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Objective: Thisarti clepresentsanoverview of signal transductionpathwaysandreviewsthe
research under takento study thesesystemsinclini cally relevant sam plesfrom patientswith
bi polardisorder (BD).

Method: We reviewed the pub lished findingsfrom stud iesof post mor tem braintissue and
blood sam plesfrompatientswith BD.

Results: Althoughtheexactbiochemi cal abnor mali tieshaveyettobeidenti fied, thepresented
findingsstrongly sug gest that BD may bedue, at least in part, toab nor mali tiesinsig nal trans-
ductionmechanisms. Inparticular, al teredlev elsor function, or both, of G-proteina subunits
and ef fector moleculessuchasproteinki nase A (PKA) andproteinki nase C (PK C) havecon
sistently been associ ated with BD bothin periph eral cellsand in post mor tem braintissue,
whilemorerecent studiesimpli catedisruptioninnovel second- messenger cascades, such as
the ERK/MAPK path way.

Conclusions:Despitethedif fi cul tiesinher entinbiochemi cal studiesof clini cally relevanttis
sue samples, numer ousinvesti gationshaveil lumi natedthesi gnal transductionmechani smsin
patientswith BD. Thesestudiesal so sug gestthat BD may beduetotheinter action of many ab-
nor mali ties. Inthiscontext, novel tech niquesenablingthestudy of geneex pressionpromiseto
assistinuntanglingthese complexinteractions, through visual izing theend re sult of these
changesat thelevel of genetran scription.

(CanJPsy chiatry 2002;47:135-148)

ClinicalImplications

- Under standingtheabnor mali tiesunder ly ing bi polar disor der (BD) may |leadtoabet ter un der-

standing of cur rent drug ef fectsand novel phar macother apy and thusen ablemoreef fective
treat ment of patientswiththisill ness.

- Eluci datingveri fi ablemolecular and biochemi cal mark ersfor BD may assistindevel opng
morerobust andef fectivepatientdi agnosis.

- A solidunder standing of signal transduction pathwaysandtheir down stream ef fectsisrelevant
toalill nessesinvolvingchangesincell signall ing or geneex pression.

Limitations

- Currently, thebiochemi cal andmolecular abnor mali tiesunder lyingBD areunknown.
- Theabnor mali tiesthought to un der lieBD arelikely not dueto asingledefect.

- Thefunctional im pli cationsof the re search de scribed herein arelimited by thelack of know -

edgewith re spect to changesin gene ex pression asso ci ated with thesedisor dersand theneed to
developef fectiveand ac curatemeth odsof ascer tainingtheseal terationsinclini cal samples.
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B i polardisor der (BD)isarel atively commonill nesswith

epi sodesof maniaand depressionand,inmost patients, a
chronicrecur rent course. Thebur denof ill nesswasprevi ously
underappreciated; it spans a continuum from psychosocial
impair menttoanin creasedrisk of sui cide. Treat mentsavail -
ablefor thedisor der haveprollif er ated over the past de cade
andin cludeadi versegroup of agentsrangingfromlithiumto
anticonvulsant and novel antipsychotic agents. Asour un der -
standing of thespecificneurobiology of BD increases, genetic
suscepti bil ity genesareincreasingly seenashav ingclearim-
portance in the disorder’s etiology. Neurohormonal path -
ways, such as the hypothalamic-pituitary-adrenal axis and
classic monoaminergic neurotransmitter systems, have all
beenwell studiedinBD. A morerecent focusontheroleof ex-
cit atory amino ac ids such asglu tamate hasemerged withthe
findingsthat lithium canreg ulatereuptakeof thisaminoacid
in anima models. The intracellular mechanisms linked to
thesereceptorsprovideaninter esting systemthat may becen-
tral toBD andthat hasrecently beenintensively studiedin pa-
tientswiththisdisorder. (A listof abbrevi ationsandacronyms
used in this pa per ap pears on page 144.)

Thecomplexity anddi ver sity of signal transductionpathways
continuestoemerge; how ever, sev eral general featurescanbe
usedtounder standthenetworks. Thesefeatureshaveal lowed
di rectinvesti gationintissuesamplesfrompatientswithBD.

Mostneurotransmitter receptorscoupl etoguanine-nucleotide
binding proteins(G-proteins). Theseproteinslink receptorsto
specificenzymesthat producesecondmessengers, or al ter na-
tively, they link to specificionchannels. Theextracel lular sig-
nals are integrated, amplified, and transmitted to specific
intracellular enzymes, called effectors, which catalyze the
productionof anextensivear ray of cascading second messen-
gers. In turn, these messengermol ecules act on various pro -
tein kinases (1). The activation of these kinases is
instrumentalinregulating diverseintracellular pro cesses, in-
cluding gene expression, and in relating these to lasting

neurobiological changes(1,2). Indeed, thenumber of findings
on abnormalitiesin signal transductionsystems in samples

obtaineddi rectly from patientsisgrowing.

In the central nervous system (CNS), intracellular signa
transductionpathwaysareuniquely responsi blefor coor di nat-
ingthecel lular responsetoinfor mationimpingingonthecell
frommul ti ple sourcesand timeframes. It fol lowsthat ab nor -
mal i tiesinthese pathwaysmay lead tofunctional imbal ance
inmultiple neurotransmitter pathways, whichcouldaccount
for thedi verseclini cal featuresfoundinBD, such asarecur-
rent course, mood fluctuations, psychotic features,
neurovegetative symptoms, and cognitive impairment. In
fact, the higher-order brain functions, such as behaviour,
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mood, and cognition, are criticaly dependent on sgnal
transduction pro cessesfor their proper functioning (1). The
time lag between the phar macologicandclini cal ef fectsof
moodstabi lizersal sosuggeststhatlong-termcel lularand mo-
lec ular eventsareim por tantinthedrugs mech anism of ac-
tion. Signal transduction pathwayspresentresearcherswitha
range of targetsthat may beim por tant for un der standing the
bi ologi cal basisof BD anditstreat ment. Inthisarti cle, wewill
briefly describesev eral sig nal transduction pathwaysandre-
view studiesthat haveex aminedthesesystemsintissuefrom
patientswith BD.

