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ABSTRACT 

This study examined whether the stimulatory G protein a subunit, a,, undergoes 

.i\DP-ribosylation in postmonem hurnan brain, and whether disturbances in this pathway 

contribute to the elevated a, levels reponed in bipolar affective disorder (BD). Endogenous, 

and cholera toxin (CTX)-catalyzed [32P]~DP-ribosylated a, were charactenzed in 

postmortrm temporal cortex by immunoprecipitation, and overlay cornparisons of 

autoradiognms and Westem blots of the [3?P]ADP-ribosylated a, isofonns. Endogenous and 

Cm-catalyzed [32P]~DP-ribosylated a, in temporal, occipital and cerebellar cortices of BD, 

and age/postmortem delay-matched controls were then separated by SDS-PAGE and 

autoradiograms quantified by drnsitometry. a, protein levels were determined by Western 

blotting. 

Two major cndogenous [32P]~DP-ribosylated products (48 kDa and 45 kDa) were 

identified as a,., and a,,, respectively. Irnrnunoprecipitation with a, specific antibody 

revealed a third endogenous [3?P]ADP-ribosylated protein (39 kDa). Resolution by SDS- 

PAGE and limited protease digestion supported that this product corresponded to an q l i k e  

protein, possibly a previously reported N-terminal truncated a, splice variant. Two major 

CTX-catalyzed [32P]ADP-ribosylated products were aiso identified as a*, (52 kDa) and a, 

(45 D a ) .  



No differences were observed in either endogenous, and CTX-catalyzed [32P]ADP- 

ribosylation of a,, in BD temporal cortex. However, a*, immunolabeling was significantly 

elevated and correloted inveaely with endogenously [3'P]~DP-ribosylated a,, in this brain 

region suggesting reduced clearance of q, through the ADP-ribosylation pathway in BD 

temporal cortex. Reduced CTX-catalyzed [32P]ADP-ribosylation of a, in BD temporal 

cortex also supports this interpretation. Moreover, lack of differences in endogenous 

["PIADP-ribosy lation of myelin basic protein (MBP) in temporal cortex of BD compared 

with controls suggests that elevations of a, are not due to underlying disturbances in ADP- 

ribosyltransferase activity but rather may reflect changes in disposition or availability that 

are specific to a,. 

Endogenous [32P]~DP-ribosylation of the 39 kDa a,-Iike protein was reduced on1 y 

in BD temporal cortex. This decrement correlated with lithium concentrations suggesting that 

lithium may modify h e  activity ofspecific ADP-ribosyltnuisferases in this region. 

While the results of this study demonstrate that as is a substrate for ADP-cibosylation 

and that a 39 kDa as-like protein is also expressed in human brain, the findings do not 

support the hypothesis that aiterations in ADP-ribosyltransferase activity per se are 

responsible for the higher a, levels seen in BD cerebral cortex regions. 
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CHAPTER 1 

OVERVIEW 



1.1 Introduction 

Bipolar Affective Disorder (BD) is a serious, chronic life-long illness with a life-the 

prevalence of about 1% (Weissman et al., 1988). It  is an heterogenous disorder consisting 

of multiple subtypes, including bipolar 1 (BP-1) and bipolar II (BP-II), and generally involves 

recumng bouts of mania or hypomania, and depression (Goodwin and Jamison, 1990). In 

BP-I disorder. manic states are typically characterized by heightened mood. increased mental 

and goal directed activity. a higher energy level. markedly reduced need for sleep, 

impulsivity and psychotic symptoms, ofien including delusions of grandiosity but also 

paranoid or persecutory thinking (Winokur, 1984, Endicott et al., 1986, Black and Nasrailah, 

1989). Patients diagnosed with BP-II disorder exhibit a history of at least one episode of 

hypomania and recurrent episodes of depression. In hypomania, the symptoms are less 

severe than those seen in mania and result in less pronounced alterations in mood. cognition 

and behaviour and no psychotic symptoms. In contrast, the depressive states in BD consist 

of drpressed mood and behaviour indicated by a bleak and pessimistic outlook. feelings of 

Jrspair and physical and mental lethary (Le. psychomotor retardation), together with changes 

in sleep and eating patterns and/or recurrent thoughts of death or suicide (Carlson and 

Strober. 1 979, Abrams and Taylor, 1980). 

Evidence from family, genetic and psychobiological snidies implicate a major role 

Cor biological factors in the genesis, expression and perpetuation of BD (Post and Bailanger, 

1 984, Merikangas et al., 1 989, Gershon, 1 990, Goodwin and Jarnison, 1990). Of particular 

importance to the pathogenesis of this disorder, are the disturbances in genetic mechanisms 

and signai transduction processes, the latter of which involve a wide variety of intracellular 

2 
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second messengers (Dubovsky et al., 1992, Manji, 1992, Hudson et al., 1993, Manji et al., 

1995a.b. Warsh and Li, 1996, 1999, Li et al., 1999). Among the possible signaling 

disturbances considered particularly relevant to BD, considerable attention has focused on 

the importance of rlevated levels and functionality (hyperfunction) of the stimulatory 

guanine nucleotide binding protein (G protein) a subunit (a3 in brain and mononuclear 

leukocytes (MNLs) from patients with this disorder (Schreiber et al., 1991, Young et al., 

199 1. 1993, 1994b, Manji et al., 1995a Friedman and Wang, 1996, Mitchell et al., 1997, 

Avissar et al., 1997% b). The mechanism(s) which accounts for the elevated levels of a, in 

posunortem brain and MNLs, and the functional implications ofsuch alterations with respect 

ro the pathophysiology of BD are poorly undentood, however. 

G protein levels may be regulated through multiple mechanisms, including gene 

expression. mRNA stability. as well as protein turnover and degradation (Green et al.. 1992. 

Hadcoçk and Malbon. 1993). Recent findings regarding agonist-promoted regulation of G- 

protein a-subunit levels during receptor desensitization and downregdation highlight the 

critical significance of changes in G protein levels a d  functionality in the these processes 

(Mitchell et al.. 1993, Muilaney et al., 1993). Such observations emphasize the possibility 

that the molecular diathesis which accounts For the enhanced levels and functionality of a, 

in BD rnay lie in disturbance(s) ofthe mechanisms coordinating production ancilor turnover 

of the components of the membrane receptor-G protein-effector complexes. In the absence 

of altered as messenger nbonucleic acid (rnRNA) levels (Young et al., 1996), the higher a, 

immunolabeling in BD brain regions compared with controls may reflect an abnonnaiity(ies) 

affecthg the disposition and tumover of these critical signal aaasducing proteins. At lem 
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tour di fferent processes may regulate, ei ther alone or in combination, the degradation and/or 

turnover of specific G protein a subunits. These include: 1) agonist-promoted regulation of 

G protein turnover during receptor downregdation/desentization; 2) cross-talk mechanisms; 

3) the degradative mechanisms of ubiquitin and calpain proteolysis; and 4) adenosine 

diphosphate (Aile)-ribosylation. With respect to the latter, recent evidence suggests that 

ADP-nbosylation is an important process that regulates a, Ievels and function (Levis and 

Boume, 1992) and may be altered in BD (Manji et al., 1995a, Nestler et al., 1995). 

.4ccordingly. the principal objective ofthis thesis was directed towards determining whether 

disturbances in this posttranslational mechanism contribute to the enhanced levels and hence 

tùnctionality of a, as reponed in this disorder. 

In the following sections, recent literature is reviewed on those aspects of the 

structure and function of heterotrimeric G proteins pertinent to this thesis, and the G-protein 

meditited disturbances that have been implicated in the pathogenesis of BD. Subsequently, 

current understanding of biochemical processes that are known or implicated in regulating 

G protein a subunit levels and function are presented. These comprise a nurnber of 

processes that affect a, including: agonis-induced regdation, effects of constitutive 

activation. Iipid modifications, cytoskeletal interactions, cross-talk regulation, and the 

calpain and ubiquitin mediated degradative mechanisms. More irnportantly, evidence that 

a, turnover and degradation are modulated posttranslationally by ADP-ribosylation is 

discussed dong with the potential role for this pmcess in the pathophysiology of BD. This 

pmvides the essential framework for the development of the hypothesis tested in tbis thesis, 

narnely that the O bserved elevations in cq levels in BD brain may result h m  a disturbance(s) 
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in the postvanslational modification of as by ADP-ribosyltraasferases. A description of the 

research smtegies employed to address this possibility is then presented, followed by the 

specific hypotheses tested. 

1.2 G Proteins 

1.2.1 Structure and Function 

Hrterotrimeric G proteins which are members of a larger guanosine triphosphatase 

(GTPasr) superfamily. are comprised of a, P and y subunits. It is now well established that 

the trimeric G proteins play an important role in coupling ce11 surface receptors to 

intracellular effector systems (Gilman, 1987). Extensive homology and conserved three 

dimensional (3 D) structure exist among the various subtypes of a (at l e m  20 isotypes. 39-52 

kDa) (Strathmann et al., 1989, Bourne et al., 1991, Spiegel, 1991), P (5 isotypes. 35-37 D a )  

(Fong et al., 1986. Levine et al., 1990, Watson et al., 1994) and y (1 2 isotypes, 5-1 0 kDa) 

subunits (Gautarn et al.. 1989, 1990, Clali et al.. 1992, Watson et al., 1994, Wilcox et al., 

1994. Asano et al.. 1998). Upon activation, a subunits can bind guanosine triphosphate 

(GTP) while py subunits dissociate from a subunits as a tightiy but noncovalently linked 

dimer. allowing each to interact with effector molecules. Hycùolysis of GTP to guanosine 

diphosphate (GDP) through the intrinsic GTPase activity of the a subunit terminates the 

cycle causing the reassociation of the heterotrimer to the inactive state. Both a subunits and 

py dimen have the potential to regulate a variety or  effector systems (Taussig et al., 1993) 

generating multiple downstream cellular signals that can affect a wide variety of processes 

including transcription (Migeon et al., 1994). vesicdar transport (HeLms, 1995) and ion 

channel regdation (Krapivinsky et ai., 1999, among others. 



1.2.2 a Subunits 

a subunits range in size fiom 350 to 395 arnino acids and molecular mass from 39 

to 52 kDa (Gilrnan, 1987. Lochrie and Simon. 1988, Helper and Gilman, 1992) and exhibit 

extensive amino acid homologies (approximately 45-80% [Rens-Domiano and Hamm, 

19951). The highl y conserved sequences among the various subtypes are involved in guanine 

nucleotide binding, interactions with the Dy dimer, and regulation of effector systems (Simon 

et al., 1 99 1, S piegel et ai., 1992). The wide variety of a subunits identifiecf and characterized 

have been grouped into 4 major classes based on amino acid homology and effector 

regulation as detailed in Table 1. Briefly, the ciass of a, (which includes a, and soif) is 

primarily invoived in the stimulation of adenylyl cyclase (AC) (Gilman, 1984) while the a, 

class (including a,, ,. a,. a, a, and aJ is responsible for receptor-mediated inhibition of 

AC. stimulation and inhibition of potassium (K') and of calcium (Ca2*) channels. 

respectivei y, and modulation of cyclic guanosine 3',5'-monophosphate (cGMP)- 

phosphodiesterase (Stemweis and Robishaw, 1984, Gilman, 1987, Yatani et al., 1987a, 

198%. Van Dongen et al., 1988). The aq subfarnily (aq, a, ,, a,, and a,,,J is exclusively 

involved in the regulation of phospholipase C (PLC)P subtype, whereas the a,, class (a,2 and 

a ,,) has been reported to affect Na'M' exchange (Dhanasekaran et al., 1994), activation of 

Rho (Hart et ai., 1 998. Katoh et al., 1998) and stimulation of crlun-hl)12-temiinal kinase 

(SNK) activity (Collins et al., 1996) (see Table 1). 

11.23.1 a, 

Of particular importance to this thesis is the nimulatory G protein a subuait, a,. The 



Table 1 (Adapted from Hepler and Gilman, 1992. Spiegel, 1991) 

Properties of Mammalian a Subuaits 

G-Protein Molecular ADP- Effect Tissue 
Subunit Weight (kDa) Eübosy lation' Distribution 

GA 52 CTX 1 AC ubiquitous 
C s  45 CTX 1 Ca2+ channels 
Gui,- 45/46 CTX 1 AC olfactory. striatum, 

substantia nigra, 
nucleus accumbens 

P T X  
PTX 
P T X  

Pm 
PTX 

PWCTX 
P W C T X  

PTX 

1 AC 
1 K' channels 

1 Ca2+ channels 

1 cGMP-specific 
phosphodiesterase 

brain 
widely expressed 
very low in CNS 

CNS/heart/ 1 % of 
membrane protein 

retina rod 
retina cone 

tongue 

brainheuronal cells 

"Choiera toxin (CTX) and pertussis toxin (PTX) catalyzed ADP-ribosylation of the various 
a subunits: ( ? ) signifies stimulation whereas ( 1 ) signifies inhibition. 



Table 1 continued: 

Properties of Mammaüan a Subunits 

G-Protein Molecular ADP- Effect Tissue 
Subunit Weight (kDa) Ribosylationa Distribution 

iphospholipase CP, widely expressed 
including T cells 

r phospholipase CP, spleen, lung, kidney, 
uterus, testis, bone 
marrow stromai cells 

r phospholipase CP, haemotopoetic Iineage: 
spleen, thymus, bone 
marruw, B/T cells 

( 3 1 2  44 ? Na'M' exchanger widely distributed. low 
levels in intestine 

activation of Rho 
activation of SNK 
Na'M' exchanger widel y expressed, high 

levels in eye. kidney, 
liver, h g ,  utems, 
testis, platelets, low in 
brain 

Tholera toxin (CTX) and pemissis toxin (PTX) cataiyzed ADP-ribosylation of the various 
a subunits; ( 1) signifies stimulation whereas ( 1) signifies inhibition. 
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a subunits of G, consist of 2 major isoforms, cx+, (long) and aSs (short), with apparent 

molecular masses of 52 and 45 kDa, respectively. More recently, other a, isofoms have 

been identified. including an extra long a, (XLaJ (Kehlenbach et al., 1994) and a novel a, 

mRNA that encodes for a N-terminai truncated a, (Ishikawa et al., 1990). The major a, 

isoforms (as., and a,.,) have been weil characterized and are primady involved in 

stimulating AC activity (Gilman, 1987) and opening of atnal Ca2'channels (Schubert et al., 

1989). The mRNAs encoding these long and short fonns of a, are derived from a single 

precursor heterogenous nuclear RNA (hnRNA) by alternative spiicing. In humans, the gene 

for a, contains 13 exons (Kozasa et al., 1988). The short form results fiom the splicing out 

of a stretch of 45 bases corresponding to 15 amino acids encoded for by exon 3, d e r  gene 

transcription. The ditlierence arnong the 2 isotypes within each pair of aPL and a,, 

transcripts is the presence of an additional three codons 3' to the above mentioned 45 

nuclrotide strand (see Figure 1 B. D: Bray et al.. 1986). 

As mentioned above, Kenlenbach et al. (1 994) reported the existence of an extra long 

(XL) a, with an approximate molecular mass of 94 kDa This protein was pnmarily 

locaiized in the posuiuclear supernatant fractions derived fiom PC 12 cells. Results fiom 

expenments that irnmunoprecipitated XLa, with antibodies raised agallist the C-terminal and 

an epitope encoded for by exon 2 of the a, gene, revealed ma, to be highly homologous to 

a,. containing ail arnino acids encoded for by exons 2-13 of the a, gene dong with an extra 

N-terminal portion refened to XL. Transcription of XLq mRNA starts at a site most likely 

Iocated 5' of exon 1 accompanied by splicing of exon I (see Figure IA; Kenlenbach et 

al.. 1994). Localized to adred  gland, brain and pituitary tissue, this protein is almoa 



The Various Isoforms Ceneratcd from a Single Precunor 
a, Gene 

XL Portion 

L Exon 2 Eron 3 Eron 4 
CA G GG 

hnmRNA ) h k U G r W I '  
I 

Exon 1' Esoa I Eson 2 

(C) Kterminal tnincateà 

Figure 1 (Adapted from Bray et al., 1986, Kozasa et al., 1988, Ishikawa et al., 1990) 
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exclusively detected in the trans-Golgi network membrane, is capable of binding GTP, and 

is modified posttranslationally by cholera toxin (CTX)îatalyzed ADP-ribosylation 

(Kedenbach et al., 1994). In contrast to XLa,  Ishikawa et al. (1990) described an 

alternative novel a, mRNA that encodes for a tnincated fonn of a, generated fiom 

transcription initiated at an alternative promoter site (see Figure 1C). This novel a, has an 

N-terminal deletion and does not undergo CTX catalyzed-ADP-ribosylation. Its functional 

relrtvance is still unknown (Ishikawa et al.. 1990). 

Thrre is conflicting cvidence as to whether there are functional differences between 

a,, and a ,~ .  In the past, Funftional studies canied out with various recombinant a,-subtypes 

suggested no differences among the isoforrns (Mattera et al., 1989). These splice variants 

were. however. synthesized in E. coli and may not have undergone CO- or post-translational 

modifications necessary for differences to be O bserved. Walseth et al. (1 989) demonstrated 

that higher passages of HIT cells (a clona1 ce11 line of Syrian hamster pancreatic islet beta 

crlls) resulted in increased a,, levels, and that this change was associated with increased 

iso protereno 1 ( [SO). CTX and forskolin-induced cyclic adenosine 3'. 5'-monphosphate 

(CAMP) formation. No changes in the levels of q, were observed as a hc t ion  of passage 

number. These fmdings suggested that the enhanced CAMP response was due to more 

efficient coupling of a+s, but not a*,, to AC. More recentîy, Seûert et al. (1998) studied the 

Pz-adrenoceptor (P,AR)/Ga, interaction using receptor/G protein fusion proteins (P,ARGa,, 

and PrARGa,,) heterologously expressed in Spodoptera hgiperda (SB) cells. They 

reported that the P2AR in P-GqL displayed iacreased potency and intrinsic activity of 

partial agonists dong with increased basal GTPase activity compared to the P2AR in 
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P2ARGa, (Seifert et al., 1998). These hdings are in contrast to an earlier report by Jones 

et ai. (1990). who showed that the rate of AC activation, in S49 lymphoma ce11 mutants 

lacking a, (cyc*) and PKA activity (kin-) transfected with cDNAs encoding for a,, or a,,, 

was slightly higher for a, in the presence of GTP-y-S and ISO suggesting that a, may be 

activated more rapidly by agonist-bound receptor (Jones et al., 1990). The apparent 

discrepancies may result from different ce11 types (SB vs. S49 cells) used which may also 

have different AC isotypes. Regardless, the observations suppon the notion that subtle 

structural differences between closely related G-protein a subunits can have important 

consequences for the functional properties of a G-protein linked receptor. 

