studies have identified the DAG kinase 11 gene as a risk
factor for bipolar disorder [76, 77]. DAG kinase constitutes
a key protein of the PKC pathway, regulating PKC
activation by recycling the endogenous PKC activator
DAG back to PIP, (Fig. 1). Moreover, it was found that
bipolar patients who were considered excellent responders
to lithium prophylaxis had a higher frequency of a
polymorphism of the gene coding for PLCy,, compared
with the control group [78]. Besides, apparent associations
were found between inositol-monophosphatase 2 gene
polymorphism and BPD [79, 80]. The inositol-
monophosphatase is a critical enzyme of the inositol
recycling cycle (Fig. 1) and also one of the cellular targets
of lithium.

Postmortem Studies 1f the PKC pathway is involved in the
pathophysiology of mood disorders, it might be expected
that PKC, and/or other components of its pathway, would
be modified in patients suffering from these diseases. Data
from postmortem studies could thus be useful to identify
possible dysfunctions of the PKC pathway in mood
disorders.

A limited number of studies have quantified the activity
and/or the expression of PKC, as well as those of upstream
and downstream proteins (respectively, PLC and MARCKS)
in brain tissue from patients with mood disorders. These
results are summarized in Table 1. It should be noted that
many factors, such as age, ante-mortem medication, sub-
stance abuse history, postmortem delay, and also the cause of
death, vary widely between these studies. Moreover, the
observations are mostly done in small-sized samples that
include, for some of them, other mental illnesses such as in
adjustment disorder, attention-deficit hyperactivity disorder,
or schizophrenia [81, 82]. Therefore, achieving a thorough
comparison of these studies revealed hardly feasible.
Nevertheless, several abnormalities appeared to be common
among postmortem tissues extracted from patients with
various mood disorders. Thus, PKC activity and the levels
of selected PKC isoforms were found increased in the frontal
cortex of bipolar patients compared to healthy controls [83].
Regarding PLC, measures in bipolar patients reported either
no effect on PLC cortical activity [84] or increased PLC[3,
levels in the occipital cortex [85]. These postmortem data
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Table 1 Postmortem brain studies in mood disorders
Diagnosis Brain structure Parameter assessed Fraction Ref.
BPD Occipital cortex (Ba 17) PLC activity = M 1
Prefrontal cortex (Ba 10) = M
Temporal cortex (Ba 21) = M
BPD Occipital cortex (Bal7) PLCR, (WB)* 1 M 2
Prefrontal cortex (Bal0) = M
Temporal cortex (Ba21) = M
BPD Frontal cortex PKC activity i M 3
PKCy and PKCC (WB) i M
PKCax (WB) i M
PKCe (WB) l M
PKCf and PKC8 (WB) = M,C
MDD Prefrontal cortex (Ba 10) PKCpI and PKCe (WB) | n/a 4
PKCpII, PKCy, and PKCS (WB) = n/a
Suicide victims (MDD) Prefrontal cortex (Ba8/9, Bal0) PKC«x (WB) = M 5
PLCB (WB) = M
PLC activity = M
Suicide victims (MDD) Prefrontal cortex (Ba 8/9) MARCKS phosphorylation 1 M 6
and Hippocampus MARCKS (WB) 1 M
Prefrontal cortex (Ba 8/9) MARCKS mRNA = -
Suicide victims (MDD and Prefrontal cortex (Ba 10) PKC® 1 C 7
other depressions) Hippocampus = M,C
Suicide victims (7 MDD, Prefrontal cortex (Ba 9, Bal0) PKC«, PKCf, PKCy, and = M 8
2 BPD in depressive state, PKCe (WB)
1 other depression)
Suicide victims (incl. 3 MDD) Prefrontal cortex (Ba 8 & 9) PKC® ! M,C 9
Suicide victims (incl. 4 MDD) Prefrontal cortex (Ba 9) and PKC activity | M,C 10
Hippocampus PKCa, PKCpAI, PKCpII, and 1 M,C
PKCy (WB)
PKCa«, PKCf, PKCy mRNA ! -