Signal Transduction Pathways

Among the first studies to suggest disturbances in signa

transductionin patientswithmooddisor derswerethefindings
of attenuated b-adrenergic receptor—activated adenylyl

cyclase (AC) activity inperiph era cells(plateletsand lym-

phocytes) frompatientswithuni polar andbi polar depression

(3-6). At the sametime, no dif fer enceswereob servedinthe
number or af finity of thistypeof noradrenergicreceptorinpa

tients, com pared with con trol sub jects (7,8). This sug gested
blunted responsiveness or desensitization, rather than a di-

minished number of b-adrenergicreceptors(7,9). Sincethen,
researchershaveidenti fiedsev eral signal transductionmol e

culesastar getsof mood stabi lizersand anti depressants. They
havealsoidenti fied abnor mal i tiesinthese pathwaysin sam

plesfrompatientswithBD (for review see[10]). Itispossi ble
that thesedrugscor rect anunder ly ingsignal transduction ab-

nor mal ity in patients. Inthefol low ing sections, wewill pro-

ceeddown streamalongthesignal transductionpathway, from
coupling of G-proteinstoreceptors, todi rect measurement of

secondmessengers, tokinasesandtranscriptionfactors, and

finally, to regulationof gene ex pressioninnuclei. Wewill

alsobriefly describethemolecular pathwaysandthefindings
inpatientsamples.

G-Proteins

G-proteinsareanintegral part of theintracellular signal ling

path way, in that they link re cep torsin the mem braneto di-

verseintracellular effector mol eculesand re sponses (seeFig-

urel). G-proteinsconsist of 3subunits: ara subunitthat binds
and hydrolyzes guanosine triphosphate (GTP), and b and g
sub unitsthat aretightly boundto onean other (11). Thishet er-

ogeneousproteinstructurea lowsfor thecou pling of awide
variety of receptors to the same or different signal

transduction systems, leadingto near infi nitecom bi nations.

Even mod est changesinthelev elsof the G-proteinshavethe
potential to mark edly al tertheorderly progressionof events
from the membranereceptorstotheirintracellular tar gets.
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Theinter estin study ing G-proteinsin BD (see Table 1) was
largely prompted by ani mal studies: thesefound that lith ium
attenuates the function of several Gproteins,includingthe
stimulatory sub type Gas (12—14). Young and others(15,16)
describedincreased G a (but not Ga;, Ga,, or Gb) lev elsin
frontal,temporal,and occipital cortex obtained post mortem
fromsubjectswithBD. Further, theseincreasesap peartohave
functional rel evance, becausethey were cor related withthe
activity of AC, themayjor effector en zymecou pledto Gas, in
thesamebraintissuesamples. Thesefindingswererepli cated
and a so extendedin an other study withadif fer ent col lection
of braintissue. Using [>*S] GTRShinding, aspecificbinding

assay for G-proteins, and other meth odsto measurethefunc-
tion of G-proteina subunits,theinvesti gatorsfoundevidence
to support both in creased abun dance of G-proteinsand in-
creasedfunctioninthefrontal cor tex of subjectswithBD (17).
Inamuch larger sam pleof sub jectsfromthe Stanley Foun da
tion Neuropathol ogy Con sor tium, were cently re ported that,
whiletherewereno over all dif fer encesin Gag lev elsamong
patientscom paredwithcontrol subjects, anincreasewasev i-
dentinsubjectsnot onlithium at thetime of death, com pared
withthoseonthemedi cation (18). Thetreat ment beforedeath
of patientsinthissam plemay havebeenmoreaggressivethan
that in ear lier sam ples; thismay partly ex plainthefail ureto

=

Figure 1. G-protein cou pled sig nal trans duc-
tion.Neurotrans mitters (NT) bindto
G-proteincoupledtransmembrane
receptors, whichinteractwith
G-proteinscomposedofa, b, and g

:, subunits. Receptoractivationim

- duces a con for mational change in

- receptorassociated G-protein, re
sulting in the ex change of GDP for
GTP on the a subunit. The Ga
subunitthen stimu lates an ef fec tor
en zyme or cer tain ion chan nels, re-
sulting inthe ac cu mu lation of vari
ous secondmes sengersand
initiationofintracellularsignaling

o P cascades.
- R
k' ey
GDP N, |
[/
Table 1. G-protein signalling in bipolar disorder
Study
Postmortem - Gas, « Ga, Ga, and Gblevels (15,16)
cerebral cortex
« G a_mRNA levels (29)
- Coupling of 5-HT receptors to memebrane G-proteins; - GOCS levels (17)
- ADP-ribosylation of Ga; and G a,; (18)
- Gb coprecipitation with Ga _Gas levels in Li-treated subjects
Leukocytes and | - Gas and Gai levels in depressed patients (8)
platelets
- Ga levels in leukocytes of BD patients; ~Ga ,,,, and - ADP ribosylation in platelets (21)
from Li-treated patients
~ Agonist-induced Gpp(NH)p binding in depression; ~ Ga jevels (33)
- Agonist-induced Gpp(NH)p binding and Ga, and Ga ; levels in mania and ™ in (20)
depression
- Gas levels in platelets of BD types | and Il, irrespective of treatment; « in MNLs (22)
- Gas levels in depressed and Li-treated patients (23)
~Gas levels in Li-treated patients (153)
« G as levels in Li-treated BD type | patients (25)
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= Figure 2. cAMP sig nalling system. The Ga
subunit (Gas, G @) re leased upon
neurotrans mitterbinding stimu-
lates AC, which then con verts
ATP to cAMP. As a sec ond mes
senger, CAMP activates CAMP-
de pendentPKA, bybindingto
the regulatory (R) do mains, and
inducingthe dissociationofthe
catalytic (C) domains.

detect adif fer encebetweenthelarger group of subjectswith
BD and control subjects.