The relationship between the levels and function of a, has remained controversial. 

Harnacher et al. ( 1 995) reported that the expression of high levels of a, protein in thyroid 

adrnomas did not correlate with either basal or thyroid stimulating hormone (TSH)-promoted 

.AC activity in these tumoa. Similarily, overexpression ofas protein in NG108-15 cells had 

no etfect on receptor regulation of AC activity (Mullaney et al., 1996). However, enhanced 

a,-mediatcd activation of AC was observed in C6 glioma cells chronically exposed to 

antidepressants (Chen and Rasenick, 1995a). These latter fmdings occurred without changes 

in a, protein levels suggesting that hyperfünctionality can aiso happen even in the absence 

of alterations in levels of a subunits (Chen and Rasenick, 1995b). 

In contrast to the above data, there is recent evidence suggesting a relationship 

between the levels and function of 4. Thus, Young et ai. (1993) reported that elevations 

of as were accompanied by increased forskolin-stimulation of AC in BD postmortem braui 

compared with theu age and postmortemdelayed matched controls. Moreover, 
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overexpression of a,, in HEK-293 cells resulted in stimulation of CAMP formation by 

pmstaglandin E, (PGEI), and aiterations in downstream targets of the CAMP s ignahg 

cascade (Le. increased phosphorylation of CAMP responsive element binding protein 

[CREB ] and transcriptional activity of c AMP-dependent reporter gene [Yang et al., 1 9971). 

Similarly. expression of recombinant a, in S49 cyc- cells results in an increase in the 

proportion of P,AR-a, complexes (Krumins and Barber, 1997). Full &-agonists also 

produced greater relative decreases in ECs with increasing a, levels than partial agonis& in 

this ce11 line (Knimins and Barber, 1997). Taken together, the above observations support 

the notion thot increased levels of a, do, indeed, result in hypemuictional as-coupled AC 

mediated CAMP signaling. both at the receptor and G protein level. 

12.3 By Subunits 

p subunits range in molecular mass between 35 to 44 kDa, and have highly conserved 

sequences (von Weizsacleir et al.. 1992). y subunits are Iow molecular mass proteins (5-10 

kDa) that are tightly associated with B subunits. Together py h e a  play a critical role in a 

subunit recrptor interactions. inhibition of a subunit activation, as well as in the regulation 

of a wide variety of effector systems (Birnbaumer et al., 1990, Kleuss et al., 1992, Spiegel, 

199 1 ). Studies have implicated the py complex in the regulation of several effector enzymes. 

including inhibition of AC type I and stimulation of AC type II (Iyengar, 1993, Taussig et 

al., 1993) dong with activation of PLCP isozymes (Camps et al., 1992, W u  et al., 1993) and 

PI& (Jelsema and Axelroà, 1 987, Kim et al., l989), in addition to stiniuiating ras-dependent 

activation of the mitogen-activated protein (MAP) kinase pathway (Crespo et ai., 1994, 

Faure et ai., 1994). Taken together, these observaa'ons show that branching of sigoal tram- 



Figure 2 

Signal Divergence and Convergence 

1 Receptor 1 

Further Downstream Targets 

The branching of signal rransduction may occur at severai places in the cascade, including 
at the level of the receptor, G-protein (both a and py subunits) and further downstream. The 
multiplici ty of these signaling components c m  confer diverse and selective signai regulation 
within a cel1. 
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duction may also occur at the py level with the regdation of different effector systems by 

these dimers (see Figure 2). 

1.2.4 Co- and Post-translational Modifications of G Proteins 

As shown in Table 1, there are substantial data detailing CO- and post-translational 

modifications of G protein subunits. A number of a subunits can undergo bacterial toxin- 

catalyzed ADP-ribosylation. a, and a, are particularly sensitive to CTX catalyzed ADP- 

nbosylation. CTX is an oligomeric protein (84 kDa) comprised of five identical B subunits 

and a single A subunit, consisting of A, and A2 polypeptides linked together by a single 

disulfide bond (Gill, 1976, 1977). The B subunits bind to the oligosaccharide moiety of the 

monosialoganglioside GMI causing aggregation of the toxin to the ce11 surface facilitating the 

envy of the A subunit into the ce11 (Fishman and Atikkan, 1980, Osborne et ai., 1982). Upon 

entering the cytoplasm. the bond between A, and A, are reduced by glutathione. The A, 

moiety thrn combines with an ADP-ribosylation factor (ARF) (Kahn and Gilman. 1984) to 

yield an active complex with GTP that catalyzes the transfer of the ADP-ribose moiety of 

nicotinamide adenine dinucleotide (NAD') to as, releasing free nicotinamide (Gill and King, 

1975. Moss et al., 1979). ADP-ribosylated a, in the presence of GTP then activates the 

catalytic subunit of AC resulting in CAMP formation. CTX activation is both temperature- 

dependent (Hansson et al.. 1977) and thiol: protein-disulfide oxidoreductase sensitive (Moss 

et al.. 1 9 80). Furthemore, ARFs are believed to interact directly with the A, moiety and are 

also modulated by various detergents such as sodium dodecyl sulfate (SDS) and Triton X- 

100 (Noda et al.. 1988). 

CTX is known to ADP-ribosylate a*, on arginïne 20 1 and q, on arginine 187. This 
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postmlational modification renders a, constitutively active by inhibiting its intrlmic 

GTPase activity (Cassel and Selinger, 1977). Equaily important is the fhding that CTX 

catalyzed ADP-ribosylation of a, requires that the substrate be in the heterotrimeric and not 

dissociated state. Toyoshige et al. (1994) demonstrated that a, dissociated from py by 

MgCl:, was no longer -4DP-ribosylated by CTX. In line with this observation. incorporation 

of a, into S49 cyc* membranes stnpped of py did not mult in any detectable CTX-catalyzed 

ADP-ribosy Iated a, (Rebois et al.. 1997), similar to studies that employed guanosine 5'-0-(3- 

thiotriphosphate) (GTPyS)-activated a, as substrate (Graziano et ai., 1987). Subsequent 

addition of py into the S49 cyc- membranes resulted in a concentration-dependent increase 

in both CTX-catalyzed ADP-nbosylation of a, and stimulation of AC, suggesting that 

heterotrimeric a,-GTPyS-py is the prefened substrate for CTX-catalyzed ADP-ribosylation 

(GMZiano et al., 1987). Taken together, the observations suggest that CTX is an important 

tool that can be used to assess the relative extent to which as is in the heterotrimeric state and 

the functional aciivity associated with a,. 

Similar to Cm, pertussis toxin (PTX) is functionally comprised ofA and B subunits; 

the A promoter possesses the enzymatic activity whereas the B subunits mediate binding of 

the cornplex to the ceIl surface and translocation of A into the cytoplasm. PTX modifies a, 

a, and a, at the fourth cysteine residue fiom the C-terminal Ieading to uncouplhg of the 

receptor fiom the G protein (Neer et al., 1984, Stemweis and Robishaw, 1984). 

Severaf a subunits including a, a ,  ai,, also undergo cohlinslationai attachent of 

myristic acid at their N-terminal glycine residue. This modincation is believed to play a role 

in membrane anc horage and the interactions with fly (Jones et al., 1 990, Murnby et al., 1 990, 



Jones et al., 1993, Denker et al., 1992). 

a, and a, undergo posttranslational palrnitoylation at the N-terminai cysteine residue 

via thioester-linkage, and this modification is thought to be the primary determinant of 

membrane attachent for these subunits (Degtyarev et al., 1993, Linder et al., 1993) while 

p subuni ts are not posttranslationally modified. y subunits undergo posttranslational 

preny M o n  at the C-terminal cysteine residue. Prenylation also plays a role in anchoring y 

subunits to membranes (Sanford et al.. 1991) and increases the affinity of Dy dimers to a 

subunits and effector enzymes such as AC type 1 and PLCP, (Asano et al., 1993, Sohrna et 

al.. 1 993, Rahmatullah and Robishaw, 1994). ïhese CO- and pst-translational modifications 

of G proteins are depicted in Figure 3. 

1.3 C Proteins and Signal Transduction 

1.3.1 G Protein Mediated-CAMP Signaling 

Extracellular signals (Le. neurotmsmitten, hormones) are transduced across the ce11 

membrane via diverse plasma membrane receptors, of which the vast majority belong to the 

superfamily of G-protein coupled receptors (Watson and Arkinstall, 1994). The PAR is a 

pmtotypic heptahelical G-protein coupled receptor, of which multiple subtypes are known, 

which activate a, leading to stimulation of AC (with subsequent elevations in CAMP) and 

Ca2' channels (Strader et al., 1989, Perkins, 199 1). 

ACs comprise a mdtigene family of proteins, structurally consisting of two-six 

transmembrane spanning helical segments with catalytical and regdatory sites located in the 

intracellular domains of the molecules. Nine distinct mammalian subtypes of ACs have been 

identified. some of which also have splice variants that may ciiffer in their glycosylation and 



Figure 3 

Co- and Post-translational Modifications of G Protein a Subunits 

a-' 

dcar thmio~  Activation 

fmm nctptor 

Schematic representation of CO- and post-translational modifications of G protein a subunits 
including: Palmitoylation of ad, (1), CTX-catalyzed ADP-ribosylation of %, (2), Myristic 
acid attachent to a,,io.3, (3) and PTX-cataiyzed ADP-ribosylation of a,,, (4). 
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regulatory properties (Cali et al., 1996, Sunahara et al., 1996). As depicted in Table 2, the 

various AC subtypes can be modulated by a wide variety of regulators, which can either act 

alone or synergistically to stimulate and/or inhibit AC. For example, AC type I1 and IV 

activities can be stimulated by py subunits while AC type I11 is stimulated by 

Ca2+/calmodulin (CaM) in the presence of a,. Furthermore, the activities of types V and VI 

can be modulated by protein kinase A (PKA) and protein kinase C (PKC) mediated- 

phosphorylation. thereby decreasing and increasing their activity, respectively (Kawabe et 

al.. 1 994. Iwami ct al., 1995. Houslay and Milligan, 1997). 

It has been suggested that cyclic nucleotide phosphodiesterases (PDEs), another large 

multigene family. play a major role in the modulation of CAMP levels and hence activation 

threshold of CAMP dependent processes (Bolger, 1994, Beavo, 1995, Conti et al., 1995, 

Manganiello et al.. 1995). PDEs 1-4 are known to hydrolyze CAMP while PDE6 enzymes 

are specific for hydrolyzing cGMP (Moharned et al., 1998). The structural heterogeneity of 

PDEs allows for different substrate specificities and susceptibilities to the action of selective 

stimulators and inhibitors. For example, PDE 1 enzymes have two CaM-binding domains 

which mediate their activation by Ca2' (Rybalkin and Beavo, 1996). The PDE4 enzyme 

family is encoded by four genes generating a variety of isoforms by alternative splicing 

(Bolger, 1994, Conti et al., 1995). Three of these PDE4 subtypes (PDE4A, PDE4B and 

PDE4D) are highly expressed in brain, are involved in neuronal CAMP regulation (Engels 

et al., 1995, Iona et al., 1998) and can be differentially regulated by various therapeutic 

agents, including antidepressants (Ye and O'Donnell, 1996, Ye et d., 1997, Takahashi et al., 

1999). Collectively, they represent integral components of G protein a subunit-mediated 



Table 2 (Adapted fiom Houslay and Milligan, 1997) 

Mammaüan Adenylyl Cyclases (ACs) 
. - 

Regulatoa 

Type Splice Variants Caz+ PY ai PKC PKA 

The multigrne family of marnmalian ACs. There are nine distinct AC subtypes: ( 1 )  
indicates signiticant increase in activity; ( 1 ) indicates significant decrease in activity; (nc) 
signifies no change in activity; [ 1 (+ad] indicates synergism with a,. 
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signaling pathways, and are crucial to the modulation of intracellular CAMP and cGMP 

levels. 

Resultant changes in intracellular CAMP levels S e c t  PKA activity. Sunilar to ACs 

and PDEs. multiple PKA subtypes are expressed although they are functionally categorized 

in two main groups, type 1 and type II. In the inactivated state, PKA exists as a tetrametric 

holoenzyme comprised of a homodimer of regulatory (R) subunits and two catalytic (C) 

subunits. each binding to a R subunit. Each subunit is encoded for by a distinct geae and 

includes four R subunits (type 1 compnsed of Ma. RIB, while type II comprised of RIIa, 

RIIP) and three catalytic (C) subunits (Ca, CP, Cy) (McKnight et al., 1988, Beebe et al., 

1990. Doskeland et al.. 1993). Both R and C subunits have unique patterns of expression 

(Cadd and McKnight. 1989). For example, RI subunits are localized primarily in the cytosol 

whik  RH subunits tend to be found in the particulate fraction ofneural homogenates (Ludvig 

et al.. 1990. Glantz et ai.. 1992, Coghlan et al., 1995, Faux and Scott, 1996). 

Binding of CAMP to R subunits induces a conformational change that results in 

dissociation of the active C subunits (Walsh and Van Patten, 1994). The various substrates 

for P U  include receptors, ion charnels, stnictural proteins such as synapsins I and II 

(DeCamiIli and Jahn. IWO, DeCamilli et al., 1 !NO), microtubde-associated pmtein 2 (MAP- 

?)(Matus. 1 98 8) and transcriptional factors (Meyer and Habener, 1 993). With respect to the 

latter. when CREB is bound to a CAMP response element (CRE), a regulatory element in the 

promoter region of a number of genes, phosphorylation of a serine residue at position 133 

by the C subunit of PKA resuits in modulation of the transcriptional activation of these genes 

( G o d e z  and Monuainv, 1989, Meyer and Habener, 1993, Ghosh and Greenberg, 1995). 



22 

Phosphorylation of CREB can also be regulated through the G-protein mediated 

phosphatidy linositol second messenger systern (see below) by both PKC and Ca2+/ca~-  

dependent protein kinases (Meyer and Habener, 1993, Ghosh and Greenberg, 1995). A- 

kinase anchorhg proteins (AKAPs) may dso direct P U  holoenzymes to certain 

intracellular sites highlighting the notion that additional factors contribute to specificity in 

cellular responses (Dell' Acqua and Scott. 1997). Collectively, the multiplicity of the CM- 

signaling components (Le. ACs, PDEs and PKAs) allow for intmcellular targeting of various 

substntcs that c m  confer diverse and selective signal regdation within a cell. 

1.3.2 C protein Mediated-Phosphatidy iinositol Signaiing 

The phosphoinositide second messenger system is another major G-protein linked 

cellular signal transduction process (Fisher, 1995). Hydrolysis of inositol phospholipid is 

catalyzed by PLCs which convert phosphatidylinositol4,S-bisphosphate (PIP2) to inositol 

1.4.5-triphosphate (IP,) and 1 &diacylgiycerol (DAG). IP3 mobilizes Ca2+ from intracellular 

stores whereas DAG activates PKC (Berridge. 1984). Three major subgroups (P. y, 6) of 

PLC isozymes have been cloned and characterized (Rhee and Choi, 1992, Lee and Rhee, 

1995). The PLCP isoymes (of which there are 4 subtypes) are activated by a, proteins 

(Pi>P4>P2>P3) and the py complex ofaJa, (P&>P,>P,) (Lee and Rhee, 1995, Exton, 1996, 

Katan. 1998). The y isozymes (y, md yz) differ fiom the $ subtypes in several crucial 

domains that are needed for their activation by growth factors and cytokines through 

recepton with intrinsic tyrosine kinase activity (Rhee and Choi, 1992, Lee and Rhee, 1995, 

Exton, 1996, Rhee and Bae, 1997). The 6 isozymes (4 have been identified) are 

differenùally activated by Ca" (Essen et al., 1996, Katan, 1998). 
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As stated above, activation of receptoa coupled to PLC also leads to DAG 

production which stimulates PKC, resulting in its translocation to the membrane and 

subsequent activation. PKC is highly enriched in brain, exists in bath cytosolic and 

membrane fractions, is ubiquitously distributed and consists of at least 1 1 closely related 

isoforms categorized into conventional (a, pl, Pli, y: CaB-dependent and phorbol ester- 

sensitive). novel (6. &, q. 8. p: Ca2+-independent and phorbol ester-sensitive) and atypical 

(4 and A: neither c&-dependent nor phorbol ester-sensitive) subgroups (Nishizuka, 1988, 

Huang, 1989. Stabel and Parker, 1991, Hug and Sarre, 1993, Buchner, 1995). Activationof 

PKC is known to modulate many cellular functions including the release of several 

neurotransmitten through phosphorylation of myristoylated alanine-rich C kinase substrate 

(MARCKS) and growth associated protein (GAP-43) (Degraan et al., 1990, Robinson, 199 1 ). 

PKC also phosphorylates ion channels, AC subtypes (Moms et al., 1996. Sunahara et al.. 

1996) and transcription factors such as sem-response factors (SRFs), and regdates gene 

transcription through SRF binding to serurn responsive elements (SE) in target genes 

(Sheng et al.. 1988). 

1.3.3 G Protein Mediated-CAMP Sipaling Disturbances in BD 

In the past several years, compelling findings have been obtained fiom studies of 

postmortern brain and peripheral blood cells fkom BD patients (Hudson et al., 1993, Manji 

and Lenox, 1994, Manji et al.. 1995a,b, Warsh and Li, 1996, Wang et al., 1997) supporting 

the notion that alterations in G pmtein mediated signal transduction processes (both CAMP 

and phosphatidylinositide signaling) play an important role in the pathophysiology of BD. 