An increased PKC activity and/or protein levels in the membrane fraction is often interpreted as an enhancement of PKC translocation/activation.
BPD bipolar disorder, MDD major depressive disorder, Ba Brodmann area, A membrane fraction, C cytosol fraction, / [84], 2 [85], 3 [83], 4 [86],

511071, 6 [87], 7 [108], 8 [109], 9 [81], 10 [82]
Protein levels assessment by western blot (WB)
" PKC binding assessment by [* HJPDBu binding

suggest a possible overactivation of the PLC—PKC axis
in discrete cortical regions. A larger number of studies
have investigated the abnormalities of the PKC pathway
in postmortem brains of depressive subjects. In most of
them, PKC activity, expression, and levels of different
isozymes were found decreased in key areas involved in
mood regulation such as the prefrontal cortex and the
hippocampus [81, 82, 86]. In addition, the phosphoryla-
tion of MARCKS, a major substrate of PKC, was
significantly reduced in these regions [87], suggesting
also that PKC activity is decreased in depressive patients.
Besides, these authors also found an increase in
membrane-bound MARCKS, which can also be inter-
preted as a decreased PKC activity, since MARCKS’s
phosphorylation induces its own translocation from the
membrane to the cytosol [88].

In summary, postmortem studies provided some evi-
dence of a possible upregulation of PKC function in BPD
and conversely a downregulation in MDD.

Platelet Studies Blood platelets are easily accessible for
study and therefore have been used as a peripheral
model to study the PKC system in psychiatric patients.
At difference with postmortem brain studies, for which
there is an important lack of control over the actual
state of the patient mood (manic, depressive, or mixed),
platelet studies permitted to determine whether PKC
alteration is an inherent characteristic of the disease or
depends on the mood state. Additionally, these studies
offer the possibility to follow the mood changes of the
patient longitudinally, before and after the treatment,
and thus to investigate whether the improvement of
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mood after the treatment is correlated with changes of
PKC activity.

When focusing only on studies performed on bipolar
subjects in manic state (Table 2), it appears that the
membrane-associated PKC activity is significantly in-
creased in blood platelets [89-91]. It seems also relatively
clear that treating mania with a mood stabilizer can reverse
the enhancement of platelet PKC activity along with
improving the mood in the same patients [90, 91].
However, data become more discrepant when different mood
states are mixed in the same BPD group (manic, mixed, and
depressed states) [92—94]. Regarding MDD, two out of three
studies reported no change in PKC activity, neither in the
membrane nor in the cytosolic fractions [89, 94].

Table 2 Platelet studies in mood disorders

Thus, the available evidence from platelet studies
performed in patients with BPD support the hypothesis
that PKC activity is increased in mania and that mood
stabilizers could exert their clinical actions by counteracting
this hyperactivation. However, to clearly establish that
changes in PKC function are related to the state (manic or
depressive) instead of the trait (major depressive versus
bipolar disorders), it would be required to determine in
further studies whether the PKC is inhibited in bipolar
patients during the depressive phase.

An important issue was raised by these investigations
with regard the extent to which changes measured in
platelets actually reflect those occurring in the brain. A
study therefore examined the relationship between platelet

Diagnosis Treatment

Parameter assessed Fraction Ref.

BPD-manic state
(>1 week)
BPD-manic state n/a
1-2 weeks of Lithium

BPD-manic state Medication-free (>2 weeks)

2 weeks of lithium or valproate

BPD-manic or mixed state Medication-free (>1 week)

8 weeks of mood stabilizer or
antipsychotic therapy

BPD-euthymic state
BPD-euthymic state

Lithium-treated (<6 months)
Lithium-treated (<1 month)

BPD (10 depressive, 4 manic states)  Lithium-free (>1 year)

BPD (6 manic, 5 depressive and 4 Medication-free (>2 weeks)

mixed states)

MDD Medication-free (>2 weeks)

MDD Lithium- and antidepressant-free
(>1 week)

MDD Medication-free (>2 weeks)