Studies of periph eral blood cells have largely con firmed the
abovefindingsand have also ex plored therelation between
G-proteinsignal lingandmoodstate. Schreiber andassoci ates
first reported enhanced binding of [*H]Gpp(NH)p in
mononuclear leu ko cytes (MNLS) of patientswithmania, im-
plicating increased G-protein levels and enhanced recep-
tor-mediated G-protein ac ti vation in this patient group (19).
Since then, severa studies have found an increasein both
level and function of G-protein subunits in manic and
euthymic states (19-22). At least 2 studiesfoundin creased
Gas levelsinMNLsfromunmedi cated patientswithbi polar
depression(23,24), whereasanother suggestedthatthelevels
of this coupling G-protein may be more directly linked to
mood state, within creasedlev elsinmaniaand decreased lev-
elsindepression(20). Atleast 1 study of alarger sam plefound
that in creased lev els might be pres ent in both drug-free pa-
tients and in those on vari ousmoodstabi lizingmedi cations
(22). Studies of platelets from patients with BD have also
showndif ferencesinG-proteinlev els(21,22). However, Alda
and colleagues measured Ga, levels in transformed
lymphoblasts from lith ium-responsive patients with BD and
found no dif fer ences, com pared with control subjects(25).
Thissug geststhat el ther mood state or cell typemay beanim-
por tant factor indeter miningwhether Ga, lev elsare detect-
ableinblood cellsfrom patientswith BD.

It has proved more dif fi culttoidentify themechanismsre-
sponsible for observed G-protein abnormalities. Linkage
studiesof BD and thegene coding for Ga shaveyielded nega-
tive results(26-28),and, similarly, thegene-expressionlevels
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of Ga jdo not ap pear to beal tered in post mor tem braintissue
takenfromsubjectswithBD (29). Themechanismsthat deter-
mine G-protein sub unit lev elsarevery com plex. It hasyet to
bedeter mined whether G-proteinabnor mal i tiesaredi rectly
involvedin BD or whether they rep re sent asec ond ary mani-
festation of dysfunctioninan other path way. With out an un-
der standing of the causesof any ap par ent dif fer encesin@
lev els, it hasbeen harder to fur ther develop the G-protein hy-
pothesis of BD and its trest ment. On the whole, G-protein
studies suggest that altered Ga levels or function, or
both—perhaps through increased receptor—G-protein cou-
pling—play animpor tant roleinthebi ologi cal basisof BD.

Cyclic Adenosine Monophosphate
(CAMP)-Generating Pathway

Following receptoractivation, G-proteins inter act with sev-
eral en zymes called effectors. One well-characterized path-
way is the coupling of stimulatory or inhibitory G-protein
subunitstotheenzymeAC (seeFigure2) (11). Mul ti pleforms
of ACcatalyzetheproductionof cAM P, animpor tant second
messen ger, from adenosinetriphosphate (ATP). Theproduc-
tion of CAMP by this enzyme is balanced through its rapid
degradation by phosphodiesterases: another enzyme with
multiple intracellular subtypes (30). CAMP in turn regulates
many cel lular functions, such asmetab olism and genetran-
scription. Themayjor tar get for CAMPisyet an other enzyme,

CAMP-dependent protein kinase, also known as protein
kinase A (PKA). This enzyme is a critical step in linking
short-term changes in neurotransmitter signal lingtolasting
neurobiological changes (seebelow) (31,32).
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Table 2. cAMP signalling in bipolar disorder
Study

Postmortem - Forskolin-stimulated cAMP production (15,16)
cerebral cortex

~ PHI-cAMP binding (35

« AC levels (154)

- Maximal and basal cAMP-dependent PKA activity; ~ PKA EC50 for cAMP (38)

— Forskalin-stimulated AC; "CREB levels in anticonvulsant-treated subjects (18)
Leukocytes and ~ PGEL1-stimulated cAMP in depressed MDD and BD patients — NE Inhibition of | (41)
platelets PGE-1 stimulated cAMP production

~ Isoproterenol-stimulated cAMP production in depressed MDD and BD (7)

patients ©)

_ Forskolin-stimulated AC activity subsequent to Li treatment ©)

_ Basal and stimulated AC activity in Li-treated patients 6)

~ Agonist-induced Gpp(NH)p binding in manic patients (19)

- CAMP dependent protein phosphorylation in euthymic patients (40,42)

- Basal and cAMP-stimulated protein phosphorylation after Li treatment (36)

- Basal and NaF stimulated; ~isoproterenol-induced cAMP formation in (101)

subjects with high Ca ?* levels

- PKA catalytic subunit levels vs untreated euthymic BD and control subjects; (39)

« PKA regulatory subunit levels; - rap 1 levels

Several stud ieshave re ported that basal and re cep tor-activated
AC ativities are increased in patientswith BD (see Table 2).
These changes may be linked to distur bancesinthe G-protein a
sub units (3-5,15,16,19,20,33,34) de scribed in the pre vi ous sec -
tion. Further, theactiv ity of thisenzymecor relatessignif i cantly
withtreat ment or mood state: stud iesdem on stratedecreased AC
activityinsubjectswith depressionandin patientswith euthymia
that recursaf ter lithiumtreat ment (20,33,34).

As de scribed above and re viewed else where, PKA isthemajor

tar get of CAMP. PK A isacomplex proteinmadeup of regulatory

(R) and cat alytic (C) sub units. A post mor tem study found that
[*H]cAMPbindingtothePK A (R) subunitswasreducedinthece
rebral cor tex of patientswith BD (35), whichmight beduetoal -
teredsynthesisor proteindegradation. Thisisknowntooccurin
the presence of increased CAMP signalling (for a review, se
[36]). Morere cently, apost mor tem brain tis sue study found that
theactivity of thisenzymewasin creasedinthetemporal cor tex of

patientswith BD (37). Sub sequent anal y sisof the specific PKA

subunitssuggeststhat el evated PK A activity inBD resultsfroma
state—relatedimbal anceinthespecificPK A subunits(38). Several
stud ieswith large num bersof patientswithBD invar i ousmood

statesbeforeand af ter treat ment, havealsofoundevi denceof in-
creased PKA lev elsand activity withincreasedlev elsof sev erd

downstreammark ersinperipheral cells(39). Thesepost mor tem
braintissuefindingsareinter esting, and suggestthat numerous
componentsof theG-protein—coupled, CAMPsignal ling pathway
areacti vatedin patientswith BD (38,40,41).
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Phosphoinositide (PI) Pathway