Since these two signaling pathways subserve nurnerous neuronal fiinctions and mechaaisms, 
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it is not surprising that relatively minor alterations in these signal transduction systems could 

have important consequences for neuronal function. The following section focuses on recent 

evidence for one specific set of disturbances particularly relevant to the pathophysiology of 

BD, that is, those observations reporting elevated levels and functionality of as. These are 

surnmarized in Table 3. The findings that Iithium, the prototypic mood stabilizing agent 

used in the management of BD, exerts both direct and indirect effects at the G protein level 

(Manji et al., 1995a,b) provide another line of indirect phamacological evidence implicating 

G protein abnormalities in BD. The modulatory effects of lithium on the posited altered 

tùnc tionality of the CAMP signaling cascade are aiso highlighted in the following section as 

well. 

I.3.3.l Postmortem Brain Studies 

The possibility of postreceptor signal transduction disnirbances in BD was Tint 

suggested by the findings of blunted BAR stimulated AC activity in MNLs from patients 

with unipolar and bipolar depression (Pandey et al., 1979, Extein et ai.. 1979, Mann et al., 

1983. 1997). Evidence of a postreceptor signal transduction abnormality in BD was 

subsequently reported by Schreiber et al. ( 199 1) who demonstrated increased agonist- 

stimulated binding of the stable GTP analogue, guanylyimidodiphosphate (13H]Gpp (NH)p) 

in MNL membranes from manic but not recovered BD patients compared with controls. The 

first direct evidence (see Table 3) demonstmting G protein disturbances in BD brain, 

however, came with the observations of higher a,,immunolabeling in frontal, temporal and 

occipital cortical regions of postmortem brain h m  BD subjects compared with 

nonpsychiatric controls (Young et al., 1991, 1993), findings that irnpiicated elevated a, 



Table 3 

Evidence for Ga, Mediated-CAMP Disturbances in BD from 
Postmortem Brain and Cihical Studies 

Tissue Disturbance Implication Authors 

-4) Posfmortem BD Brain 

i) Frontal, temporal and 
occipital cortex 

;il Frontal cortex 

riij Cycoso lic fractions 
t'rom cortical regions 

iv) Temporal cortex 
(Cytosolic fractions) 

t s, immunolabeting Hyperfllnctional a,- Young et al., 9 1, 
coupled AC signaling 93 

1 forskolin-stimulated 
AC activity 

1 u, immunotabeling; 1 R- G protein coupling Friedman and 
1 noradrenergic, serotonergic 1 heterotrimer state Wang, 96 
and cholinergic agonist promoted 
binding of [''SIGTPyS 

i ['HJcAMP binding to PKA i R subunit abundance Rahman et al.. 97 

1 EC,, for CAMP-stimulated Enhanced PKA activity Fields et al., 99 
PKA activity; 
1 basal and maximal PKA 
activity 

1)  MNLs tiom BD Blunted PAR stimulated AC 
depressed patients activity in the absence of 

receptor changes 

ii) MNLs t'tom manic t agonist stimulated binding 
BD patients of E3WGpp(NH)p 

iii) MNLs in depressed 1 a, and ai irnmunotabeling; 
BD patients 1 blunted GTPyS and forskolin 

stimulated AC activity 

Possible postreceptor Mann et al.. 85, 
signal transduction 97 
disturbances 

Altered G protein Schreiber et al., 
mediated signaling 9 1 

Hyperfunctional a, may Young et al., 94b 
be compensated for by Warsh et al., 99 
elevations in ai 
Traitdependent changes 



Table 3 continued: 

Evidence for Ga, Mediated-CAMP Disturbances in BD from 
Postmortem Brain and Clinical Studies 

Tissue Disturbance Implication Aut hors 

iw B-lymphoblasts L agonist activated down- Disturbances in the CO- Kay et al., 94 
tiom BD patients regulation of B-AR density; ordinated regulation of 

Recovery of response following PAR and a, interaction 
lithium treatment and function in BD 

VI MNLs from euthyrnic 1 a, immunoiabeiing Hyperfunctional a, Manji et al., 95 
and manic BD subjects coupled AC signaling(?) 

Trait-dependent changes 

vi )  Platelets from both 1 a,., and %s immunolabeling; Altered heterotrimeric Mitchell et al., 97 
euthymic BP-1 and 1 CTX-cataIyzed ADP- state 
BP-II patients ribosylated q, in BP-II only Trait-dependent changes 

vri) Platelets in drug-tkee 1 cAMP4muIated phosphory- Enhanced PKA activity Perez et al., 95 
çuthymic BD patients lation of a 33 kDa protein Trait-dependent changes 

rrii~ B-lymphoblasts from K, immunolabeling from BP-II Trait-dependent changes Ernarnghoreishi 
BD subjccts et al., 98 

id MNLs from untreated 1 or 1 a, and a, immunolabeling State-dependent changes Avissar et al,, 97% 
manic and depressed and agonist-stimulated 97b 
BD patients ['H]Gpp(NH)p binding in manic 

or depressed BD patients, 
respect ively 

.r) Platelets in drug-tke ! PKA C subunit levels State-dependent changes Perez et al., 99 
depressed and manic 
BD patients 
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levels in the pathophysiology of this disorder. These immunolabeling changes were 

accompanied by increased foakolin-stimulated AC activity suggesthg that higher levels of 

a, result in hyperfunctional a,toupled AC signaiing in BD. More importantly, these 

changes were not likely attributable to extraneous factors such as postmortem delay, agonal 

status. subject age or antemortem lithium treatment (Young et al, 1993), occmed in the 

absence of altered PAR density (Young et ai., 1994a) and were specific to BD (Young et al., 

1993. Warsh and Li, 1996, Warsh et ai., 1999). 

Consonant with the a,, immunolabeling findings (Young et al., 199 1, 1993). 

Friedman and Wang (1996) also reported elevated as levels dong with increased 

noradrenergic, serotonergic and cholinergic agonistpromoted binding of the stable GTP 

analogue. [35S]GTPyS. in postmortem frontal cortex fiom a srnall group of BD patients 

cornpared with controls. The latter observation supported the notion that receptor PARa, 

coupling is enhanced in BD frontal cortex. In the sarne study, observations of increased 

hrterovimeric a, as reflected by increased amounts of p protein coimmunoprecipitated dong 

with a,, broadened the specaim of potentiai disturbances affecthg the a subunit (Friedman 

and Wang, 1996). This finding suggested that posttmnslational modifications and/or 

functional alterations affecting the heterotrimeric state of a, might aiso be altered in BD. 

The heightened CAMP signaling postuiated to occur in BD might be expected to 

result in adaptive alterations in the activity of PKA, the dowmtream target of CAMP. In this 

regard, observations of reduced [3KJcAMP binding to PKA in the cytosolic fractions across 

dl brain regions of BD brain (Rahman et al.. 1997) imply that there is a decrease in the 

abundaace of the R subunits of P U ,  to which CAMP binds. interestingiy, chronic lithium 
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treatment has been shown to increase ['H]cAMP binding and the R and C subunit levels of 

P K A  in nit hippocampus and frontal cortex (Mon et al., 1998) highlighting the possibility 

that PKA may represent one of the target sites in the CAMP signaling cascade, underlying 

the therapeutic effect of lithium. 

Since PKA activity is dependent on the stoichiometry of the abundance of R subunits 

relative to C subunits (Schwechheimer and Hofmann, 1977, Greenberg et al., 19871, reduced 

levels o f  R relative to C subunits would result in increased PKA activity at subsaturating 

CAMP concentrations and phosphorylation of its subsnate proteins (Greenberg et al., 1987, 

Schwechheimer and Hofmann, 1977). In support of this notion. our laboratory (Warsh and 

Li. 1999. Fields et al.. 1999) hm found a reduced EC, for CAMP-stimulated PKA activity 

and significantly elevated basal and maximal PKA activity in the cytosolic fraction of 

temporal cortex of BD brain compared with nonpsychiatric controls. Morever, Perez et al. 

( 1995) reported greater CAMP-stimulated phosphorylation of a 22-kDa protein in platelets 

from dnig-free euthymic BD patients compared with age- and sex-matched healthy subjects. 

The enhanced CAMP-dependent endogenous phosphorylation may be due to the recently 

reported devations in the levels of the C (but not R) subunit in platelets 6om untreated 

depressed and manic BD patients compared with untreated euthymic BD patients and healthy 

subjects (Perez et al., 1999). Collectively, these observations support the notion bat 

hyperfunctional CAMP signaling occurs in BD leading to downstream alterations in PKA 

bct ion  in this illness. 

During the course of this work, Dowalatshahi et al. (1999) reexamined G protein 

levels and AC activity in a larger cohort of BD, major depressive disorder (MDD) and 
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con~ol subjects. in contnist to earlier studies, these authoa did not find an effect of 

diagnosis on either a, or ai levels or hc t ion  in temporal and occipital cortices fiom BD 

subjects. Neither was Dowalatshahi et ai. (1999) able to replicate reported fmdings for MDD 

subjects. While the exact reason for this group's failure to reproduce the earlier fmdings of 

elevated a, levels and hypemuictional a,AC coupling remains to be clarified. several 

important clinical and demographic variables rnay have obscured the expected changes. For 

sxmple. treatment with mood-stabilizing medications may account, in part, for the 

discrepancies since al1 of the patients in the above study were on several different mood 

stabilizers, including antidepressants. Furthemore, compared to the subjects included in this 

study, the larger cohort had longer postmortem delay times, were older in years of age. and 

more than half of the subjects had a docurnented history of comorbidity with alcohol abuse, 

variables that. within their own right, can atfect G protein measures and functionality. 

Moreover, since almost 314 of the BD subjects in Dowalatshahi et al.'s study died by suicide. 

the mood-state of these patients may be an important confounding variable complicating the 

interpretation of their findings even M e r  (Cowburn et al., 1994) . Taken together, the lack 

ofalterations in a, level and function in BD subjects examiwd by Dowalatshahi et ai. (1 999) 

may reflect the influence of medications and mood state on these measures and emphasizes 

the importance of assessing these clinical factors when Uiterpreting results of human 

postmortem brain studies. 



1.3.3.2 Clinical Studies 

The clinical relevance of the postmortem fmdings is dificult to discem clearly given 

the potential confounding effects of state dependent and extraneous (i.e. postmortem delay, 

medication, comorbidity) factors. Studies utilizing penpheral cells derived from living 

subjects. to an extent, provide a model in which these effects can be controlled for, and to 

test whether observed signal transduction disturbances are state or trait dependent. This is 

not possible with postmortem brain tissue. 

One of the first lines of evidence suggesting that the aforementioned a, 

immunolabeling alterations may be expressed penpherally in BD was the report of higher 

a, and a, immunolabeling in MNLs fiom depressed BD but not major depressive disorder 

(MDD) patients compared with age and sex-matched healthy subjects (Young et ai., 1994b). 

Significantly elrvated a, levels were also found in leukocyte membranes fiom BD patients 

by Manji et al., l995a). In their report, BD patients were comprised of both treated 

euthymic and untreated, mostly manic, subjects. Significantly higher s, and a, levels aiso 

were found in platelets h m  both BP-1 and BP-II patients who were euthymic at the tirne of 

study, cornpared with a matched group of healthy subjects (Mitchell et al., 1997). in the 

latter study. increased levels of the heierotrimeric form o f q ,  were found in platelets of BP- 

I I patients as measured by CTX-catalyzed ADP-ri bosy lation of the protein (Mitchell et al., 

1 997). Recently , elevations in a, irnrnunolabeling have also been reported in Epstein-Ban 

virus-immortalized B-1 y mpho blasts obtaiwd fiom BP-II but not BP-I subjects compared 

with healthy patients (Emamghoreishi et al., 1998). The observations that elevated a, 

immunolabeling occurs independent of the state of iliness in BD and is expressed in vitro in 
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cultured cells from BD patients, underscore the possibility that trait-dependent factors may 

contribute to the observed aiterations in a, elevations and dovmstream signalhg d & ~ . ~ b ~ ~ c e s  

in this disorder. 

In contrast, findings of lower a, and ai immunolabeling, and agonist-stimulated 

[3H]GppNHp binding to MM. membranes fiom patients with either major depression 

(Avissar et al., 1997a) or untreated bipolar disorder with a major depressive episode 

compared with healthy subjects (Avissar et al., 1997b) imply that state-dependent factors 

also contribute to the observed changes in G protein levels and function. niis is M e r  

supponed by the findings of statistically significant inverse correlations between Beck 

Depression Rating scores (which measure the severity of depression) and G protein a subunit 

levels and the degree of agonist-stimulated [3wGpp@H)p binding (Avissar et al., 1997b). 

The same authoa also reported higher MNL a, and ai immunolabeling in the manic phase 

and lower levels in the depressed phase in a group of untreated BD patients compared with 

healthy subjects (Avissar et al., 1997a), M e r  supporting the view that the changes in G 

protein a subunit levels and function in these mood disordee is influenced by the state of 

illness. 

That psychotropic medications may also influence the detection of underlying 

changes in membrane G protein levels that are related to the illness, further complicates the 

interpretation of peripheral blood ce11 G protein fhdings. For example, Mitchell et al. (1997) 

reported that platelet a, levels were signincantly higher in platelets nom patients receiving 

lithium oni y compared with those taking exclusively car barnaze pine. indeed, mean 04, 

values in the latter group were quite similar to those in healthy cornparison subjects, 
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suggesting a potential confounding effect of treatment with some (is. carbarnazepine) but 

not other (Le. lithium) mood stabilkng agents. The discrepancies in immunolabeiing 

findings between the various studies (Young et al., 1994b, Manji et al., 1995% Avissar 

1997a. b, Mitchell et al., 1997) clearly suggest that state-dependent, medication a d o r  other 

extraneous facton act to confound changes reported in MNL a, levels in BD. 

1.3.4 Summary 

As summarized in Table 3. the afiorementioned findings Eom postmortem human 

brain and clinicai studies support the notion that postreceptor as-mediated CAMP signaling 

disturbances play an important role in the pathophysiology of BD. The focus of this thesis 

on the ehcidation of the rnolecuiar mechanisms that cause the elevations and 

hyperfunctionality of a, does not mean to presume that only one biochemical abnormality 

underlies the pathophysiology of BD. Rather, multiple facton lüceiy contribute to this 

disorder in addition to those considered above. This includes disturbances in the G-protein 

mediated phosphatidylinositide signaling pathway (Jope et al., 1996, Mathews et al., 1997), 

altered intracellular Ca2+ homeostasis (Dubovsky et al., 1991, Emamghoreishi et ai., 1997), 

neuroanatomical changes (Drevets et al., 1997, Onguret al., 1998, Soares and Mann, 1997) 

and genetic abnormalities (Berrettini, 1996, Gershon et al., 1998). In addition, extensive 

cross-talk exists between the various G-protein mediated signal transduction processes (Hill 

and Kendall, 1989, Liu and Simon, 1996, Dowd et ai., 1997). While this work examines one 

particular posited pathophysiological alteration in BD which involves the G protein a 

subunit, as, future studies are needed to elucidate the degree and cause(s) of dysreguiation 

among these multiple signaling systems. 
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1.3.5 The Molecular Mechanism Underlying 4 Immunolabeling Elevations in BD 

1.3.5.1 a, Gene and Altered Transcription 

Irrespective of the influence of state as compared with trait factors on a, levels and 

func tion, the mec hanism(s) underly ing the as subunit immunolabeling changes in B D 

rèmains to be clucidated. Genétic studies examining a dinucleotide repeat polymorphism in 

intron 3 or a biailelic polymorphism in exon 5 of the a, gene have not revealed linkage 

between the a, gene and BD ( G b s  et al., 1992, Le et al., 1994, Ram et al., 1997). 

Similady. no mutations have been identified in either the promoter or coding sequences of 

the a, gene in a group of BD patients (Ram et al.. 1997). These fmdings suggest that 

mechanisms other than mutations affecting the pnmary upstream regdatory elements of a, 

rcne ûccount for the changes observed in BD. 
C 

Substantial evidence indicates that G protein a subunit levels can be regulated at the 

level of gene transcription (Hadcock and Malbon, 1993). However, the question of whether 

the higher levels of a, are related to alterations in transcription has been addressed in only 

two studies to date. Young et al. (1996) reported no significant differences in a, rnRNA 

levels in the same cerebral cortical regions manifesthg the elevation of a, in BD braui 

compared with controls. Although the authors did not examine the mRNA levels of the each 

a, isoform separatel y, the findings support the notion that the elevations of a, observed in 

postmortem BD brain are not associated with concomitant changes in as mRNA levels. In 

conuast, Spleiss et al. (1998) reported markediy increased levels of 4 mRNA from 

neutmphils in dmg-free and lithium-treated BP-1 patients cornparrd with their matched 
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controls. These changes were not observed in unmedicated or lithium-treated unipolar 

patients, highlighting the diagnostic specincity of these findings. a, mRNA levels were also 

increased, but only in lithium treated BP-1 patients. However, in the absence of data on a, 

protein levels in the same cells caution is wamuited in concluding prematurely that this 

accounts for the elevated q protein levels found in other studies. Clearly. more work is 

needed to clarify the relationship and extent to which abnormalities in or, gene expression 

might account for elevations of this subunit in BD. 

1.4 Biochemicvl Processes Regulating G Protein a, Subunit Levels 

Lrvels of a, are also regulaied by several important biochemical mechanisms 

posttranslationally (Levis and Bourne. 1992). Sensitizationfdesensitization of G protein- 

coupled receptors and cross-regdation between opposing receptor-eflector systems also 

affect G protein levels (Hadcock et al., 1990,1991, Hadcock and Malbon, 1993). In addition, 

specitic G-protein subtypes are also the target for ubiquitin-dependent degradation (Madura 

and Varshavsky. 1994. Obin et al., 1994) and calpain proteolysis (Greenwood and Jope, 

1 994), providing yet additional means by which G-protein subunit levels may be modulated. 