Lithium- and antidepressant-free

PKC activity ) M 1
PKC activity il M 2
PKC activity 1 M, C

PKC activity 1 M 3
PKC activity 1 MC

PKC activity ! M, C 4
PKCRI and BII (WB)* l M, C

PKC«x and PKCo (WB) = M, C

PKC activity T MC
PKCa, PKCRI, PKCRIL =¢ MC

and PKCb (WB)

PKC«x (WB) = M, C 5
PKC«x (WB) l C

PKCRI, PKCBIL PKCb, and PKCe (WB) = M, C

PIP, (WB) l M

PKC«x (WB) = M, C

PKC activity ! M, C
PKCa, PKCRL, PKCRII (WB) ] MC

PKC5 (WB) = MC
MARCKS (WB) il M, C

PLC activity ! M, C

PKC® 1 C 8
PKC activity = M, C 1
PKC activity = M, C 7
PKCa, PKCRI, PKCRII (WB) = MC

PKCb (WB) = M, C
MARCKS (WB) = MC

PLC activity = M, C

An increased PKC activity and/or protein levels in the membrane fraction is often interpreted as an enhancement of PKC translocation/activation
BPD bipolar disorder, MDD major depressive disorder, M membrane fraction, C cytosol fraction, / [89], 2 [90], 3 [91], 4 [92], 5 [93], 6 [110], 7

[94], 8 [111]
 Protein levels assessment by western blot (WB)
®PKC binding assessment by [> H]PDBu binding

All differences are expressed versus healthy controls, except for € versus patients before treatment
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and brain PKC in rats and demonstrated that chronic
treatment with lithium reduced the levels of PKCax, both
in platelets and in the frontal cortex [33]. Moreover, the
authors found a strong correlation between platelet and
frontal cortex PKCo measures. However, some PKC
isozymes found in the central nervous system are not
expressed in platelets, as for the PKC 6 and PKC ¢ [89].
Caution will be warranted when interpreting the PKC data
obtained from platelets.

Therapeutic Relevance of Targeting PKC in Mood
Disorders: First Clinical Trials

To date, five clinical studies have demonstrated the
effectiveness of the PKC inhibitor tamoxifen in the
treatment of acute mania in bipolar patients. Given either
alone [95], as an adjunctive treatment to lithium [96, 97], or
in lorazepam-treated patients [98, 99], tamoxifen resulted in
a significant antimanic effect, stronger than that of lithium
[96, 100]. Rates of response, determined as the percentage
of patients with 50% reduction in Young Mania Rating
Scale (YMRS) score from baseline to trial completion,
varied from 48% to 95%. In the study by Zarate et al. [99],
daily YMRS ratings were obtained during the first week of
treatment, thus permitting the assessment of early antimanic
effect. Subjects on tamoxifen showed significant improve-
ment in mania compared to placebo as early as 5 days, an
effect that remained significant throughout the 3-week trial.

Tamoxifen, the most widely used agent for hormonal
therapy of breast cancer, is a synthetic selective estrogen
receptor modulator (SERM) that inhibits PKC by acting
directly on the regulatory domain of PKC«x, PKCRI, PKCn,
PKC$, and PKCC( [101]. Accordingly, it can be suggested
that tamoxifen pharmacological action on both estrogen
receptors and PKC could contribute to its antimanic
reported effects. In this concern, Kulkarni et al. [97]
showed a better improvement of manic symptoms in
bipolar patients treated with tamoxifen than those treated
with the anti-estrogen medroxyprogesterone. Moreover, in a
preliminary clinical investigation, Mallinger et al. [102]
highlighted that verapamil, a calcium channel blocker
which also has PKC inhibitory activity, had no effect when
given as monotherapy but demonstrated antimanic efficacy
when combined with lithium in lithium-refractory patients,
suggesting that the antimanic effect may be mediated by
additive actions of the two agents on the PKC pathway.
These clinical data reinforce the relevance of targeting PKC
for the treatment of mania.