Many neurotransmitter receptorsarecou pledtoanother
signalling pathway, involving the
phosphatidylinositol-specific phospholipase (PLC) en-
zyme, by the G-protein isoforms G /Gy, (42) (seeFigure
3). The activation of these receptors stimulates PLC,
which in turn induces the hydrolysis of the
inositol-containing phospholipid phosphatidylinositol
4,5-bisphosphate (PIP,) to 2 second messengers:
1,2-diacylglycerol (DAG) andinositol 1,4,5-triphosphate
(IRs) (43). By bind ing to an IR;-specificreceptor onthe
endoplasmicreticulum(ER) surface, |P; stimulatesthere
lease of intracellular-stored cal cium from the smooth ER
into the cytosol (44). DAG, on the other hand, ac ti vates
protein kinase C (PK C), which com prisesan other family
of kinases (43). Further, because inositol crosses the
blood-brain barrier poorly, cells must maintainasuf fi-
cient supply of myo-inositol for the resynthesisof PIP,
and the maintenance and efficiency Pl-mediated signal
transduction. Thissup ply ofmyo-inositol thusde pendson
the dephosphorylation of inositol phosphates. The en-
zyme that catalyzes this reaction, inositol
monophosphatase (IMPase), thus plays a crucia role in
the Pl-signalling path way (45).

Thereisstrongevidenceof Pl-signallingabnormal i tiesin
periphera cells and postmortem brain tissue obtained
fromsubjectswithBD (seeTable3). Initialinvestigations
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Figure 3. Pl-generatedsecondmessenger

system. The bind ing of aligand ac tr
vates re cep tors cou pled to a G-pro-
tein (Gg). The Ga g subunit
dissociatesandactivates PLC, which
catalyzes the hy droly sis of PIP> and
generatesthesecondmessengers
IPzand DAG. IP3 releases cal cium
from the ER, and is me tabo lized by
eitherphosphorylationtolP, or
dephosphorylationtolP,. Sub se-
quently, PI13-kinase dephos pho ry-
lates IP4. Finally, IM Pase
dephosphorylatesthese substrates,
producinginositol, whichreplenishes
the phos pholipid con tent of the mem -
brane. DAG, on the other hand, ac tt
vates PKC (syn er gis ti cally with ca®
in most cases), which is then free to
phosphorylatevarioussubstrate
molecules.

Table 3. Pl signalling in bipolar disorder
Study
Postmortem - Gagy; and PLCh immunoreactivity; Gb (69)
cerebral cortex
~GTPgS and NaF-stimulated [ *H]P!I hydrolysis in BD vs Li-treated and control (60)
subjects; « Ca’*stimulated PLC activity
- PKC activation; - PMA and phorbol-ester induced PKC translocation; - cytosolic| (69)
a and membrane-associated g and ePKC isozyme levels; “cytosolic e-PKC
levels
« IMPase activity in depressed patient samples (46)
“Inositol levels in frontal cortex; « IMPase activity (49)
Platelets ~PLC activity in Li-treated euthymic patients ©)
- Membrane-bound vs cytosolic PKC activity; - 5-HT elicited PKC translocation; | (64)
“basal and 5-HT elicited PKC activity following 2 weeks of Li treatment
- PIP, levels in manic patients (52)
- PIP2levels manic vs untreated euthymia; Li-treated vs manic; « between Li (54)
treated vs untreated euthymia
_PIP2in Li-treated euthymic patients;« in other phospholipids (55)
- Basal PKC activity in mania; PKC responsiveness to PMA/thrombin in (65)
depression; - PKC responsiveness to 5-HT; « PMA induced translocation
« PKC- alevels (155)
“PIP, following Li treatment; « in other phospholipids (56)
“PIPzin Li-treated patients; cytosolic PKC-a levels; no correlation between PLC (67)
and PIP2 measures
- Membrane PIP ,levels in depressed patients; « in other phospholipids (53)
Erythrocytes “Inositol 1-phosphatase activity in Li-treated patients (50)
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foundnodif fer encesinfreeinositol lev elsinunmedi cated pa-
tientswithBD (46,47), al though 1 study ob served reducedin-
cor porationof inositol to Pl intracellular poolsinthispatient
group (46). Recent post mor tem brain studiesfound decreased
freeinositol lev elsinthefrontal cor tex of patientswith BD,
but nochangeinIMPaseactiv ity (48). Theactiv ity of thisen-
zyme, which leadstotherelease of freeinositol, hasalso been
studiedinpatients with BD. No dif fer enceinthisenzyme's
activity wasfoundinerythrocytesof unmedi cated patients,
com pared with control sub jects, al thoughlithiumhadanin-
hibitoryeffect(49). Aninhibitory ef fectof lithiumisconsis.
tent with preclinical observations of this drug in animal
mod els. Recent findingsfrommag netic resonance imaging
(MRI) stud ies & so sup port the abil ity of lithiumto reg ulate
IM Pase, butatemporal dislocationbetweenlithium-induced
myo—inositol depletion and clinical improvement was seen
(50). Itispossi blethat depletion of inositol lev elsmay bean
ini ti atingeventinlithium’ smechanismof action, rather than
anongoingfactorinitsclini cal ef fects.

Researchershaveal soex aminedtherel ativecontent of mem.
brane phosphoinositides, with a particular emphasis on the
major PLC sub strate PI P, under var i ousmoodandtreat ment
states. Brown and col leagues (51) were the first to show in-
creased lev elsof PIR in the manic state of BD, afind ing that
wasre cently also ob served in platelets of patientsinthe de-
pressed phase (52). Since PIPR, is the precursor of IP; and
DAG, theauthorssuggestedincreased Pl sighal lingasapossi -
bleout comeof their findings(51,52). Thereisarecent casere-
port of a patient inwhom PIP, membranelev elsincreasedin
thecourseof cy clinginto maniaand nor mal izedwithareturn
to euthymia sub se quent to lith ium treat ment (53). Sev eral
subsequent studiesreportedasignifi cantreductionspecificto
platelet PIP;lev elsinlithium-treated euthymic patientswith
BD, comparedwithcontrol subjects(54-56). Together, these
studiesstrongly sug gest that lithium may blunt Pl signal ling
(54).