Finally, cytoskeletal interactions and posttmslational modifications such as paimitoylation 

(Wedegaertner et al., 1993) and ADP-ribosylation can also affect the level of G proteins 

(Change and Boume, 1989). The following discussion elahrates more M y  on the mie these 

posttranslational mechanisms play in regulating a, turnover/levels. 

A variety of evidence indicates that agonist-induced receptor activation modulates 

membrane G-proteins levels. For example, chronic treatment of rat adipocytes with 
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phenylisopropyl adenosine (PIA) or PGE, decreased immunoreactive levels of reduced 

adenosine-A, receptor density, and increased immunoreactive levels of a,, but did not 

influence a, and a, mRNA levels (Longabaugh et al., 1989, Green et al., 1990.1992). These 

changes were accompanied by the homologous and heterologous desensitization of the 

respective receptors, manifest in decreased sensitivity of PIA and PGE,-induced inhibition 

of AC activity. In another paradigm, chronic ISO stimulation downregulated PAR and a, 

levels in rat ventricular myocardium (Kimura et al., 1993). Prior exposure to propanol01 

completely abolished these ISO induced effects (Kimura et al., 1993). In NG108-15 cells, 

sustained exposure to PGE, a d o r  iloprost decreased a, levels in a CAMP-independent 

manner. without altering mRNA or protein levels of ai? and a, (McKenzie and Milligan, 

1990. McKenzie et ai., 199 1. Aide and Milligan. 1993) or affecthg translocation of a, fiom 

the membrane to the cytosol (McKenzie and Milligan, 1 990). Similarly, sustained exposure 

of Chinese hamster ovarian cells expressing the hurnan Ml rnuscarinic cholinergie receptor 

to carbachol produced a marked parallel decrease in a,, , levels and half-life (fiom 18 h to 

-3 h), without inducing translocation of a,, , to the cytosol (Mitchell et al., 1993, Mullaney 

et al., 1993) or affecting a,, , mRNA levels. These reductions were likely mediated by 

alterations in mechanisms regulating protein turnover (Mitchell et al., 1993, Mullaney et al., 

1993). Shah et al. (1995) also showed that prolonged treatment of aT3-1 gonadotroph cells 

wi th luteinking ho mone-releasing h o m e  decreased cellular levels of a*, , by increasing 

the degradation rate of the ambunits without altering mRNA levels. The above findings 

clearly suggea that agonist-induced regdation of G proteins levels can occur at the 

posttranslationai level, with or without accompanyhg receptor desensitization (Chambers 



et al., 1994). 

The mechanisms modulating a subunit levels in response to receptor stimulation are 

poorly understood, however. One possible rnechanism may involve confornational change 

in a subunits elicited by agonists, r e n d e ~ g  them mon susceptible to degradation. For 

example, a mutant recombinant a, protein (G226A, preventing its dissociation from By) 

exhibited a much slower degradation rate than that seen for wild type a, when expressed in 

S49 cyc- cells, whereas constitutively active mutant a, (R201C) was degraded at a much 

tàster rate (Levis and Boume. 1992). In contrast, CTX catalyzed ADP-ribosylation increased 

the rate of degradation (reducing the half-life by approximately one third) for ail three of 

these constmcts. These findings suggest the conformational change secondary to CTX- 

catalyzed ADP-ribosylation ancilor receptor activation (i.e. decreased GTPase activity) 

accelerates a, degradation (Levis and Bourne. 1992). 

1.1.2 Effect of Constitutive Activation 

Studies of the effects of CTX-catalyzed ADP-ribosylation on a, turnover have also 

provided insights into the regulation of a, levels. Chang and Boume (1989) were the fm 

to demonstrate that exposure of GH, cells to CTX significantly decreased (74.95%) the 

amount of immunoreactive a, suggesting that this covalent modification renders the protein 

more susceptible to accelerated degradation. Exposure of rat glioma C6 cells to CTX 

decreased membrane levels of qL without altering mRNA levels and caused - 75% of the 

isofonn to translocate to the supernatant (Mïiligan and Unson, 1989, Car et ai., 1990). 

Similady, CTX reduced q, levels in L6 skeletal myoblasts (Milligan et al., 1989), but in 

contrast to C6 cells there was no cytoplasmic accumulation of a, once again suggesting that 
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rapid degradation of a, occurs following CTX activation-induced release of a, from the 

membrane in this model. In mouse mastocytoma ceils, CTX treatment enhanced iloprost 

(IP)-induced translocation of both isofom of a, fiom the membrane to the cytosol and 

decreased specific [3Hl-IP binding dong with agonist-induced activation of AC (Negishi et 

al.. 1992). In rat pineal. CTX treatment decreased the levels of both isofomis of a, (Babila 

and Klein, 1 992.1994). via CAMP-mediated mechanisms. In NG 108- 1 5 ceils, CTX-induced 

ADP-ribosylation downregulated as, a, and P, subunits without altering their respective 

mRNA levels or atrecting a-subunit translocation to the cytosol (Klinz and Costa, 1990, 

Maciead and Milligan, 1990). In the same ce11 line, IP decreased prostanoid receptor levels. 

dong with those of a, (Donnelly et al., 1992, Kim et al., 1994). Nicotinamide, a feedback 

inhibitor of ADP-ribosylation (see below) blocked this reduction in as resulting in increased 

basal and IP-stimulated AC activity. Thus. extensive evidence suggests that ADP- 

ribosylation plays an important role in regulating the levels of as, possibly by modifying its 

turnover due to constitutive activation, independent of second messenger mechanisms. 

1.4.3 Lipid Modification 

Posttmslational covalent lipid modifications may also play a role in receptor- 

activated modulation of membrane aJevels. Paimitoy lation, a reversible lipid modification, 

provides membrane anchorage for a, (Linder et al.. 1993, Parenti et al., 1993, Wedegaertner 

et al., 1993). Initially, it was suggested that activation of PAR lead to depalmitoy lation of 

a, and subsequent translocation of a, fiom the membrane to cytosol without altering its 

turnover (Degtyarev et al., 1993, Mumby et al, 1994, Wedegaertner and Borne, 1994). 

Thus, it was hypothesized that changes in the rate of paimitoylation during receptor 
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activation may regulate the cyclical acylation and deacylation, and conseqwntly, membrane 

association and activity ofthis protein (Wedegaertner et al., 1993). Recently however, Huang 

et ai. (1998) reported that depalrnitoylated a, still maintains its membrane localization. 

Incubation of MA 104 ce11 membranes with GTPyS did not alter membrane association of a 

subunits nor did the subsequent removal of palmitate fiom %/ai change their localization. 

Despite the different findings. palmitoylation may still serve to regulate a, subunit 

interactions with other proteindeffectoa, and modulate acsignaling and its targeting to other 

degradative mechanisms (Wedegaertner et al., 1995). 

1.1.4 Cytoskeletal Interactions 

Tubulin is a major cytoskeletal protein implicated in modulating G protein fùnction 

and neuronal rffector responses (Rasenick and Wang, 1988, Yan and Rasenick, 1990, Lieber 

et ai.. 1993) possibly by regulating a, interactions with AC (Yan and Rasenick, 1990, Lieber 

et al.. 1993). Microtubule formation requires both tubulin and MAP-2, the latter of which is 

modulated by Ca2+lCaM-dependent phosphorylation (Shulman, 1984, Bwns and Islam, 

1986). Thus, the availability of tubulin for binding to and subsequent regulation of G 

proteins rnay be govemed, in twn, by CaM andor factors Muencing intnicellular Cap 

homeostasis. Interestingly, disturbances of intracellular Ca2+ homeostasis have also been 

implicated in the pathogenesis of BD (Dubovsky et al., 1989, l99 1, Warsh and Li, 1996, 

Ernamghoreishi et al., 1997). 

Similady, caveolin has also been shown to fiulctionally intenict with G protein a 

subunits (Chang et al., 1994). For example, activation of a, in MDCK cells abolishes its 

association with the caveoh-enricheci fiactions of membranes (Li et al., 1995). This 
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suggests that caveolin may serve to regulate a, subunit bction, minimidg a subunit basal 

activity by holding the subunit in an inactive confomation (Li et al., 1995). 

1.4.5 Cross-talk Regulation 

G protein abundance also appears to be modulated by cross regulation via different 

second messenger pathways. For example. ISO treatment decreased 4 levels and increased 

a,? protein and mRNA levels in S49 lymphoma cells in a CAMP-dependent manner 

(Hadcock et al.. 1 990). On the other hand, persistent activation of the inhibitory AC pathway 

by PIA in DDT,MF-2 hamster vas deferens cells increased ISO-stimulated AC activity and 

P,-AR expression. effects that were completely abolished by PTX (Hadcock et ai., 1991). 

These latter findings imply that, in these cells, persistent activation of the inhibitory AC 

pathway results in desensitization. dong with an increased agonist-mediated sensitivity of 

the opposing stimulatory AC pathway (Hadcock et al., 199 1). In another example. a, protein 

and mRNA levels were upregulated in thyroid cells cultured in the presence of TSH or 

forskolin, the effects of which were abolished by the PKC activator, 12-O-tetradecanoyl- 

p horbol- 1 3-acetate (TPA) (Dib et al., 1994). In line with these observations, Tasken et al. 

(1995) reported increases in a, and a, mRNA levels in rat sertoli cells exposed to 8-(4- 

ch1orophenylthio)cAMP (R-CPTcAMP, an activator of PKA) and TPA. The effects of TPA 

on a, mRNA were synergistic with CAMP-mediated increases, although stuprisuigiy, there 

were no alterations in immunoreactive levels of as. The above findings mggest that the 

production of second messengers (ie. CAMP, DAO, etc.) as a result of G protein activation 

rnay regulate the levels of G proteins. These processes appear to occur, in part, at the level 

of gene transcription, as for the case of a, via the bindiog of the phosphorylated 
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transcriptional factor CREB to a CRE (Itoh et al., 1988, Berkowitz et al., 1989) as well as 

posttranslationally at the level of protein turnover. Similarily, TPA rnay mediate 

transcriptional regulation through stimulation of other ttaascnptioa factors that rnay bind to 

a subunit genes. This raises the possibility that alterations in levels of a, seen in BD rnay 

be the result of cross regulation via different second messenger systems which rnay operate 

in concert with other processes to govem G protein levels. 

1 A.6 Calpain-de pendent Proteolysis 

The Ca2'-dependent neural activated protease calpain also has the potentiai to 

modulate protein abundance ( S W  and Ohno, 1990). Two major brms of caipain, p- 

calpain and m-calpain (activated by pM and m M  concentrations of CaL+, respectively) cause 

lirnited degradation of membrane and cytoskeletai proteins (Murachi, 1984, Mellgren, 1987, 

Croall and Demartino, 1991. Lane et al., 1992, Sido et al., 1994). a subunits rnay serve as 

substrates for calpain-dependent proteolysis under physiological conditions, the relative 

susceptibility of the specific G protein to caipain being dependent upon the nibtype 

(Greenwood and Jope, 1994). Incubation of rat cerrbrai cortical membranes with calpain 

decreased the levels of a, aiand a, among which as is most susceptible to calpain-rnediated 

proteolysis (Greenwood and Jope, 1994). Preincubation of membranes with 1 00 pM GTP-y- 

S inhibited caipain-mediated proteolysis of a,. This suggests that persistent activation of a 

subunits rnay prevent calpain degradation. Furthemore, lithium was without effect on 

calpain-mediated proteolysis of a,in the presence of GTP-y-S whereas enhanced proteolysis 

was observed in the absence of the GTP anaiogw. This fhding highiights the potential 

importance the hctionai activity of the G protein as a determinant of the effits of lithium 
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on calpain-mediated degradation of a subunits. Interestingly, nitric oxide (NO) has been 

shown to reveaibly inactivate both m- and p-calpain at physiological and acidic pH's, 

respectively (Michetti et al., 1995). Since NO can also regulate ADP-ribosylation (see 

below), this compound has the potential to modulate a, leveis at various stages. In Rim, 

alterations in the levels andor activity of calpain may represent yet another possible 

mechanism by which a, levels and huiction may be increased, as observed in BD. 

1.4.7 Ubiquitin Modification 

Degradation via this pathway involves targeting of the protein for covalent 

attachent of ubiquitin and subsequent degradation, with the release and recycling of free 

ubiquitin (Ciechanover. 1994). The targeting process involves recognition of the substrate 

protein based on the N-terminai amino acid (the "N-degron") and an interna1 lysine residue 

3t which a multiubiquitin adduct is forrned (Finley and Chau, 1991, Madura et al., 1993). 

The observations that Gpal, the a subunit of a G-protein that regulates ce11 differentiation 

in S. cerevisiae is a substrate for ubiquitin-targeted degradation (Madura and Varshavsky, 

1994) and that a, in retinal pigment epithelial cells is a substrate for ubiquitin-dependent 

proteolysis (Obin et al., 1994), suggest that these processes may participate in the 

metabolism of some G protein a subunits, as well. Ubiquitindependent degradation of G 

proteins is poorly undemood, however, and the extent and specificity of this pathway with 

respect to a subtypes remain to be demonstrated. 

1.48 The Posttnnslational Process of ADP-Ribosylition 

I.4.8.l The ADP-ribosylation Cycle 

ADP-cibosylation is a posttranslational modification cataïyzed by ADP- 
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ribosyltransferases involving the transfer of ADP-ribose fiom NAD' to specific proteh 

acceptoa with the production of fiee nicotinamide (sec Figure 4). A number of dflerent 

endogenous ADP-ribosylûansferases, either cytosolic or membrane bound, have been 

purified and characterized fiorn a variety of vertebrate tissues such as wkey erythrocytes 

(Zolkiewska et al.. 1994). skeletal and cardiac muscle (Kharadia et al.. 1992). human myelin 

membrane (Boulias et al., 1995). rat brain (Matsuyama and Tsuyama, 199 1) and adrenai 

gland (Fujita et al.. 1 995). Mono-ADP-nbosyltransferases cataiyze the addition of one ADP- 

ribose moiety to a specific amino acid residue whereas poly-ADP-ribosyltransferases 

catalyze the addition of several moieties to a single amino acid residue. More importantly. 

endogenous ADP-ribosylation of substrate proteins has been demonstrateci in rat cerebral 

cortical homogenates with the highest activity found in three regions: hippocampus. 

hypothalamus and cerebral cortex (Duman et al., 199 1). Although CTX-catalyzed ADP- 

ribosylation is known to be dependent upon ARFs, which comprise a family of smail GTP- 

binding proteins (Hong et al., 1994. Kahn et al.. 1995), it is uncertain whether they 

participate in the action of endogenous ADP-ribosyl-transferases. To date, molecular cloning 

studies have identified a number of ARF ~ b t y p e s  o c c ~ g  ubiquitously in various 

mammalian tissues (Kahn et al., 1991, Randazzo and Kahn, 1994, Temi et al., 1994) and 

indeed, several ADP-ribosyltderases have been reported to be sensitive to ARFs 

(Matsuyama and Tsuyama, 1 99 1, DeMatteis et al., 1 994). It is possible that ARFs may be 

invo lved in the ADP-rïbosy Iation of proteins endogenously, and therefoce, dong with ADP- 

ribosyltransferases, couid play an important role in regulating a subunit levels and 

subsequently signai transduction (2hang et aI., 1995). More importantly, the occurrence of 



The ADP-Ribosylation Cycle 

1 a, Protein I + 
NICOTINAMIDE ADENINE DINUCLEOTIDE 

(NAD+) 

AD?-RIBOSY LHY DROLASES 

(A PA D, I N H .  D 

NICOTINAMIDE 

Figure 4: Depicted above is the ADP-ribosylation of the stimulatory a subunit, a,, on 
arginine 20 1. Mono-ADP-ribosylation is a reversible posttranslational modification: ADP- 
ribosyluansferases, bacterial toxins and NAD glycohydrolases (NADases) catalyze the 
fo rward reac t ion w hereas ADP-ribosy lhydrolases catal yze the reverse reaction (Matsuyama 
and Tsuyama. 199 1, Zolkiewska et ai., 1994). This posttninslational process involves the 
transkr of an ADP-ribose moiety nom NAD' to specific acceptor proteins yieldllig the 
production of Free nicotinamide which can then act as a negative feedback regulator of this 
process. ADP-ribosyl-transferases/hydrolases can be stimuiated andor Uihiiited by a wide 
variety of agents including 3-acetylpyridhe (APAD), dithiothreitol (D'IT) and isonicotinic 
acid hydrande (INH). 



44 

endogenous ADP-nbos y ltransferases in many cells including neurons ( W iliiamson et al ., 

1990) dong with the fact that NO (a major interliatra-cellular messenger) can modulate this 

posttranslational rnechanism (Williams et al., 1992), supports the notion that endogenous 

ADP-ribosylation may be an important neuronal regdatory mechanism in the central nervous 

system (CNS). 

1.1.83 Modulation of ADP-Rbosylation 

Increasing evidence suggests that a, is a substrate for endogenous ADP- 

nbosyltransferase(s) and that a nurnber ofdifferent agents have the potential to modulate the 

activity of this enzyme. For example. the agonist IP increased endogenous ADP-ribosylation 

of us and decreased CTX-catalyzed ADP-ribosylation of this subunit in platelets (Molina y 

Vedia et al., 1989). In a different paradigrn, sustained receptor stimulation of ai in rat 

adipocytes by adenosine enhanced endogenous ADP-ribosylation of a, (Jacquemin et al., 

1 986). ISO or GTPyS- mediated stimulation of endogenous ADP-ribosylation of a, has also 

been reported in canine cardiac sarcolemma (Quist et al.. 1994). Furthemore, nicotinamide 

reversed the IP-induced reduction of membrane a, in NG 108- 1 5 cells, resulting in increased 

CTX-catalyzed ADP-ribosylation of a, (Do~ei iy  et al., 1992). Since a, can be a substrate 

For endogenous ADP-nbosyltransferase(s), this covalent modification may be one 

mechanism by which a, is targeted for degradation. 