One of the strengths of tamoxifen is that, compared to
lithium, it causes relatively few side effects. Indeed, lithium
can cause hand tremor, polydipsia, polyuria, and a decrease
of thyroid function. Ingested at high doses, lithium
poisoning produces renal failure and convulsions and can

also cause coma [103]. Tamoxifen is fairly tolerated even at
high doses (up to 200 mg/day) [104], and its side effects are
the same as the other SERMs used in breast cancer
(toremifene, raloxifene): nausea, hot flashes, and tiredness.
This highlights that targeting a ubiquitous molecule does
not necessarily induce dramatic side effects. However,
although being effective and safe for “short-term” treatment
of mania, its long-term efficacy and role in the maintenance
treatment of BPD remains to be determined. In all cases, the
above clinical studies raise the need to develop brain-
penetrant selective PKC blockers with no side effects
related to estrogen receptor modulation.

These promising results of tamoxifen on mania lead to
address the issue of a potential interest of PKC modulation
in the treatment of depression. Although no clinical study
has yet been expressly conducted to evaluate the effects of

« Bipolar subjects in manic state exhibit
increased PKC activity

« Enhanced PKC activity in animal
models of mania

» Mood stabilizers (lithium, valproate) decrease
PKC activity in vitro andin vivo

o PKC inhibitors attenuate manic-like behaviors

PKC inhibition

o Clinical efficacy of a PKC inhibitor (tamoxifen)
againstmania

Normal mood

« Effects of antidepressants on PKC system:
no strong supportive evidence

» PKC activators induce antidepressant-like
response

uoneAnoe OMd

o Depression and PKC: no clinical evidence

» Decreased PKC activity in
postmortem brains from depressive
patients

» Decreased PKC activity in animal
models of depression

Fig. 3 Involvement of the PKC signaling system in the pathophys-
iology and treatment of mood disorders. Data from preclinical and
clinical studies support the hypothesis of a functional imbalance of the
PKC signaling system in mood disorders. This pathway may be
upregulated in mania, and consequently the inhibition of PKC would
reverse the mood elevation. Conversely, there are emerging preclinical
data indicating a downregulation of the PKC system in depression.
The potential use of PKC activators as antidepressants needs to be
further evaluated
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tamoxifen in depressed patients, the relationship between
tamoxifen and depression has already been examined in
breast cancer patients and has yielded mixed results.
Indeed, in some trials and case reports, a subset of patients
has discontinued tamoxifen therapy because of mild to
moderate depressive symptoms [105]. These data are,
however, difficult to interpret, mostly by the fact that breast
cancer by itself can increase the incidence of depression
compared to patients without the disease. Nevertheless, a
question that future clinical studies should focus on is
whether a PKC inhibitor, efficient in treating mania, may
trigger a mood switch from mania to depression. Four out
of the five clinical studies on tamoxifen and bipolar mania
have already started to answer that issue and showed that
tamoxifen was without any significant effect on depression
scores, at least for the period investigated [95, 96, 98, 99].

Conclusion and Perspectives: Do PKC Modulators Have
a Future in the Treatment of Mood Disorders?

Together, the preclinical and clinical data from the literature
unveil a possible imbalance of the PKC signaling system in
mood disorders. In Fig. 3, we summarize several key points
supporting the hypothesis of a hyperactivity of the PKC
system in mania and a hypoactivity in depression. Inhibition
of PKC can thus be an interesting strategy for the treatment
of manic episodes, as several clinical trials have already
demonstrated since a few years. Conversely, and although it
has been much less studied so far, PKC activators might be
used in the future as the first intracellular-targeting ADs. The
finding that a single intracellular signaling system may be
involved in both mood states is of primary importance for
the understanding of molecular mechanisms implicated in
the pathophysiology of BPD. The heterogeneity of PKC
isoforms raises the possibility that each isozyme may have
its own activation pattern, depending on the mood state. If
so, it cannot be excluded that distinct isozymes could be
selectively involved in either mania or depression. The
increasing knowledge of the role of each of the isoforms in
mood disorders will certainly lead, in the next decade, to the
major challenge of designing novel isozyme-targeted PKC
modulators as it is already the case for the PKCe-selective
activator DCP-LA [106].
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