The G-protein G, and Gy isoforms that mediate signal
transduction along this path way arerelated to the other sub-
types of G-proteins that we discussedin previ oussections
(42,57,58). One postmortembrainstudy reported increased
Gay:andPLClev elsintheoccipi tal cor tex of subjectswith
BD (59). A second study observed decreased Pl-coupled
G-proteinacti vationinthesameregion (60). Theauthorssug-
gestanadaptiveincreaseinGagi1ex pressionasaresultof de-
ficient Pl-signalling activity in BD. They aso point out
al ter natively thatlong-termlithiumtreat ment could havecon-
founded theresults(60). Inperiph eral blood cells, nosignifi-
cantdif ferencesin Ga,,,lev elswerefoundinunmedi cated
sub jectswith BD, a though de creased lev elswere found in
lithium-treated subjects, rel ativetocontrol subjects(21). The
importance of the PLC enzymeisfur ther sup ported by the
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recent findingsof link agetothegenefor 1 member of the PKC
familyinpatientswithlithium-responsiveBD (61,62). Taken
together, theevi dencesuggeststhat G-protein—coupled Pl sigr

nal lingmay beat tenu atedin patientswith BD. Thisisincon-

trast to the preponderanceof findings (reviewed above) of

increased G-protein cou plingto cAMPinthisdisor der. Thus,

there may be a functional im bal ance be tween these 2 path-

ways, itmay behighly rel evant toun der standing thecausesof

BD, and it would not have been found with out thisshiftinfo-

custo theintracellular level.

PK C,animportantintracel lular enzymeinthePl pathway, has
stimulated much interest in recent years. Fried man and co-
work ersdemonstratedincreasedplatelet-PKC ectivityinthe
manic state of subjectswith BD (63,64). Thesefindingswere
seenasfurther confirmationof impaired Pl signal linginBD,
becauseintracellular DAG lev elsacti vate PKC. Inad di tion,
increased serotonin-stimulated PK C acti vationwasfound by
another groupof researchersin plateletsfrompatientsinthe
mani c state, whichwasdecreasedtolev elsobservedincontrol
patientsfol lowinglithiumtreat ment (63). Ontheother hand,
PK Clevelsinplateletsfromeuthymiclithium-treated patients
with BD were no different from those of control subjects
(55,56). Therel evanceof theseclini cal findingsisfurther sup-
ported by consistentreportsof lithium-mediatedinhi bi tionof
PKCactivity inani mal studies(65-67). Morerecently, PKC
levelsandactivity weremeasuredinpost mor tembraintissue
fromsubjectswith BD andfoundtobein creasedinthefrontal
cortex, compared with control subjects (68). Indeed, these
findingsmay bevery specifictothedi ag no sesof BD and not
found in variousother psy chi atricdisor ders(63,64,69,70).

Elevated PKC activ ity in BD that may beblocked by lithium
treat ment may beaclini cally rel evant finding. Manji and co-
work ershavebeguntostudy PKCinhibi torsinthetreat ment
of this disorder (10). They have published pilot studies of
tamoxifen, asyn thetic, nonsteroidal antiestrogen widely used
totreat breast can cer. Re cently, thisdrug has al so been found
to be a selective PKC inhibitor. Interestingly, preliminary
findingsfromasmall samplearesofar promisingandprovide
evidence that this medication has some antimanic qualities
(71). These resultsawait con fir mation by large-scale, ran-
domized double-blind placebo-controlled studies; how ever,
they clearly illustrate the clinicalimportance of the signal
transductionabnor mal i tiesthat continuetobereportedinpa
tientswith BD.

Intracellular Calcium Signalling
Al thoughtheim por tanceof thecal ciumioninsynaptictrans
missionandneurotransmitterreleaseiswell established,ithas

becomeincreasingly ap par entthat cal ciumhasacriti cal role
inmedi atingdi verseintracellular events. Theseincludesyrn
aptic plasticity, cell survival, and excitotoxic cell death
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Table 4. Calcium signalling in Bipolar Disorder

Study

Erythrocytes “Na'/K' -ATPase activitv in denressed patients (114,115,116))

- Ca®*-ATPase activity in mania and depression (111)

« Ca* response: -Ca? -ATPase levels in mania and denression (112)
Neutrophils - fLMP-stimulated Ca?* responses in untreated mania and depression; | (157)

~stimulated Ca”" resnonses in L i-treated patients

~fL MP-stimulated Ca®' responses in Li-treated patients (158)
Leukocytesand platelets | - Basal and stimulated Ca®" levels in mania and depression (86-90)

- 5-HT stimulated Ca®' response in mania and depression (92)

- Basal Ca* levels in Li—trtzeated patients; - thrombin-stimulated ca® (108)
. + . . . .
response:; - stimulated Ca_response in vitro with Li

- 5-HT-stimulated Ca®* response in depressed patients

(98,104,105,106)

- PAF and thrombin stimulated Ca?* response in untreated BD (102)

« Basal or stimulated Ca®" in Li-treated patients; -serum and 5-HT 95)
stimulated intracellular C&" levels

« Basal or stimulated Ca”" with chronic Li treatment or in vitro (93)
- Basal Ca?* in euthymic patients (96)
- 5-HT stimulated Ca®* responses in manic patients (107)

Li treatment

« Ca?* uptake in mania or depression; ~Ca?* uptake following in vitro | (94)

- basal Ca?* concentration; ~percent change in phyto-hemagglutinin (109)
stimulated vs. basal Ca® levels in BD tvoe | BD

- Basal and stimulated Ca?* concentration; « between types, med 1
state or severity

- Basal and NaF stimulated and “isoproterenol stimulated cAMP (101)
formation in BD subiects with hiah basal Ca?* levels:

- 5-HT-induced Ca®* response correlated with response to mood (103)

stabilizers treatment in a longitudinal study

« Basal or 5-HT induced Ca*"