With respect to other agents capable of moddating ADP-ribosyltransfenise activity, 

NO has been shown to increase ADP-ribosylation of endogenous substrates in rat cerebral 

cortical tissue (Duman et al., 1991, 1993, Tao et al., 1992, Williams et al., 1992). For 

example, enhanced ADP-nisylation of a, (involved in visual signal transduction) fiom 
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bovine rod outer segments occurs in the presence of sodium nitroprusside (NaNP) (Zoche 

and Koch, 1995). 

Of great importance, is the recent observation of a link between endogenous ADP- 

ribosy lation and dowregulation of a,. C6 glioma cells exposed to 3-morpho-linosynonllnine 

hydrocloride (Sm- 1. a NO donor) significantly decreased immunoreactive levels of a+, and 

u,,, an effect that was blocked with a NO scavenger (Young et al., 199%). This reduction 

was independent of alterations in a, mRNA levels but was associated with significantly 

increased endogenous and CTX-cataiyzed ADP-ribosylation of a 50 kDa protein, presumably 

a,,. These findings suggest that SM4 rnediated downregulation of a, occurs by increasing 

ADP-ribosylation of this protein. 

Chronic lithium administration can also affect posttranslational processing of a wide 

variety of substrates. Nestler et al. (1995) demonstrated in vitro incubation of lithium 

inhibited endogenous ADP-ribosylation for al1 substrate pmteins, including 4, in rat frontal 

cortex. This suggested that lithium may aEfect d l ,  as opposed to a specific subset, of the 

rndogenous ADP-ribosyltransferases. The inhibitory effect of lithium is hypothesized to 

involve antagonisrn of Mg2* binding sites that are present in certain ADP-ribosyltransfenws 

(Tamir and Gill, 1988), sirnilar to that observed in the effects of lithium on G proteins and 

AC (Manji et al., 1995% b). Paradoxically, chronic ifi vivo lithium treatment increased 

endogenous ADP-nbosylation in the same tissue, possibly by upregulating certain ADP- 

ribosy ltransferases (Nestler et al., 1 995). Similady, chronic exposure of C6 cells to lithium 

resuited in increased endogenous ADP-ribosylation of both a 52 kDa and 39 kDa band 

(presumably a, and ai) (Young and Woods, 1996). In contrast, chronic valproic acid and 
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carbarnazepine had little or no effect on the degree of endogenous ADP-nbosylation of a, 

and ai compared with untreated cells (Young and Woods, 1996). The regdation of 

endogenous ADP-ribosylation in brain by lithium supports the notion that disturbances in 

ADP-ribosylation could affect turnover or degradation rates of specific a subunits, as 

described above. 

1.5.8.3 ADP-ribosylation in BD 

During the course of this work, Young et al. (1997a) tested the possibility that 

chronic lithium treatrnent could regdate endogenous ADP-ribosylation in platelets from 

patients with BD. They reported significantly lower platelet endogenous ADP-ribosylation 

of a 39 kDa band (presumably ai) and a trend toward lower intensity of the 50 kDa band 

(presumably a,) in euthymic lithium-treated BD patients compared with unmedicated BD 

subjects. highlighting the inhibitory effect of lithium on ADP-ribosyltransferases in 

peripheral cells fiom BD patients. There wen, however, no significant differences in 

endogenous ADP-ribosylation of a, and ai in both lithium-treated and unmedicated BD 

subjects as compared with control abjects (Young et al., 1997a). These fmdings are in 

contrast to those observed in previous snidies in rat brah and C6 cells (Neder et al., 1995, 

Young and Woods, 1996) and need to be interpreted with caution. Since many of the ADP- 

ribosyltransferases have not been characterkd in various ce11 types, the different results in 

the above mentioned studies may be due to the presence of different tissue specific ADP- 

ribosyltransferases, ARFs a d o r  other substrates that are involved in this posttcanslationd 

mechanism. Purification of severai mono-ADP-ribosyldmes nom rat braîn and 

adrend gland (Matsuyama and Tsuyama, 199 1, Fujita et al., 1995) demonstrate dinerences 
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in molecular masses and differential regulation by ARFs, highlighting the hetemgeneity of 

these enzymes. 

The data, however, support the notion that potential dishirbance(s) in ADP- 

ribosylation may occur in BD. In addition, this process represents one potentid molecular 

target of action for lithium. Moreover, ADP-ribosylation regulates a subunit coupled signal 

transduction indirectly through the modulation of a subunit levels (Levis and Bourne, 1992) 

and uncoupling of the a subunit from the receptor (Manji et al., 199Sb). Taken together, the 

findings support the posttransiational modification of a, by ADP-ribosylation as a putative 

mrchanism that may contribute to the increased a, levels and pathophysiology of this 

disorder. Therefore, studies examining the role of ADP-ribosylation of a, in BD rnay prove 

important with respect to the development of novel treatment strategies and therapeutic 

intervention in this disorder. 

1.5 Objectives 

The preceding discussion has detailed the substantial body of evidence pointing to 

disturbances in G protein levels and the CAMP signaling pathway in the pathophysiology of 

BD. In the absence of changes in a, mRNA levels, elevated a, levels and fiinctionality in 

cerebral cortical regions of BD postmortem brain rnay occur secondas, to alterations in 

mechanisms regulating the turnover of this a subunit. At least four different processes may 

regulate, either aione or in combination, the production a d o r  turnover of specific G proteins 

including : i) agonist-pmmoted regulation during receptor downreguiation/desensitization and 

cross-talk mechanisms; ii) ubiquitin-dependent degradation; üi) CaB-activateci calpain 

proteoiysis; and iv) ADP-ribosylation. These processes are depicted in Figure 5. 



Biochemical Posttranslational Pathways Regulating a, Levels and Function 

Figure 5: Schematic representation of biochemicai posffraaslational pathways that rnay 
regulate a, protein levels and bction. Agonist-induced receptor activation can modulate 
membrane as levels (1). Covalent lipid modifications nich as paimitoylation may also 
modulate a, levels and signaling (2). a, signaling may in turn be regulated by tubulin 
binding (3). a, abundance also appears to be modulated by cross regulation via different 
second messenger pathways (4) and by the Ca3-dependent neural activated protease calpain 
(5). It is not certain whether ubiquitin degradation of a, occurs (6) but exists as one possible 
mechanism. More importantiy, incceasing evidence suggests tbat ADP-ribosylation plays 
an important role in the regulation of a, levels ( I ) ,  taqgeting the subunit for degradation. 
Both calpain and ADP-ribosyl~enises  (ADP-R) can be ~guhted by NO. 
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Disubances in one or more of these regdatory processes could alter synthesis andor 

degradation rates goveming G protein abundance, and are therefore important candidates to 

be considered in explaining the elevation in abundance and f'unction of a, in BD. Clarifjhg 

the nature and patho phy sio logical significance of potential mechanisms that may under lie 

the a, disturbances would have important implications for pharmacological intervention. 

In light of the experimental evidence demonstrating: 1) regulation of ADP- 

ribosylation by chronic lithium in rat brain (Nestler et al., 1995), C6 glioma cells (Young and 

Woods, 1996) and human platelets fiom BD patients (Young et al., 1997a); 2) ADP- 

ribosylation of a, targets this subunit for removal h m  the membrane and subsequent 

degradation; 3) inhibition of this process can reverse the agonist-induced down regulation 

of a,. disturbance(s) in mono-ADP-nbosyltraderase a d o r  cofacton regulating its activity 

are prime candidates for exploration and characterimion with respect to the cellular 

pathophysiology of BD. 

Unfortunately, a major shortcoming of those studies that have shown that a, is ADP- 

ribosylated by endogenous ADP-ribosy1ttansferases is that the identification of the ADP- 

ribosylated products has been based solely on molecular mass estimation (Williams et al., 

1992). More importantly, very little is known about whether a, is indeed a ~ b s t r a t e  for 

rndogenous ADP-ribos y lation in human brain, and the degree to which a, is modified by this 

posttranslational process in this tissue. Accordingly, the phciple objectives of this thesis are 

to dernonstrate a, isoforms serve as substrates for endogenous mono-ADP-ribosylation in 

postmortem hurnan brain. to characterize the ADP-ribosylated products formed, and to 

determine whether there are ditlierences in endogenous and CTX-catalyzed ADP-ribosylation 
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of a, in BD brain compared with age and postrnortern-delayed matched controis. Since a 

case for altered heterotrirnenc state of a, has been made in BD brain (Friedman aad Wang, 

1996) and CTX is an important tool that reflects the proportion of a, existing in the 

heterotrimeric state (Toyoshige et al., 1994), CTX-fataiyzed ADP-ribosylation of a, will also 

be measured. 

1.6 Research Plan 

Postmortem brain studies have proven to be a particularly powemil stnttegy to reveal 

potential pathoceilular disturbances in BD. Postmortem brain tissue was employed to delve 

further into the molecular bais of the G protein a, changes which have been described in 

BD. Although this preparation has some limitations (i.e. limited amount of tissue and 

potentially less control of extraneous factors such as the impact of medications, p a n h  and 

Li. 19991). it does, however, permit for direct rneaswement of ADP-ribosylated a, in the 

disease state. Accordingly, the fim phase of studies consisted of characterizhg both 

endogenous and CTX-catalyzed ADP-cibosylated products in postmortem human temporal 

cortex using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

immunoprecipitation with a, antibodies, overlay cornparisons between western blots and 

autoradiograms of irnmunodetected ADP-nbsoylated 4 isofoms, and limited protease 

digestion. Foliowing this, a systematic exploration was conducted of the brain regional 

distribution of both endogenous and CTX-cataiyzed [32P]ADP-ribosylation of 4 in BD 

patients dong with their age and postmortem delayed matched controls. The temporal and 

occipital cortical regions examined by Youag et al. (1993) were used in this study since 

higher a+, irnrnmunoreactive teveis and suggestion of hyperfunctional -AC coupied 
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response have previously been reported in these tissues. The cerebellum, in which no 

alterations in a, level and function have been demonstrated, was used as a control region. 

Furthemore, whether observed alterations in ADP-nbosyltransferase activity are associated 

with a primary alteration in one or more mono-ADP-ribosyltransferase(s) or secondary to a 

disturbance in a cofactor or other regulatory input to this enzyme was also tested. 

7 Hypotheses 

The general hypothesis addressed in this doctoral thesis is that the observed 

rlevations in a, levels in BD brain result fiom a disturbance(s) in one or more of the 

regulatory mechanisms goveming a, subunit turnover/degradation. Hyperfunction of the 

CAMP signaling cascade in BD cerebral cortex wodd then occur consequent to the primary 

changes at this level of a, regulation. As discussed in the preceding sections, there is 

increasing evidence implicating some disturbance at the level of mono-ADP- 

ribosy ltransferase or some factodprocess reguiating this enzyme, over other posttranslational 

mrchanisrns. in the chah of cellular signaling alterations which occur in BD. This accounts 

For the in-depth focus on the posttranslational modification of a, by ADP-cibosylation in 

postmortem human brain in this thesis. The specific hypotheses to be addressed include: 

1) a, is a substrate for the posttranslation modification of ADP-ribosylation in 

postmortem human brain; 

2) endogenous mono-ADP-ribosyltransferase activity is selectively reduced in 

postmortem cerebral cortical regions fiom BD abjects showing elevated a, immunolabeling 

compared with controls and; 

3) this reduction is consequent to an alteration in mono-ADP-ricbosyltnuisferase 

activity and not its regulation by cofactoa or modulators. 



CHAPTER II 

MATERTALS AND METHODS 



II. 1 Materials 

II. 1.1 Materials and Chernicals 

The following chemicals/materials were pwchased fiom NEN-DuPont (Lachine, 

Que): [32P]N~D (specific activity: 30 Cifmmol), G-protein misera RM/l specific to a , , ,  

(recognizing C-terminal peptide RMHLRQYELL), AS/7 specific to ail= (recognkg C- 

terminal peptide KENLKDCGLF) and GC/2 (recognizhg N-terminal peptide 

GCTLSAEEKAALERS of a,,,J 

Cholera toxin (CTX), ethy leneglycol-bis (P-aminoethy1)-N.N.N: N '-teûaacetic acid 

(EGTA), ethylenediamine-tetraacetic acid (EDTA), benzarnidine (BZ), soybean üypsin 

inhibitor (SBTII). adenosine diphosphate (ADP)-ribose, thymidine, Triton X-100, MgCl,, 

5'-guany ly limidodiphosphate sodium salt (Gpp(NH)p), dithiothreitol (DTT), trichloroacetic 

acid (TCA). isonicotinic acid hydraude (INH), 3-acetylpyridine adenine dinucleotide 

(APAD), phenylmethyl-sdfonylflouride (PMSF), leupeptin, aprotinin, antipain, pepstatin, 

Protein-A-agarose and N-ethy 1-maleimide (NEM) were al1 purchased fiom Sigma C hemical 

Company (St. Louis, MO). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reagents 

including Tris, glycine, acrylamide, N. N'-methylene-bisacrylamide, SDS, N, N. N', Niten- 

me th y 1-e th y lene-diamine (TEMED), ammonium perd fate, pol yviny lidene diflouride 

(PVDF) membranes (OIpm), horseradish peroxidase (HRP) conjugated-Rotein A, 

prestained SDS-PAGE standards, protein assay dye (Bradford Reagent) and bovine senun 

albumin (BSA) were obtained fkom BioRad (Richmond, CA). 

The following chernicais/materials were purchased fiom the suppliers as indicated: 

53 
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a,,rspecific antisera K-19 was produced against a synthetic peptide (SC-3 85) corresponding 

to amino acids 1 1 O- 1 18 of aolfand af specific antisera K-20 was produced against a synthetic 

peptide (SC- 835) corresponding to amino acids 110-1 19 of as (Santa C- CA), pre- 

immune rabbit s e m  (Calbiochem, San Diego, CA), Staphylococcus m e u s  V-8 protease 

( Boehringer Mannheim. Laval. Que), glpraldehyde-3-phosphate dehydrogenase (GAPDH) 

(Sigma Chernical Co, St. Louis, MO), Mab-GAPDH monoclonal antibody (Biodesign 

International, Kennebunk. Maine), enhanced cherniluminescence (ECL) detection system and 

Hyperfilm (Amersham. Oakville, ON) and Myelin Basic Protein (MBP, purified fiom bovine 

brain) (Gibco BRULife Technologies, Burlington, ON). 

11.2 Postmortem Brain Material 

11.2.1 Subjects 

Postmortem brains were obtained through a network of brain banks and collabonting 

medical examiners providing material for a variety of neuropsychiatric and 

neurodegenentive disease studies with the guidance of Dr. Stephen J. Kish of the Human 

Neurochemical Pathology Laboratory, Clarke Division, Center for Addition and Mental 

Health, Toronto. Inclusion critena were: 1) male or female >18 yr at the tirne of death; 2) 

a diagnosis of BD according to DSM-IIIR criteria or no axis 1 psychiatric disorder as 

determïned by independent review of available medical records by two research 

psychiatrists; 3) absence of neurological disorder c o n h e d  by neuropathology and chart 

review; and 4) postmortem delay (death until kezhg  to -80°C) less than 36 hr. The presence 

of concurrent medicai ilinesses, alcohol and h g  abuse was noted. History of psychiatric 

treatment was obtained from available medical records including psychotropic dnig 
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treatment (especially neuroleptics and lithium), electroconvulsive therapy (ECT), and 

institutionalization. Length of past treatment with lithium, time interval between lithium 

treatment and death, and recently obtained senim lithium levels were noted fkom medicd 

records. Brain lithium concentrations were detemllned in al1 subjects by argon plasma 

emission spectroscopy (Rahman et ai., 1997). Cause of death and details of the agonai state 

were noted in ai1 cases- 

11.2.2 Brain storage and dissection 

Details ofhandling and dissection of postrnortem brains were as previously described 

(Young et al.. 1993). Briefly, at autopsy, whole brains (both left and nght sides) were 

dissrcted from the crania and, d e r  gross inspection, sectioned (2.5 mm thickness) coronally 

rostro-caudally. The following representative cortical sections were taken for sampling: 

frontal cortex at the caudal boundary of B rodmann's area I O (includes prefiontal and orbi to- 

tiontal cortex); premotor cortex at the level of Brodrnann's area 6 (includes the anterior pole 

of the temporal lobe inferiorly); at least two levels in the temporal lobe including 

hippocampus and arnygdala (including areas 20,2 1,22). Cerebellum was blocked separately 

(maximum block dimensions 30 x 50 mm) as a cornparison nonîortical region. A slice of 

the cerebellum was taken through the pole of the lateral cerebellar hemisphere. Al1 other 

sections were blocked according to the regions of interest. Representative sections (frontal 

cortex; two levels in the temporal lobe including hippocampus and amygdala, diencephalon 

including hypothalamus, thalamus and parietal cortex; cerebellurn; and occipital cortex) were 

taken for formalin fixation and subsequent neuropathological examination. Tissue blocks 

were rapidy Erozen and stored (-80°C) until assay. Bralli dissections were performed based 
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on visual landmarks and guided by a standard brain atlas (Riley, 1960) and E h b m ' s  

classification(Eng1and and Wakely, 199 1) by an experienced human brain neuroscientist (S. 

I. Kish) collaborating on this project. Determination of brain pH, an index of agonal statu 

(Butterworth and Tennant, 1989) was performed as previously described (Young et al., 

1 993). Brain regions assayed for [3'P]ADP-nbosylation included temporal (middle temporal 

gynis, area 2 1, interior temporal gynis, area 20), occipital (lips of the calcarine sulcus, area 

17) and cerebella. cortex. 

11.3. Immunoassay of a, isoforms 

11.3.1 Membrane Preparation 

Briefly. portions of postmortem brain were sonicated in TME (50 rnM Tris (pH 7.5) 

1 m M  EDTA and 2 mM MgCl,) and centrifuged (12, 000 x g, 10 min, 4°C). After 

centrifugation, the supernatants were discarded, membranes resuspended in TME, and 

protein concentrations determined (Bradford, 1976). 