©n

(72—75). Consequently, themech anismsby which changesin
intracellular cal ciumlev elscanlead to di verse, long-lasting
biochemi cal al ter ationshavebeenatar get of di rectedinvesti-
gation. Cells have 2 major sources of calcium—the
extracellular mi lieu, and the ER (76). Af ter stim ulation, the
cal cium con centrationinthecytosol risesrapidly, fromap-

prox i mately 100nM toval uesinthemM range (77). At high
intracellular concentrations, however, Ca?* downregul ates its

signal lingbyinhibitingl Psreceptor sensi tivity (44) and stim-
ulatingthehydroly sisof IP; (78). Return of intracellular free
cal ciumto resting lev elster mi natesmany of itscel lular ef -
fects. Thisgradi entisreestablished and maintained by theac-
tion of membrane-associated Ca®*“ATPases (Ca® pumps),
whichdrive Ca**againstasteepconcentrationgradi ent, i ther
out of the cell or into intracellular stores (77), or through en -
ergy-dependent Na 7Ca”‘ex change, which pumpsCa’ “out of,
and Na' into, the cytosol of the cell (79,80).
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Insidethecytosol, Ca*inter actswithsev eral regulatory pro
teins. Calmodulin, a small Ca®*binding protein, acts as an
intracellular Ca®* sensor andiscriti cal intheregulationof di-
verse cellular events (81). After binding Ca’’, the
C & calmodulin (CaM) com plex reg ulatessev eral other en
zymes, including the CaM-dependent protein kinases
(CaMKs) (81). CaMK 1, 1V, and cer tain CaMK Il isoforms
may bespecificallyinvolvedinmedi atingtranscriptional acti-
vation of geneex pressioninresponsetochangesin Ca’* fluc-
tuationsinthecytosol (82,83).

Thecal cium-signallingsystem has increasingly beenthefo-
cusof investi gationinBD (seeTable4). Ini tia studiesincal-
ciumsignal lingby Carmanandothersuncov eredasignifi cant
correlationbetweentransientincreasesinserumCa*lev els
and the switch into mania (84). Direct measurements of
intracellular free calcium have largely supported and ex -
tended these observations, with Dubovsky and colleagues
(85-90) describingincreasedbaseline C&*concentrationin
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Fig ure4. Regulation of gene ex pres sion. Sig

= naltransductionsystemstrans mit
— - extracellulareventstointracellular
re sponses by modu lating the ac ti
va tion state of key pro tein ki nases.
These pro tein ki nases, whichin-
clude CaMK, PKA, PKC, and ele-
ments of the MAPK cas cade, in
turn modu late the ac tiv ity of tran
scrip tion fac tors such as CREB and
AP-1.Followingactivation, CREB
binds to a CRE in vari ous tar get
genes. This in turn regu lates the
tran scrip tion of c-fos, which com-
bines with c-jun to form the AP-1
class of tran scrip tion fac tors. AP-1
may then bind to its own con sen sus
se guence, the TRE site. Both c-jun
and CREB are both regu lated by
GSK3b.

Crtsal

Ninelen

platelets and leu ko cytesfromun medi cated patientsinboth
manic and de pressed states. These Ca2* studiesareintriguing,
al thoughnot all investi gatorshavebeenabletoconfirmthese
findings (91-97). Further, calcium communicates directly
withthepri mary effector mol eculesof the Pl-signalling path-
way, andin creased Pl sig nal ling might be ex pected to be ac-
companiedbyincreasedlev elsof intracellular cal cium. Given
that Ca’*isnecessary for PKC acti vation, many of theprevi-
ously describedfindingswithrespecttoel evated PK Cactivity
and translocation in patientswith BD may be at least partly a
consequenceof increased af finity of cer tain PK Cisozymesto
Ca?*(64). Evi dence also sup portstheno tion that Ca?* chan -
nelsmay be cou pled to Ga sin sometis sues (98,99); thissug-
geststhat thefindingsof in creased Ga J evelsassoci atedwith
BD may resultinin creased cytosolic Ca?* concentrations—a
notion sup ported by are cent study by Emamghoreishi and
others(100). Thisisanother exampleinwhichdysfunctionat
thelevel of 1 path way may disrupt theintri cate crosstalk be-
tweenvari oussig nal transduction systems(100). Thisagain
il lustrateshowthe shift in fo cusfrom neurotransmitters and
receptorstothesharedintracellular pathwaysthatintegratere-
ceptoractivity may becriti calinex plainingthecausesof BD.

Anal ter nativeap proachhasbeentostimulateCa®*flux in pe-
ripheral cellsfrom patients, usingvar i ousdrugs. Stimulating
plateletsfromunmedi cated patientsinboththedepressed and
manic state with platel et-activating fac tor and thrombin sig -
nificantly increased calcium response, compared with
euthymic, treated subjects with BD, subjects with major
depressive disorder (MDD), and control subjects
(85,86-89,101). Likewise, activation of serotonin 5-HT,,
receptorsproducedconsistently el evated C&" response, both
inpatientswithbi polar depressionandinthosewithuni polar
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depression, as reported in several studies by diverse
laboratories(91,96,97,102-105). Another study of unmedi-
cated patientswith manic and euthymic BD fur ther confirms
thefinding of in creased 5-HT-stim ulated Ca®* re sponsesin
mania(106). Not sur prisingly, it hasbeen sug gested that el e
vated Cé+ re sponses may be a state-dependent vari ablethat
nor mal izeswithremissionof mood(85). Somefindings, how-
ever, suggest that, since these abnormalities persist into
euthymia, they may betrait-dependent (95,103,105,107,108).
In the sole study to date on the down stream tar get of C&", no
dif fer enceswerefound in CaMK immunoreactivity in post-
mortemcerebral cortex tissue of subjectswith BD (109).

Further confir mationof cal cium-signallingabnormal i tiesin
BD is provided by reports of increased activity of the
C&“ATPase pump in red blood cells from manic and de-
pressed BD patients(110,111), aswell aslithium-treated BD
patients(112), com pared with matched control sub jects. Sev-
eral studies have also described significantly lower
Na K *-ATPaseactivity,whichregulatesNa */C& *ex change,
inredblood cellsof patientsinthedepressed state(113-116).

Regulation of Gene Expression

Oneim portant consequenceof theacti vation of thesedi verse
path waysisthe pro duction or acti vation of afamily of pro-
teins called transcription factors. These mol e culeshind to
DNA andregulatetheex pression of awidevari ety of genes.
Thecomplexity of thisprocess and the numer ousplay ersin
volved continuetobecomeevi dent withtheex ten siveknowl-
edge ac quired in the hu man ge nome pro ject (see Fig ure 4).
Onetranscriptionfactor that hasbeenim pli cated and studied
in BD is the cAMP-responsive element-binding proten
(CREB) (117,118). CREB residesinthenu cleus and spends
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List of abbreviations and acronyms

AC adenylylcyclase

ADP adenosinediphosphate

AP 1 activatorproteinl

ATP adenosinetriphosphate

ATPase adenosinetriphosphotase

CaM Ca*Icalmodulin

CaMKs CaM-dependentproteinkinases
CAMP cy clicadenosine mono phos phate
CDNA complementaryDNA

CRE cAMP-responseelement

CREB cAMP-responsive element- binding protein
DAG 1,2-diacylglycerol

DD Differentialdisplay

ER endoplasmicreticulum

ERK extracellularsignal-regulatedkinase
FLMP bacterialpeptide

G-proteins guanine-nucleotide binding proteins
GDP guanosinediphosphate

Gpp(NH)p  guanylylimidodiphosphate

GSK3 glycogensynthasekinase 3b

GTP guanosinetriphosphate
IMPase inositolmonophosphatase
1P inositol1,4,5-triphosphate
Li lithium

MAPK mitogen- activated proteinkinase
MDD majordepressivedisorder
MNLs mononuclearleukocytes
MRNA messengerribonucleicacid
P13-kinase phospatidylinositol3-kinase
PAF plateletactivatingfactor
PGE prostaglandinE

PI phosphoinositide

PIP2 phosphatidylinositol4,5-bisphosphate

PKA proteinkinase A, CAMP-dependentprotein
kinase

PKC proteinkinaseC

PLC phosphatidylinositol-specificphospholipase

PMA phorbolester

Rap 1 rhoptry- associated pro tein 1

SAGE serial analy sis of gene ex pres sion

TRE 12-0-tetradecanolyphorbol-13-acetate-

response ele ment

most of itstimeinaninactiveform. Itsacti vationoc cursaf ter

phosphorylation at a particular amino acid (Ser-133) by a
number of protein kinases, including those that are down -
streamtar getsof thesignal ling pathwaysdiscussed ear lierin

this article (PKA, MAPKs such as RSK1-3, and CaMKs)

(119). Once phosphorylated the CREB protein, now called

pCREB, bindsto aspecific siteinthe pro moter region of tar -
getgenes, knownasthecAM P-responseel ement (CRE). This
leads to the production of messenger ribonucleic acid

(mRNA), which isthe blue print for the syn the sis of new pro-
teins (120). Thisisacriti cal step: in many waysitisthefi nal

link couplingtherapidfluctuationsinneurotransmitterlevels
and receptor bindingtothe pro duction of new proteinsthat

can per manently al ter the func tion or struc ture of specific
brainregions.

Many studieshaveex amined theef fectsof pharmacotherapy
ontranscriptionfactor activityincell linesandani mal models.
Nibuyaand oth ersdem on strated that chronicanti depressant
treatment increased rat hippocampal CREB protein and
MRNA lev els, as well as the bind ing of CREB to the CRE
(121), afinding confirmedin post mor tem brain sam plesfrom
subjects with MDD (122). In this same clinical study,
Dowlatshahi and oth ersmeasured thelev elsof CREB intem.-
poral and occipital cortices of subjects with BD, MDD,
schizophrenia (SCZ), and control sub jects (18). While they
wereunabletoobserveany signif i cantassoci ationof CREB
levels with BD, decreasedlevels were observedinsubjects
who died as a result of suicide and in those treated with
anti convul sants at the time of death. Thislater find ing, which
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is oppositetothat ob servedwithanti depressant treat ment,
supportsstudiesinbothrat brainand cul tured cells(123-125).
Further,itisconsistentwiththeef fectsof lithiumtreat menton
thesig nal transduction pathways(seeabove) andisremi nis
cent of theop posingclini cal ef fectsof anti depressantsand
anticonvulsantsindepressionand mania, respectively.

Recently another modulator of CREB, glycogen synthase
kinase 3b (GSK3b), hasbeenidenti fied. GSK3b isa highly
con served serine-threonine protein kinasereg u lated by sev-
eral signal transduction cascades (126-128). This protein
playsacriti cal roleinregulatinglong-term nu clear events. It
can also phosphorylate CREB at a dif fer ent site, which can
further regulateor fine-tunetheactivity of thistranscription
factor (119). In addition, GSK3 regulates microtubules
(129), neurofilaments (130), myelin-basic protein (131),
nerve-growth factor (132), and tau (133) in brain tisue
Therefore, GSK D fur ther refines the complexpatterns of
geneex pressioninthe CNS. Therehasbheenconsider ablein-
ter est inthiskinase, sinceitisamajor tar get of lithium and
possi bly other mood stabi lizers, likeval proate(134,135). In-
deed, lithium hasbeen shown to re duce neuronal deathin cel-
lular models, and oneof themajor factorsinvolved ap pearsto
be GSK3b (136-139). Sev eral studieshavemeasuredthelev
elsof GSK 3binpost mortembrainsam plesfromsubjectswith
BD andfoundnodif fer encesfromcontrol subjects(140,141).
Interestingly, differences were observed in the level of
phosphorylation of aprotein (tau), whichisadown stream tar-
get for this en zymein patientswith BD. This sug gests that
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functional dif fer encesinthissignal ling pathway could beas-
soci atedwith changesingeneex pression.