11.3.2 Gel electrophomis and Imnunoblotting 

Aliquots of sarnple protein (7.5 pg) were prepared for SDS-PAGE and Western 

blotting as previously described (Young et ai., 1993). Briefly, L a e d i  buffer(40 m M  Tris- 

HCI, pH 6.8,l mM DTT, 2% SDS) was added to each sample followed by heating for 5 min 

at 75°C. Then, 100 mM NEM was added and samples were incubated for another 15 min at 

2 1 OC. Samples were then diluted with gel-loading b a e r  (62.5 m M  Tris-HCl, 3% SDS, 10% 

glycerol and 5% mercaptoethanol) and boiled for 3 min at lOOOC to ensure complete 

denaturation and homogeneity of proteins throughout the sample. 
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a,L and a,., were electrophoretically separated on 10% polyacrylamide gels. 

Acrylamide stock solutions were comprised of 20 g acrylamide and 0.533 g bis acrylamide 

(37.5: 1) dissolved in 100 ml deionized water yielding a 20% acrylamide solution (2x). This 

was mixed in a 1 : 1 ratio with Lower Tris (2x concentrated, 0.75 M Tris, pH 8.8,0.2% SDS) 

to prepare resolving gels. Polyrnerization was initiated with the addition of 10% ammonium 

persulfate ( 5  @ml) and TEMED (0.5 pVml). Stacking gels consisted of 4% 

acrylamide/O. 1 1  % bis acrylamide solutions, polymerized with 10% ammonium peaulfate 

( 5  pYml) and TEMED ( 1 pl/ml). These were prepared as follows: stock solutions of 8% 

acrylamide (8 g acrylamide, 0.2 1 % bis acrylamide dissolved in 100 ml deionized water, 3 8: 1, 

21 concentrated) and Upper Tris (0.75 M Tris, pH 6.8,0.2% SDS, 2x concentrated) were 

combined in a 1 : 1 ratio along with 10% ammonium perd fate and TEMED. Both resolving 

and stacking gels were cast in mini-PROTEAN II Dual Slab cells (0.75 mm thickness, 

BioRad. Richmond. CA) and allowed to polymerize for 50-55 min. Sample loading wells 

were formed with either 15-well or IO-well combs during stacking gel polymerization. 

Gel Ianes were first rinsed three times with Tris-glycine electrophoretic buffer 

comprised of 25% Tris-glycine and 10% SDS, pH 8.3. Prepared sarnples, along with 

molecular mass marken, were then loaded. Electrophoretic separation was cmied out using 

Tris-glycine electrophoresis buffer at 200 V for approximately 1.5-2 hours or until molecular 

mass markers migrated pre-determined distances empiricdly found to optirnally resolve as 

isofoms. For [32P]~DP-ribosylated products, electrophoretic separation was canied out at 

125 V for approximately 3 hrs. 

Following SDS-PAGE, proteins resolved electrophoreticaiiy were transfed to 
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PVDF membranes (0.2 pn) using a semi-dry electrotransfer system (Trans Blot SD semi-dry 

electrophoretic transfer cell, BioRad, Richmond, CA). Gels and membranes were fm 

equilibrated in transfer buffer, consisting of 48 mM Tris (pH 8.1), 39 m M  glycine, 20% 

methanol and 0.375% SDS for 15 min. Prior to electrotransfer, excess moisture and air 

bubbles were rernoved from the gel and membrane 'sandwiches' by gentle compression with 

a test-tube. Semi-dry electrotransfer of proteins was carried out at 15 V for 36 min. 

Following transfer, membranes were washed quickly 3 times with deionized water. 

Blots were then incubated with 5% BSA in phosphate buffered saline-Tween 20 (PBS-T, 80 

m M  NaJiPo,, 20 mM NaH,PO,, 100 mM NaCI, pH 7.5, with 0.5% Tween 20) for 1 hou 

at 2 1°C. Blots were then incubated overnight in plastic bags with primary antibody diluted 

in PBS-T (5 ml) and subsequently incubated with secondary antibody (Protein A-HRP, 

1 3000) for 30 min at room temperature. For immunodetection. anti-Ga, (RM/l) and Mab- 

GAPDH wcre used at a dilution of 15000 and 1500, respectively. Blots were washed 

thoroughly with PBS-T (3 x 5 min) prior to each incubation in plastic boxes. Immunoreactive 

proteins were detected by enhanced cherniluminescence using the ECL reagent kit 

(Amersharn, Oakville, ON). Samples containing varying amounts of protein (5-40 pg) were 

included on each blo t to ensure immunoreactive signals of sample proteins were within the 

linear range of detection and for nodization (to control for interassay variability). On al1 

blots. samples were nin in duplicate tiorn patients paired with age and pst-mortem delayed 

matched conuols. This was done to control for the effect of inter-blot variance in G protein 

measutes. 

For detection of [EP]~DP-nbosylated protellis, electrophoresed gels were laid on 
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blotting paper and dried for 2 hrs at 80°C under vacuum (99.9 kPa). Autoradiogtams of 

radiolabelled proteins were obtained by exposure to Hyperfilm (18-72 hrs) at -70°C. For 

overlay comparisons. [3'P]ADP-ri bos y lated pro teins were electro transferred ovemight at 

30 V. Subsequent blots were air dned and exposed to Hyperfilm as described above. 

11.4 Assessment of [32Pl~DP-ribosylatioa in Postmortem Human Bnin  

1 . 1  Endogenous [32PI~DP-Rbosylation 

Postmortem brain sarnples (20-25 mg) were slowly thawed on ice and homogenized 

wi th a hand held glass Te flon homogenizer, 20 times, in 2 vol. of ice cold b d e r  containhg 

20 m M  Tris (pH 7.0). 1 mM EDTA. 0.5 m M  BZ and 0.001% SBTII. Aliquots of 

hornogenates (750 pg for samples. 100-400 pg from a reference pool, run to monitor assay 

linearity and to control for interassay variability) were incubated in 100 pl of 100 m M  Tris- 

HCI (pH 7.5) buffer containing thymidine, 10 mM; EDTA. 1 mM; MgCl,, 0.5 mM; 

Gpp(NH)p, 0.1 mM; DTT, 25 mM, 0.1% Triton X-100, and 2.5 pCi [3'P]NAD. After 

incubation at 30°C for 60 min, the reactions were terminated with 3 pl TCA and after 

standing at 4°C for 15 min, the samples were centrifbged (15,000 x g, 10 min) and the 

supernatants disgarded. Pellets were washed Mnce with 50 rnM Tris (pH 8.0) b a e r  

containing 3 m M  BZ. 1 mM DTT, 6 mM MgCl, 1 m M  EDTA, 5% sucrose and I p g h l  

SBTil. resuspended in 100 pl 50 mM Tris-HCl containing 5% SDS, 50 m M  DTT and heated 

(90°C. 5 min). Sarnples were then incubated with 10 pl of 100 mM NEM (15 min, 2 1°C) 

followed by 100 pl gel-loading bufTer (250 rnM Tris-HCI, [pH 6.8],4% SDS, 5 m M  EGTA, 

3 m M  EDTA, 1 0% mercaptoethanol, 1 0% glycerol) for 3 min (90°C) and prepared for SDS- 

PAGE as previously described (Young et ai., 1993). Following electrophoresis, gels were 
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dned for 2 hours at 80°C under vacuum (99.9 kPa) and autoradiographed at -70°C. 

11.4.2 CTX-catalyzcd [32P1ADP-ribosylation 

CTX-catalyzed [32P]ADP-ribosylation was assayed by a modification o f  previously 

described procedures (Tamir and Gill, 1988, Williams et al., 1992). M e r  thawing as above. 

posunortem brain samples ( 10-1 5 mg) were homogenized with a hand held plas Teflon 

homogenizer, 20 times. in 5 vol. of ADP-ribosylation buffer containing 150 mM potassium 

phosphate. pH 7.0.10 mM thymidine, 20 mM WH, 1 m M  3-APAD, 10 rnM DTî, 0.1 mM 

Gpp(NH)p and O. 1% Triton X-LOO. CTX (2 mglm1 in 50% glycerol) was preactivated by 

incubating at 37°C for 15 min in 1.5 vol. of 15 m M  sodium phosphate b a e r  @H 7.5) 

containing 33 mM DTT and 0.83% SDS. The activated CTX was then diluted with 3 vol. 

of ADP-ribosylation buffer and added to sample preparations at a final concentration of 40 

).@ml. [32P]ADP-ribosy1ation was performed using 30 pg for samples and 1 5-40 pg of 

çontrol human cortical tissue for confirmation of assay linearity and normalization in 25 pl 

ribosylation buffer containing 20 mM ADP-ribose and 3 pCi [32P]NAD. Samples were then 

incubated and reactions terminated as described above for endogenous activity . After 

washing. samples were subsequently processed for SDS-PAGE by incubating with 75 pl 

Tris-HCl containing 5% SDS, 50 mM DTT (90°C, Srnin), followed by 7.5 pl NEM (1 5 min, 

21°C) and 75 pl gel-loading buffer. Autoradiographs were quantified using densitometnc 

image analysis (MCID image Andysis System, St. C a t h e ~ e s ,  ON). Endogenous and CTX- 

catalyzed [32P]ADP-ribosylation assays were established within the linear range of detection 

for both protein concentration and [3'P]uiforporation with respect to tirne (see Results). 



11.4.3 Endogenous [32P1ADP-ribosylatioa of Myelin Basic Protein W P )  

Cortical regions demonstrating differences in [32P]ADP-ribosylation of a, were 

reassessed for endogenous [32P]~DP-tibosylation of MBP (purified fiom bovine brain) to 

test the fùnctional integrity of the mono-ADP-ribosyltniasfenises. Endogenous r2P]~DP- 

ribosy lation of this substrate was detemined as described above with the addition of MBP 

(300 pg. within the linear range of detection) pnor to incubation of samples. [32P]~DP- 

ribosylated MBP samples were electrophoretically resolved on 12.5% acrylamide/0.06% 

bisacry lamide gels. A range of MBP concentrations (1 00-400 pg) was included on each gel 

to monitor assay 1ine;uity as s h o w  in Section III. 

11.5 Characterization o f  the [32PIADP-Ribosylated Products in Human Brain 

11.5.1 Molecular Mass Determination 

Mo lecular weights of ['2P]ADP-ribosylated products were estimated using prestained 

molecular m a s  marken (New England BioLabs). For overlay comparisons, endogenous and 

CTX-catdyzed [3'P]~DP-ribosylated products were resolved by SDS-PAGE on 10% 

polyacrylamide gel and electrophoretically transfened ovemight to P M F  membrane. 

Membranes with the [32P]ADP-ribosylated proteins were fm detected autoradiographically 

( 1 8-72 hr exposure) followed by detection of a, isoforms using anti-a, (RM.1) and ECL. 

Identification of [3?P]AûP-ribosylated a, was subsequentiy achieved by overlaying 

autoradio grams and immuno biots and aiigning the two films with the aid of molecuiar mass 

marken as depicted in Figure 6. 

11.52 Immunoprecipitation 

Immunoprecipitation of a, was petfomed as previously descr i i  with minor modi- 
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Overlay corn parisons of Autoradiograms and Immunoblots of [32PjADP-ribosylated a, 

- PVDF Membrane 

SDS-PACE 

[ 3 2 ~ 1  au toradiography Western Blotting 

Overlay 

Figure6: Direct overlay cornparisons were made between irnmunoblots and autoradiograms 
of the [J'P]~DP-ribosylated proteins to M e r  characterize these products. Briefly, 
endogenous and CTX-catalyzed [32P]~DP-ribosylated proteins were resolved by SDS- 
PAGE, elecuophoretically transfened overnight onto PVDF membrane and then exposed to 
Hyperfilm. Membranes were then incubated with RWl antisera followed by Protein A-HRP 
and ECL detection. Test exposure of membranes to Hyperfüm (5-10 min) prior to ECL àid 
not yield any ["Pl radiolabel signal and hence did not contribute to the density of the 
immunolabeled bands detected. 
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tications (Levis and Bourne, 1992). Briefly, [32P]ADP-ribosylated samples were pelleted 

(15,000 x g, 10 min) and solublized in 500 pl immunoprecipitation b d e r  (0.54% Triton 

X-100,50 m M  Tris HCI, pH 7.4,150 m M  NaCl, 2.5 m M  MgCl, 1 mM EDTA 1 mM Dm, 

8 pglrnl PMSF, 2 pg/ml each of leupeptin and aprotinin, 1 pg/ml of each antipain and 

pepstatin) on ice for 1 hr. Samples were then centrifuged (12. 000 x g. 5 min). and 

supematants transferred into new tubes and saved. Supematants were then incubated with 

RM/ 1 ( 1500). AS/7 ( 1 :500), GCE (1 :500), K-19 (1 : 100) or K-20 (1 : 100) ovemight at 4°C 

tollowed by Protein A-agarose precipitation of immune complexes for 1 hr. Control human 

temporal cortical sarnple was also precipitated in parallel with pre-immune serum. 

Immunoprecipitates were then pelleted by centrifugation (3,000 x g, 1 min) and washed 

twice with 50 m M  Tris-HCL. pH (7.4) adjusted to 0.3% SDS and once with 0.05-0.1% NP- 

40.1 O rnM Tris-HCl (pH 7.4). Immunoprecipitates were then suspended in Laernmli sample 

butyer (62.5 mM Tris-HCl (pH 6.8), 3% SDS, 10% glycerol, 5% mercaptoethanol, 0.01% 

bromophenol blue), boiled (3 min) and subjected to SDS-PAGE. Following electrophoresis, 

gels were dried and autoradiographed at -70°C. 

tI.5.3 One dimeosional peptide mapping 

Endogeno us and CTX-cataly zed [32P]ADP-ribosylated products were anal yzed b y 

one-dimensional peptide mapping as previously described (Cleveland et ai., 1977, Duman 

et al., 199 1). Briefly, bands correspondhg to individual CTX-catalyzed and endogenous 

[32P]~DP-ribosylated proteins were excised from wet 10% polyacrylamide gels that had k e n  

stored overnight at 4°C. Radiolabeled proteins were then subjected to SDS-PAGE once 

again on 15% polyacrylamide gels containhg 4% stacking gels tsvice the normal depth 
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(approximately 4 cm). Gel slices were placed into the appropriate stacking wells filled with 

125 mM Tris (pH 6.8) containing 1 mM EDTA, 2.5 mM DTT, 0.1% SDS (TEDS) using the 

elrtreme end of loading gel pipette tips and incubated for 10 min. Slices were first merlaid 

with 6 pl of TEDS containing 20% glycerol followed by 10 pl of TEDS containing 10% 

cl ycerol. 0.00 1 % bromphenol blue and Stuphyl~coccu aureus V-8 protease. A linear range - 
of protease concentrations (50 ng-5 pg per lane) were used. Gels were run at 125 V until the 

bromphenoi blue dye fronts had migrated approximately two-thirds of the distance into the 

stacking gels. Digestion was then carried out for 30 min. Following digestion, gels were 

rlectrophoresed until dye fronts reached the bottorn of the resolving gels. Gels were then 

dried and autoradiographed ovemight at -70°C. 

11.6 Platelet and B-lymphoblast Prepantion 

Isolation of platelets and establishment of B-lymphoblast ce11 lines were performed 

as previousiy described (Emamghoreishi et al.. 1997). Briefly, anticoagulated whole blood, 

collected in ACD vacutainer tubes by venipuncture fiom volunteer subjects, was centrifuged 

at 100 x g (20 min, 2 1°C) and the platelet-rich plasma removed, and platelets collected. 

P latelets were subsequently washed with RMPI- 1640 (400 x g, 10 min), and fiozen until the 

day of assay. The lower layer of sedimented red and white blood cells was mked with 

RPMI-I 640 ( 1 :3 vollvol). Eight ml of diluted cells was overlaid on 5 ml of 60% Percoll 

(Ficoll-Hypaque for 8-cells) and centrifuged at 400 x g (30 min, 21°C). The MNL interface 

layer was transferred, pooled, diluted with an equal volume of RPMI-1640, and recenaifuged 

(400 x g, 10 min). The pellet was washed with RPMI-1640 and resuspended in tbe same 

medium. Cells for B-lymphocyte h.aosformation and ce11 culture (at least 4 x 106 W s )  
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were resupended in I ml RPMI- 1640 containing L-glutamine (2 mM), py-vate (1 mM), 

10% fetd calf serum, 100 pg/ml streptomycin and 100 unitshl penicillin. 0.5 ml of filtered 

supernatant €rom an Epstein-Barr virus-expressing 895-8 monkey kidney ce11 line culture 

and cyclosporine A (1.3 pg/ml) were added, and the cells incubated at 37OC in a 95% air/5% 

CO, humidified incubator for two weks (Wdls and Crawford, 1987). Once ce11 lines were 

established. cells were transferred and grown in suspension in the same medium in T-25 

tissue culture flasks. The cells were 'passaged' every 2-3 days by adding an equivalent 

volume of fiesh medium. At 12-1 5 passages. cells were sedimented (400 x g, 10 min), 

viabilities determined and cells subsequently harvested. Ce11 viability was p a t e r  than 95% 

as determined using trypan blue exclusion (Hunt, 1987). Following harvesting, cells were 

frozen at -70°C until the day of assay. Endogenous and CTX-catalyzed [32P]~DP- 

ribosy lation was performed as described above for postmortem brain tissue. 

11.7 Protein Determination 

Protein was determined using the BioRad Protein Assay Kit which is based on the 

method of Bradford ( 1 976). Briefly, the dye reagent was diluted in deionized water ( l:4) and 

tiltered through a Whatman ZV filter. Serial dilutions of bovine serum aibumin (BSA) were 

prepared and 10 pl of protein standard (0-400 pg/rnl) and sample solutions were added to 

700 pl ofdiluted dye in ELISA plates. Afier incubating for 30 min at room temperature with 

gentle stirring, the absocbances of sarnples were read at 595 nm ushg a microplate reader 

(Molecular Devices). 

D.8 Video Densitometry 

Autoradiograms and immunoblots of 4 isofoms were analyzed using a MCID 
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Imaging Andysis System (St. Catherims, Ontario). Band densities were estimated based on 

relative optical densities (RODs), expressed as the log,, (l/[levels of imagd256 gray scale 

levels]). Background levels were subtracted fiom ai1 samples. 