Geneex pressioniscriti cal tothemaintenanceof cel lularvi a-
bil ity andfunctionandhasalsobeenstronglyimpli catedinthe
neuronal changesthoughttounder lieBD. Recent studieshave
attemptedtoassoci atedi agnosisor treat mentwithchangesin
geneexpressionby usingvarious techniqueswiththeabil ity
tosi mul taneously analyzeex pressionof thousandsof genesat
atime. These pow er ful new toolsthus hold out the ex citing

prospect of screening largenum bersof genesfor dif fer ential

regulationof factorsthat may berdl evanttotheunder ly ing

disease process or pharmacotherapy. Differentia display

(DD), serial anal y sisof geneex pression(SAGE),andcomple-
mentary DNA (cDNA) expression arrays are 3 such tech -
niques that have produced promisingresultsinbothclinical

and preclini cal samples(142—-146). Thesemeth odsshouldbe
widely appliedtoclini cal sam plesfrom patientswith psy chi-
atricdisor ders, becausethey havebeenex tremely helpful in
under standingthepathophysiology andtreat mentresponsein

variousconditions—most notably,cancer.

Discussion

There is convincingevidence of signal transduction ab nor -
malities associated with BD. The findings supporting
cAMP-signallingabnormalitiesin BD areex ten sive, and sug-
gestincreasedlev el sof stimulatory G-protein, Ga , at least in
the manic state. Thesere portsare sup ported by ob served ab-
normalities further downstream—in elevated AC-mediated
cAMP production and PKA activation. Studies of
G-protein—coupled PLC activity havebeenless conclusive,
al though strong ev i dence of link ageto the genefor 1 type of
PL CinBD suggeststhat thefunction of thisenzymeshouldbe
morefully studied. Inthe Pl pathway, aset of findingsin clud-
ing increased PIR: lev elsand PK C activity hasgenerally im-
pli catedal ter ationsinthissignal ling pathway. Increased C&*
responsesinboth peripheral blood cellsand post mortembrain
tissue of sub jectswith BD have been ob served by sev eral in-
dependentlaboratories, broadly sup portingthefindingsinPI
signaling.Despite a temptsto control for theuseof medi ca-
tions, thepossi bil ity that treatment with antidepressants or
moodstabi lizersmay beat | east partly responsi blefor someof
the ob served changes can not bedis counted (18). Fur ther, ex-
tensive crosstalk between the cAMP- and the PI- and cal -
cium-signalling pathwaysconfoundstheelu ci dation of clear
loci of major ef fect inthispathway.

Giventhecom plexity of intracellular communi cation, more
recent studieshaveimpli catedtheinvolvement of other signal
transduction pathwaysin BD, includingthe ERK/MAPK cas-
cade. Thelastfew yearshavewit nessedconsider ableinter est
inthispathway, inlight of therecent focusondeve opmental
and kindling models as etiologically relevant in mood
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disor dersresearch (147-151). Thefindingsof al tered Raplb
lev els, adown stream tar get of the MAPK pathway, in plate-
letsof patientswith BD lends sup port to therel evanceof this
pathway inBD. Inad di tion, recent stud ies sug gest that mood

stabilizer—mediated GSK3b regulation may correct
pathophysiological dysfunction at other loci in patientswith

BD. How ever, fur ther study isneeded tofully under stand the
role of GSK3b and its pharmacotherapy in BD.

Althoughconclusiveresultshavenot yet beenob served, com
pelling ev i dencefromdi verseindependent researchstudies

suggests that abnormalities in second-messenger systems
play anim por tant rolein the pathophysiology of BD. Fur ther
confir mation of thesefindingsawaitsamoredetailed ex ami-
nation of the end re sultsof theseab nor mal i tieswithinthenu-
cleus. In this regard, significant advances in molecular
technol ogy, suchasDD, SAGE, and cDNA ar ray hy bridiza

tion, haveenabledresearcherstoex aminethechangesingene

expressioninvariousani mal modelsandcell cul turesystems.
Our lab hasun der takento ex tend thesetech niquestoclini cal

samples, and we re cently pub lished acDNA ar ray study in
post mor tem brain sam ples of sub jectswith BD (142). These
results,incombi nationwithwork in prog ressat many dif fer-
ent research centres, promisetofur ther our under standing of
signal transductionabnor mal i tiesinthecontext of acomplex,
multifactorial diseasesuchasBD.
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m
1438 Résumé: La neurobiologie du trouble bipolaire : accent sur lesvoiesde transduction de po

v signal et le controle de |’ expression génique

Objectif: Cetarti cleprésenteun apercu desvoiesdetransductiondesigna et examinelarecher ¢ heentreprisepour
étudier cessystémesdansdeséchantil lonscliniquessigni fi catifsdepatientssouf frantdetroublebi polaire(TB).

M éth ode: Nousavonsex aminélesrésul tatspubliésd’ é&udesdutissu cérébral d’ autop sie et du sang prélevéschez

despatients souf frant de TB.

Résul tats: Bien quelesanomaliesbio chimiquesex actesde meurent en coreadéter mi ner, lesrésul tatspré sentésin-
diquent for tement quele TB puisse étreat tribu abl e, en par tie du moins, aux anomaliesdes mécanismesdetransduc-

tiondesig nal. Enparticulier, desni veaux alté résou unefonction altérée, oulesdeux, des sous- unités dela
gly coprotéineet desmol éculesef fectri cescommelaprotéineki naseA (PKA) etlaprot éineki nase C (PKC) ont ré-

gulierement étéassociésavecle TB tant danslescel lulespéri phéri quesquedansletissu cérébra d’ autopsie, tandis
quedesétudes plusrécentesim pliquent un déreglement descas cadesdu nou veau sec ond mess ager, comme lavoie

ERK/MAPK.

Conclusions: Mal grélesdif fi cultés inhérentesauix é&udeshiochimiquesd’ échantil lonsdetissuuti lessur le plan
clinique, denom breusesrecher chesont fait lalumiéresur lesmécanismesdetransduction desig nal chez lespatients
souf frant de TB. Ces étudesin diquent également quele TB puisseétreat tribu ableal’ inter actiondenombreuses
anomalies. Danscecontexte, lesnou vellestech niquesper mettant |’ étude del’ ex pression gé nique promet tent d’ aider
adéméler cesinter actionscom plexes, aumoyendelavisuali sationdesrésul tatsfinaux de ces change ments au ni-

veaudelatranscriptiongénique.

jart-
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