U.9 Statistical Analysis 

AI1 data are expressed as the means 5 SD. Statistical comparisons were evaluated 

using parametnc statistics after confîrming homogeneity of variance. Differences in the 

dependent variables in postmortem brain studies (r.g.basa1 [32P]ADP-nbosylated products, 

CTX-catalyzed [32P]~DP-ribosylated products. a, imunoreactivity levels) were assessed 

using two-way ANOVA with diagnosis and brain region as factors. Post hoc comparisons 

of ce11 means were assessed using the Tukey's test. Differences in [3ZP]ADP-ribosylation of 

MBP in control vs. BD subjects were assessed using independent samples $-test. 

Correlations between biochemicai and clinical dependent variables, such as age. severity 

ratings etc. were perfonned with the Pearson's Product Moment test with Bonferroni 

correction for experirnent-wise error. Correlations between protein concentration, [32P]~DP- 

ribosyluansferase activity, and [32P]incorporation with respect to time were performed using 

linear regression analyses. Where curvature towards asymptotes was observed data were 

fined to second-order polynomials by non-linear regression analyses. Statistical analyses 

were performed using Systat and SPSS statistical (nlease 7.0) software packages. 

Differences were considered statisticdly significant with P < 0.05 (two-tailed). 



CHAPTER III 

RESULTS 



III. 1 Results 

III. 1.1 Endogenous and CTX-catalyzed [32PIADP-ribosylation in Postmortem Human 

Brain 

As shown in Figure 7A, three major reaction products were obtained in autopsied 

human temporal cortex under the endogenous [32P]ADP-ribosylation conditions described, 

with estimated molecular masses of 48,45 and 39 Da, respectively. Two major protein 

bands with estimated molecular masses of 52 and 45 kDa, respectively, were radiolabeled 

in the presence of C m  in homogenates of postmortem temporal cortex (Figure 7B). Figure 

7 also shows a nurnber of higher (50.6 to 10 1 kDa) and lower (c 29 D a )  molecular mass 

['2P]~DP-nbosylated products under both endogenous and CTX-catalyzed assay conditions. 

but the levels for these products were very low. As the molecuiar sizes of the major 

[3'P]ADP-ribosylated proteins identified were similiar to those for G protein a subunits, 

including a,, these more prominent radiolabeled bands were characterized M e r .  

Since mono-ADP-ribosy Ifiransferases can be affecteci by various compounds such as 

WH, APAD and DTT (Okazaki and Moss, 1996), the degree of endogenous and CTX- 

catûl y zed [3'P]AD P-ribosy lation O f the major substrate proteins was assessed under different 

assay conditions using these compounds. Fint, Mi, APAD and ADP-ribose are known to 

inhibi t NAD-glycohydrolase and mono-ADP-ribosyltransfenw activity (GU and Woolkalis, 

1 99 1. Matsuyama and Tsuyama, 199 1). inclusion of these compounds in the assay inhibited 

endogenous mono-[RP]ADP-ribosylation and enhanced CTX-catalyzed [32P]ADP- 

ribosylation (Figure 8). Thus 20 mM MH, 1 m M  3-APAD and 20 m M  ADP-ribose were 

included in the assay b d e r  for CTX-catalyzed r?P]ADP-nbosylation but were omitted for 

endogenous r2P]~DP-ribosylation. 



Assessrnent of Endogenous and CTX-catalyzed [32P1ADP-Rbosylation in 
Postmortem Human Temporal Cortex 

Figure 7: Assessrnent of endogenous and CTX-catalyzed ~2P]ADP-~bosylation in 
postmortem human temporal cortex. A: Representative autoradiogram of  duplicate 
endogenous [3'P]ADP-ribosy1ated substrate proteins. Samples were ADP-ribosylated with 
[32P]NAD as described in Methods (Section iI.4.1), subjected to SDS-PAGE, and gels ciried 
and autoradiographed ovemight at -70°C. B: Representative autoradiogram of duplicate 
CïXcatalyzed [3'P]ADP-ribosylated substrate pmteins. Samples were ADP-nisylated 
with ["PINAD as described in Methods (Section U.4.2) and processed as described above 
for endogenous r2P]ADP-ribosylation. 



Effects of INH, APAD and ADP-ribose on Endogenous and CTX-catalyzed 
[32PIADP-ribosylation in Postmortem Human Brrin 

Figure 8: Assesment of the degree of endogenous and CTX-cataiyzed [32P]ADP- 
nbosylation of the major substrate proteins under different assay conditions. A: 
Represen tative autoradiogram of endogenous [3'P]~DP-ribosylated proteins determined in 
duplicate samples of temporal cortex in the absence (-) and presence (+) of 20 mM IMI, 1 
m M  3-APAD and 20 mM ADP-ribose. Thymidine was included in aU ADP-ribosylation 
assays to inhibit poly-ADP-ribosyltansferase activïty. Samples were [nP]ADP-nbsyIated 
as described in Methods. B: Representative autoradiogram of CTX-cataiyzed [nP]ADP- 
ribosylation in the absence (-) and presence (+) of iNH, APAD and ADPiibose. Samples 
were processed as desclibed above for endogenous [np]ADP-ribosylation. 
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As DTT has been shown to affect variably the activity of mono-ADP- 

ribosyltransferases. inhibiting some but stimulating othea (Okazaki and Moss, 1996), the 

etfect of varying DTT concentrations on the degree of [nP]ADP-nbosylation was also 

examined . Previous studies measuring endogenous and CTX-catalyzed [3'P]~DP-iibosyl- 

vansferase of proteins (including a,) in various tissues have employed 25 m M  and 10 rnM 

DTT, respectively, in their assay buffen (Tamir and Gill, 1988, Williams et al., 1992, Nestler 

et al.. 1995). In this study. 25 m M  concentrations generated a strong signal intensity for 

endogenous ['2P]ADP-ribosylation of the 3 9 kDa product (Figure 9A). However, maximum 

[j2P]radiolabeling of the 48 kDa and 45 kDa substrates in postmortem brain was not seen at 

25 m M  DTT. but rather at 10 mM and 1 rnM DTT, respectively (Figure 9A). nus,  for 

cornparison purposes. endogenous ADP-ribosylation was perfomed under two assay 

conditions: for the 48 and 45 kDa proteins using 10 m M  DTT. and 25 m M  DTT for 

measuring endogenous ['?P]ADP-ribosylation of the 39 kDa product. DTT did not appear 

to have any differential effect on the degree of CTX-catalyzed [32P]ADP-ribosylation for 

cach of the two major products as no linear incremental response was observed between 1-25 

mM (Figure 9B). Again, since the majority of studies measuring CTX-catalyzed [32P]~DP- 

ribosylation have employed 10 mM DTT, it was subsequently used for CTX-catalyzed 

[xP]~DP-ribosylation experirnents. 

Varying the concentration ofNAD (ranging between 2-25 pM ) did not significantiy 

affect the signai intensity obtained for the various endogenous and CTX-catalyzed [52P]ADPo 

ribosylated products in postmortem human temporal cortex (data not shown). For 

quantitative purposes, assay conditions were also established within a iinear range of protein 



Effects o f  Dithiotbreitol (Dm) on [32P)~DP-ribosylated Proteins Oetected in 
Postmortem Human Brain 

Figure 9: Effect of dithiothreitol (DTT') on [3P]ADP-ribosylated proteins detected and 
quantified in postmortem human bralli. A: Representative autoradiogram of the major 
endogenous [3qADP-ribosylated proteins. Samples were ADP-nbosylated with [32P]NAD 
and varying concentrations of DTT, electrophoresed on 10% polyacrylarnide gels and 
autoradiographed ovemight at -70°C. [np]ADP-ribosylated proteins were densitized as 
described in Methods (Section 11.8). Each lane contains 250 pg protein. B: Representative 
autodogram of the major CTX-catalyzed r2P]ADP-ribosylated proteins. Samples were 
processed and densitized as described above for endogenous [lZP]ADP-ribosylation. Each 
Iane contains 40 pg protein. Data are expressed as average and range for duplicate samples 
and are representative of 2 independent assays. 



Linear Range of Protein Concentrations for Both Endogenous and CTX-catalyzed 
[32P1~DP-ribosylation in Postmortem Human Brain 

Figure 10: Linear range of detection verms protein concentrations for both endogenous- and 
CTX-~atalyzed-[~'P]~DP-tibOsylation in postmortem human bmh. A: Representative 
autoradiogram of a Iinear range of protein concentrations (100-400 pg) for the major 
rndogeno us [32P]~DP-ribsoyiated proteins. Samples were ADP-ribosy Iated with [32P]NAD 
as described in Methods (Section 11.4.1). electrophoresed on IO% polyacrylamide gels and 
autoradiographed ovemight at -70°C. [3'P]ADP-ribosylated proteins were densitized as 
described in Methods (Section 11.8). B: Representative autoradiogram of a linear range of 
detection versus protein concentrations (16-42 pg) for the major CTX-catsityzed pP]ADP- 
ribosylated proteins. Samples were pmcessed aud demitized as descnid above for 
endogenous [3ZP]ADP-ribosylation. Data are expressed as average and range for duplicate 
samples and are representative of 23 independent assays. 



Time Course of Endogenous and CTX-eatalyzed [32PIADP-ribosylatioii 
of the 4 isoforms and MBP 

Tùm (min] 
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Figure 11: Time course for endogenous (A, C) and CTX-catalyzed r2P]~DP-ribosylation 
(B) of the a, isofoms (A, B) and MBP (C). Postmortem human temporal cortex samples 
were [32P]~DP-ribosylated for 30, 60, 90, 120 aud 150 min. Data were quatltifïed as 
described in Methods (111.8). Data are expnssed as means and range for duplicate samples 
and are representative of two independent assays for each of endogenous, Cm-catalyzed 
["PIADP-ribosylation and MBP condition. 
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concentrations for both endogenous (1 00-400 pg) and CTX-catalyzed (1 0-40 pg) [3'P]~~~- 

ribosylation (Figure IOA, B, respectively). 

The relationship between t h e  and appearance of endogenous and CTX-catalyzed 

[32P]ADP-ribosylated products of a*,, a*, and the 39 kDa a&e protein in postmortem 

human temporal cortex samples are depicted in Figure 11A and 1 IB. respectively. nie 

radiolabeling of myelin basic pro tein (MB P) is aiso show in Figure 1 1 C. Endogenous 

incorporation of a,, was linear between O and 120 min, and up until 150 min for both a, 

and for the 39 kDa a,-Iike protein. Radiolabeling of MBP was also linear with respect to 

time to at least 120 min. Furthemore, Cm-catalyzed ["PIADP-ribosylation of a,, and a+, 

was linear for 90 min with saturation beg i~ ing  to become evident at 150 min. 

111.2 Characterization of ["PIADP-ribosylated Products in Poshnortem Human Brain 

2 Immuaoprecipitation 

The two major bands (52 and 45 kDa) obtained following CTX-catalyzed [32P]~DP- 

ribosylation of postmortem human temporal cortex proteins Figure 12A(-)] corresponded 

to thosc expecied for the long and short foms of a, respectively, based on electrophoretic 

migration and estimated molecular m a s .  Characterization of the major CTX-catalyzed 

[32P]ADP-ribosylated products was tirst undertaken by immunoprecipitation of radio- 

labeled samples with W l  (antisera specinc to 4) immediately following [32P]~DP- 

ribosylation. Irnrnunoprecipitated isofoms of a, cornigrated with the [nP]ADP-ribosylated 

a, isofoms (Figure 12A i, compare with [+] and without [O] immunoprecipitation). 

Furthemore, similar migratory patterns were observed for the putatively identified CTX- 

catalyzed r2P]ADP-ribosylated a, isofoms and those proteins that have been ADP-ribosy- 



Immunoprecipitation of Endogenous and CTX-catalyzed [32PjADP-ribosylated a, 
with RM11 

- 

t3*p] Uniabeled 

F i p n  12: Characterization of [3ZP]ADP-ribosylated proteins detected in postmortem human 
brain. A:@) Representative autoradiogram o f  CTX-catalyzed [np]ADP-ribosylated substrate 
proteins and immunoprecipitated radiolabeled a, isoforms. Sampies were ADP-ribsoylated 
with [32P]NAD in the presence of CTX as described in Methods (Section 11.4.2). 
Irnrnunoprecipitation of CTX-cataiyzed [32P]ADP-ribosylated proteins with RM/l was 
performed irnmediately following [3ZP]ADP-ribosylation. (+) and (9) indicate with and 
wi tho ut irnrnuno prec ipi tation, respec tively . A:(ii) Representative autoradiogram and 
immuno blot of CTX-catalyzed [32P]ADP-ribosylated mbstrate proteins. Sarnples were ADP- 
t-ibosylated with [32P]NAD ( 0 )  and uniabeled NAD (+) as described in Methods (Section 
11.42). Samples ADP-ribosylated with unlabeled NAD (+) were subsequentiy detected wiih 
W1. Radiolabeled proteins (9) were subjected to autoradiograph. B: Representative 
autoradiograms ofendogenous [1'P]ADP-ribosylated subsûate proteins with (+) and without 
(0 )  immunoprecipitation. 
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Iated in the presence of unlabeled NAD followed by immunodetection rather than 

immunoprecipitûtion with Ml (Figure 12Aii, compare with [+] and without [O] 

immunodetection). Taken together, these findings support the identity of the two major 

CTX-catalyzed r2P]ADP-ribosylated products (52 & 45 kDa) as asL and a,,, respectively. 

As shown in Figure 12B (-). two of the three major endogenously [32P]~DP- 

ribosylated proteins (i.e. 48 and 39 kDa) in postmortem human temporal cortex were clearly 

immunoprecipitated with W1 antisenim, dong with slight immunoprecipitation of the 45 

kDa protein, suggesting their identity as as4ike products (Figure 12B, compare [-] and [+]). 

Interestingly. these proteins migrated faster than the major CTX-catalyzed [32P]ADP- 

ribosylated products (a,, and a,,). Incubation of solubilized temporal cortex membranes 

fol10 wing endogenous ["Pl ADP-nbosy lation with anti-aaIf (K- 19) did not result in any 

detectable irnmunoprecipitation of an a.,,-like product migrating at the expected m a s  of 

=46kDa (data not known). Immunoprecipitation with anti-a,,, (AS/7) and anti-a,, (GC/2) 

did not generate any signais different from that obtained with preimmune serum (Figure 

1 3A). Both AS17 and GCQ show no cross-reactivity to the a, isoforms and likewise RM/I 

to a, and a, (Figure 1 3 B). 

111.2.2 Overlay Cornparisons of Western Blots and Autoradiograms 

Direct overlay corn parisons were made between immun0 blots and autoradiogram 

of the [32P]~DP-ribosylated proteins to further charafterize these pducts. Briefly, 

endogenous and CTXcataiyzed [32P]ADP-ribosylated proteins were resolved by SDS- 

PAGE, electrophoretically aansferred overnight onto PVDF membranes anci then exposed 



Immunoprecipitation o f  Endogenous [32P]ADP-ribosylated Proteins with 
anti-a, (RW1 and K-20), anti-a,, (AS13 and anti-a, (GC/2) 

Figure 13: (A) Representative autoradiogram of endogenous r2P]ADP-ribosy lated proteins 
(ENDO) Unmunoprecipitated with various antibodies including anti-a, (RM/1 and K-20), 
antLa,l,2 (AS/?). anti-a. (GCn) and preimmme semm (Pr). Samples were ADP-nisylated 
with [3'P]N~D and immunoprecipitated as described in Methods (Section 11.5.2). (B) 
Imrnunolabeling of a ,  ai and a, with Wl , ASn and GCIZ, respectively. Both AS17 and 
G U 2  show no cross-reactivity to the a, isoforms and likewise RM/l to ai and a,, (Figure 
13s). 



Overlay Cornparisons Betweea Western Blob and Autoradiograms of the 
[32Pj~DP-ribosylated Proteins 

ECL 

Figure 14: Direct overlay cornparisons between Western Blois and autoradiograms of the 
[32P]~DP-ribosyiation substrate proteins. A: Representative autoradiogram of endogenous 
[32P]~DP-ribosylated substrates and immunodetected a, proteins. Samples were 
endogenously [3'P]ADP-ribosyIated, subjected to SDS-PAGE and resolved proteins 
electro p horeticail y transfened overnight onto PVDF membrane. Membranes were first 
autoradiographed overnight at -70°C (InPl), then immunolabeled with RM/ 1 antisem and 
Protein A-HRP, and detected using the enhanced chemi1uminescence (ECL) as described 
in Methods (Section 11.5.1 ). B: Representative autoradiogram of CTX-cataiyzed ["PIADP- 
ribsoylated substrates and immunodetected q proteins. Samples were r2P]ADP-ribosylated 
in the presence of CTX and processed as described above for endogenous [nPIADP- 
nbosy lation. 
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to Hyperfilm. Membranes were then incubated with RM/l antisera followed by Protein A- 

HRP and then detected with ECL. Exposure of membranes to Hyperfilm (5-10 &) prior 

to ECL gave no r'P1 radiolabeled signal and hence did not contribute to the detected signai 

of the immunolabeled bands. Figure 14A (compare [32P] and ECL) shows that the 

endogenous [32P1ADP-nbosylated band migrating with an estimated mass of 48 kDa 

corresponds to the immunoreactively detected a,,, while that migrating at 45 kDa 

corresponds to immunolabeled a,,. A third, less abundant 39 kDa allike protein was also 

detected. which comigrated with the identified 39 kDa [32P]~DP-ribosylated protein. 

Overlay cornparisons of Cm-catalyzed [3'P]ADP-ribosylated products c o n f i e d  that these 

radiolabeled bands corresponded exactly with those immunolabeled with RM/l, i.e. a,, and 

a,, (Figure 148. compare ["Pl and ECL). 

At 10 mM DTT. the ratio of the signal intensities for the a,,:39 kDa endogenous 

[5'P]~DP-ribosylated proteins was approximately 1 : 1, whereas the ratio of the 

immunoreactive signals was approximately 4: 1 (Figure 14A, compare [32P] and ECL). In 

addition. the signal O btained fiom endogenous [3'P]ADP-ribosylation of a,, was less intense 

( 2 1  compared to 39 kDa protein) than that for its immunolabeled counterparts (1:2). 

Similady, Cm-catalyzed [32P]~DP-nbosylation of a+,:% was approximately 1 : 1 which 

di ffered, once again. fiom the immunolabeling of the two isofoms. These observations 

suggest preferential labeling of the a, isofoms for mono-ADP-ibosyltnuisferases and may 

reflect differential endogenous ADP-nbosylation of these proteins in postmottem human 

temporal cortex. 
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111.2.3.1 Endogenous ["PIADP-ribosylation with Protease Inbibitors 

It was unlikely that the 39 kDa endogenous [32P]ADP-ribosylated band represented 

a degradative product of either a*, or a,, since previous data has shown that a subunit 

protein levels are stable (ie. either not altered or reduced [determined fiom two independent 

m s ] )  whrn homogenized in the presence of protease inhibiton. However, to conclusively 

rule out such a possibility. endogenous ["PIADP-ribosylation of sample homogenates was 

pehrmed in the absence and presence of various protease inhibitors. As shown in Figure 

15A (compare [-] & [+]), the 39 kDa endogenously [EP]ADP-ribosylated protein was still 

present under the modified assay conditions. 

Iïï.2.3.2 Immunolabeling with Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) 

To exclude the possibility that the 39 kDa r2P]ADP-ribosylated product rnay have 

represented glyceraldehyde 3-phosphate dehydrogenase (GAPDH, -39 kDa), an endo- 

genously ADP-ribosylated protein recently described in rat hippocampus (Suzuki et al.. 

1997). ADP-ribosylated samples were immunolabeled with Mab-GAPDH + Ml and 

RM/I. As seen in Figure I 5B (compare lanes 1, 2 and 3), RMIl detected al1 three a, 

isoforms, whiie Mab-GAPDH detected a single major immunoreactive band migrating at 

approximately 36 D a .  GAPDH did not cornigrate with the 39 kDa endogenously [32P]ADP- 

ribosylated band. Moreover, the relative ratios of the a, isofoms were similar in the 

presence and absence of anti-GAPDH. Although it caMot be entirely ruied out that the 39 

kDa aJike protein band contains a very minute signal fiom GAPDH, it may be unlikely that 

this is the case (see Section UI.2.4). 



Endogenous [32PIADP-ribosylation with Proteme Inhibiton 
and Immunolabeiing with GAPDH 

GAPDH 
(36kDa) 

Figure 15: Endogenous [32P]~DP-ri%osyIation of subnrate proteins in postmortem human 
cortex and immunolabeling with GAPDH. A: Represenrative autoradiogram of endogenous 
[J'P]~DP-ribosyiation in the presence (+) and absence (-) of protease inhibitors which 
included: Ieupeptin SBTII, pepstatin A, antipain, calpain inhibitor iI (10 pg/ml each), 
apmtinin, calpain inhibitor 1 (20 pgld each) and PMSF (25 pglml). Each lane contains 250 
pg protein. B: Representative Western blot demonstrating immunolabeiing of 5 ng GAPDH 
with anti-GAPDH and unlabeled ADP-nisylated substrate products in human temporal 
cortex with anti-GAPDH + RM/I (lanes 1,2), and RM/1 (lane 3). 



One Dimensional Peptide Maps of the Major [32P]ADP-ribosylated Products 
in Postmortem Human Brain 

A B C  A B C  

A B C  

Figure 16: Autoradiograms illustrating one-dimensional peptide maps of the major 
["PIADP-ribosylated products in postmortem human brain. Al1 samples were processed 
simultaneously with mass markers included on each gel for alignment. Samples were 
[3?P]ADP-ribosylated as descnbed in Materials and Methods in the presence and absence of 
CTX. Gel bands conesponding to the 45 kDa CTX-catalyzed ~ ] A D P n h s y l a t e d  proteins 
(A), and the 39 kDa- (B) and the 45 kDa- (C) endogenous [f?P]ADP-ribosylated proteins 
were excised and subjected to proteolytic digestion using varying concentrations of 
S~aphyIoccocccus mrew V8 protease (0-0.25 pg). The redting gels were subsequently dried 
and autoradiographed at -70°C ovemight. Anows indicate the undigested (> 47.5 kDa) and 
major m e n t s  observed at appmximately 32.5.25, 16.5,6.5 and Iess than 6.5 kDa 



84 

111.2.4 One Dimensional Peptide Mapping 

To fiilther characterize the 3 9 kDa aJike [32P]ADP-ribosylated protein, the 

["PIADP-ribosylated products detected in postmortem temporal cortex were subjected to 

one-dimensional peptide mapping. Preliminary expenments carried out on unlabeled ADP- 

ribosylated a, proteins revealed that following 30 min digestion, a maximal anay of peptide 

fragments could be generated ranging fiom 47.5 to 6.5 kDa Compaxisons of peptide maps 

(autoradiognms were overlaid with the aid of molecular mass markers) using varying 

concentrations (0.0 1 -0.15pg) ofStuphyfococcus aurem V-8 protease, which cleaves peptide 

bonds at the COOH-terminal of either aspartic or glutamic acid residues (Drapeau et ai., 

1972), generated a number of similar peptide fragments for both the 45 kDa a, and 39 kDa 

a,-like endogenous [3?P]~DP-ribosylated proteins dong with the CTX-catalyzed [32P]ADP- 

ribosy lated a,, (Figure 1 6, compare lanes A, B & C). Major hgments were observed 

at approximately 32.5. 25. 16.5 and 6.5 kDa. AI1 three [32P]~DP-ribosylated products 

generatcd the same tiagrnents < 6.5 D a .  Analysis of the a, amino acid sequence predicts 

major fragments that would be generated by multiple site cleavage. However, direct 

cornparisons of these estimated fragment masses to those generated by V8 proteolytic 

digestion was not possible since molecular mass estimations on 15% polyacryiamide gels 

cannot be accurately estimated. 

111.3 Endogenous and CTX-erhlyzed [aP]ADP-riboglation in Human Platelets and 

Tnnsformed 8-lymphoblasb 

For compaxison purposes, endogenous and CTX-catalyzed PPIADP-ribosylation in 

both platelets and Epstein-Ban virus transformeci B-lymphoblasts h m  human subjects were 



Endogenous and CTX-catalyzed [32PjADP-rlbosylation of  a, Isoforms in 
Postmortem Human Temporal Cortex, Plateleta and Transformed 

B-ly mphoblasts fmm Human Subjects 

Endogenous CTX 

DTT 

Figure 17: Representative autoradiogram of endogenous and CTX-catalyzed [3'P]ADP- 
ribosylation of a, isoforms in postmortern human temporal cortex (TC), platelets (P) and 
transformed B-ly mphoblasts (BL) fiom human subjects. Samples were ADP-riâosylated 
with [j2PJNAD. resolved by SDS-PAGE, gels dned and autoradiographed overnight -70°C 
as drscribed in Methods (Sections II.4.l and 11.4.2). Assay b a e a  contained 10 rnM DTT 
except where indicated in which case 25 m M  DTT was used. 
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also examined to assess whether a, is a substrate for ADP-ribosyltransferase in these tissues 

as well (Figure 17). I t  has been previously shown by immunolabeling assays that a, is 

more abundant than a,, in both tissues (Stein et al., 1996, Emarnghoreishi et al., 1998). In 

B-lymphoblasts, endogenous [32P]ADP-ribosylation (under the 10 rnM DTT assay 

conditions) could only be detected for a,, and not for ass (Figure 17, BL), while no signal 

was evident for either isoform under the 25 mM DTT assay conditions. In contrast, 

CTX-catalyzed [3'P]ADP-ribosylation (under 10 m M  DTT assay conditons only) was evident 

only tbr a,, in this tissue. Endogenous [32P]ADP-ribosylation of a,, was also more 

pronounced than a,, in human platelets under both 10 and 25 m M  DTT assay conditions 

(Figure 1 7. P). whereas both isoforms underwent similar degrees of CTX-catalyzed 

["P IADP-ribosy lat ion ( 10 mM DTT only). There was no endogenously [32P]ADP- 

ribosylated 39 kDa protein in either platelets or B-lymphoblasts under either 10 or 25 mM 

DTT assay conditions. Different mobility patterns were observed among the various 

tissues for both CTX-catalyzed [32P]ADP-ribosylated a, isoforms (Figure 17. TC, BL, and 

P). which may reflect cell-specific differences in brain and peripheral cells. 

I II.1 Assessment of Endogenous, and CT X-catalyzed [32PI ADP-ribosylation, and 

Immunolabeling in Postmortem Human Brain 

11 1.4.1 Subject Characteristics 

Demographic characteristics of the subjects fiom whom postmortem brain was 

obtained are shown in Table 4. Briefly, there were no significant differences (P > 0. I )  in age 

(56 8 vs. 60 7 yrs) and time of death from autopsy (21 k 3 vs. 16 * 2 hr) between 

subjects diagnosed with BD compared with control subjects with no history of psychiatric 



Table 4: Subject Chamcterhtics 

Subject PMI AgdSex Psychotrop ic Cause of death Temporal Cortex 
(w (YB) D W s  lithium (mM) 

Lithium, haloperido l 
None 

Lithium, benaropine, 
perphenazine 
None 

Thioridazine 
None 

Haloperidol, lorazepam, 
maprotiline 
? 

Lithium 
None 

Lithium, amitriptyline, 
codeine, chlordiazep- 
ox ide 
None 

Doxepin, amitriptyline 

Lithium, prochlorpera- 
zine, isocarboxazid, 
alprazolam 
None 

Hepatic failure 
Carcinoma 

Carcinoma with erosion 0.066 
into the aorta 
Myocardial infarction 

Pneumonia 
Rectal carcinoma 

Pneumonia 

Myocardial infarct ion 

Pneumon ia 
Pneumonia 

Suicide, overdose of 
lithium, codeine 

Myocardial infarction 

Suicide, overdose of 
doxepin, amitripty line 
Ruptered inferior vena cava 

Suicide, hanging 

Rectai carcinoma 

Cerebrovascular accident 0.080 
Arrhythmia 

BD: bipolar disorder subject 'coexistent aicohol abuse 
C: concrol subject bdifferential diagnosis of schizaaffective disorder 
PMI: postmortem delay interval, ND: not detected 'bipolar type II 
?: unknown 

(Adapted from Rahman et al., 1997) 
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or neurological disorder. Five of the nine BD subjects had documented history of lithium 

use within 6 months pnor to death while the rernaining four did not, although previous 

lithium therapy could not be ruled out based on available medical records. Lithium levels 

rneasured in BD temporal cortex varied fiom 0.066 to 0.396 mM. Three of the patients with 

BD died by suicide (two by drug overdoes, one by hanging). Ody one of the patients under 

45 years of age at the time of death died fiom causes other than suicide. Furthemore, none 

o f  the control subjects died of suicide, neurological reasons, nor did any have a history of 

psychiatric disorder. The temporal, occipital and cerebellar (control region) cortices were 

used to assess the degree of both endogenous and CTXîatalyzed [32P]ADP-ribosylation of 

cl, isoforms. 

111.4.2 Assessrnent o f  Endogenous and CTX-eatalyzcd ["PIADP-ribosylation, and 

lmmunolabeiing o f  q, and 4, in Postmortem Human Brain under 10 m M  

DTT Assay Conditions 

As previously reported (Andreopoulos et al., 1999, see also section III. 1.1 ), DïT was 

shown to variably affect the radiolabelhg of the endogenous [3?P]ADP-ribosylated a, 

isoforms. Encreases in DTT concentration fiom 1 to 25 m M  resulted in a linear hcrease in 

signal intensity for the 39 kDa product (Figure 9A). Maximum [32P]radiolabeling of a, and 

a,, substrates was seen at 10 rnM DTT and 1 m M  DTT, respectively (Figure 9A). As stated 

previo us1 y, for corn parison purposes endogenous [32P]~DP-ribosylation was perfonned 

under two separate assay conditions, employing either 10 or 25 mM DIT. As DIT did not 

have any differential effect on the degree of CTX-catalyzed PPIADP- cibosylation for each 



Representative Autoradiograms and Western Bloh of Endogeaous, and CTX- 
catalyzed (32P]ADP-ribosylatioa, and Immunonactivity of a, Isoforms in Temporal 

Cortex from BD and Control Subjects 

III 

Figure 18: Representative autoradiograms and Western blots showing endogenous (I) and 
CTX-~ataiyzed-[~P]ADP-ribosy1ation (II), and immunolabeling of a, isofoms in 
postmortem temporal cortex from bipolar disorder (BD) and control (C) subjects. Samples 
were pmcessed in duplicate for [32P]ADP-ribosylation and SDS-PAGE as dedbed  in 
Methods (Sections iI.4.1 and 11.4.2). Endogenous p?]ADPïibosylation (I) was perfomed 
with 10 m M  DTT (Ia) (optimal ADP-ribosylation of%J and 25 mM DTT (Ib) (opthai 
ADP-ribosylation of the 39 kDa as-Iïke protein). 



Representative Autorndiogmms and Western Blots of Endogenous, and CTX- 
catalyzed [32P]ADP-~ibo~y1ati~n, and Immu~oreactivity of 4 I~oforms in Occipital 

Cortex from BD and Control Subjects 

III 

Figure 19: Representative autoradiogram and Western blots showing endogenous (0 and 
Cm-catalyzed-[32P]ADPPribosylation (II), and immunolabeling (III) of a, isoforms in 
postmortem occipital cortex fiom bipolar disorder (BD) and control (C) subjects. Samples 
were processed in duplicate for [32P]~DP-ribosylation and SDS-PAGE as described in 
Methods (Sections 11.4.1 and 11.4.2). Endogenous [~]ADP-ribosylation was perfonned 
with 10 mM (la) (optimal ADP-nbosylation of a+J and 25 mM DTï (Ib) (optimal ADP- 
ribosylation of the 39 kDa a&e protein). 



Representative Autoradiogrrms and Western Blots of Endogenous, and CTX- 
catalyzed [32PI~DP-ribosylation, and Immunoreactivity of a, Isoforms in 

Cerebellum from BD and Control Subjects 

III 

Figure 20: Representative autoradiograms and Western blots showhg endogenous O and 
CTX-catalyzed-[3?P]~DP-ribosylation (II), and irnmunolabeiing (III) of a, isofoms in 
postmoctern cerebeiium fiom bipolar disorder (BD) and control (C) abjects. SampIes were 
processed in duplicate for [3?]~DP-ribosylation and SDS-PAGE as describeci in Methods 
(Sections 11.4.1 md U.4.2). Endogenous p]ADP-ribosylation (1) was perfiormed with 10 
mM (Ia) (optimal ADP-ribosylation of a,3 and 25 mM DTT (Ib) (optimal ADP- 
ribosylation of the 39 kDa 4-Iike protein). 
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of the two a, isoforms, a 10 mM concentration was used for subsequent assay. Figures 18, 

19 and 20 show representative autoradiograrns and Western blets of endogenous, and CTX- 

~ataiyzed-[~~P]AD P-nbosy lation (1 and II), and immunoreactivity (III) of both a, iso forms 

and the 39 kDa a,like immunoreactive protein in temporal, occipital and cerebellar cortex 

from BD patients and control subjects. 

Figure 2 1 surnmarizes the results of endogenous and CTX-cataly~ed-[~'P]~DP- 

ribosylation under the 10 mM DTT assay conditions, and immunolabeling of a,, in 

postmortem temporal (n=8), occipital (n=9) and cerebellar cortex (n=6) of BD, and age and 

postmortem delay matched controls. Two-way ANOVA did not reveal significant main 

effects of diagnostic group (F=0.53 d e l ,  45, F0.47) or brain region (F=2.19, dfi2.45, 

P=0.13) in the degree of endogenous [32P]ADP-ribosylation of a,L (Figure 21A). A 

significant main effect of brain region was observed for the degree ofCTX-cataiyzed ADP- 

ribosylation of a,., which was higher in temporal and occipital cortex compared to 

crrebellum (F=6.3 I. dF-2,45, P=0.004). There was no significant effect of group, however 

(F=0.64. df= 1.43. P=O. 43) (Figure 2 1 8). Signifiant main effects of diagnostic group 

(F4.40. df=l, 45. F0.04) and brain region (F=35.23, dfX, 45, P<0.001) were also found 

for a,, immunolabeling (Figure 21C). Post hoc anaiysis showed significantly higher a,, 

irnmuwreactivity in BD temporal (t=3 Al, de7, lW.O 1) and occipital cortex ( ~ 2 . 8 5 ,  dS8, 

P=0.02) compared with control subjects. 

With respect to a, (Figure 22A), a significant main e&t of region for the degree 

of endogenous [3'P]ADP-ribosylation was observed, which was signi ficandy lower in 

temporal and occipital cortex (F=3.56 df=2,45, b0.04) compared to cerebellum but no 



Regional Dis tribution of Endogenous, and CTX-catalyzed [32P1ADP-ribosylation, 
and Immunolabeling of a, in Postmortem Temporal, Occipital and Cerebellar 

Cortices from BD and Control Subjects 

Figure 21: Regional distribution of endogenous (A), and CTX-catalyzed-r2P]ADP- 
ri bos y lation (B), and immunolabeling (C) of cr, in postmortem human temporal (TC, n=8), 
and occipital (OC, n-9) cortex and cerebellum (CB, n=6) in BD patients compared with 
contro 1s. Endo genous, and CTX-catal yzed [32P]ADP-nisylation, and immunolabeling of 
aSL were performed as described in Methods (Section II). Levels of radio- and immuno- 
labeled a,, were quantified as described in Methods (Section II). Data represent meam * 
SD. t P=0.004 compared with the cerebeUum.* P c 0.05 compared with controls. 



Regional Distribution of Endogenous, and ~X-eataiyzed-$P1~DP-ribosyla~on, 
and Immuoolabeling of q, in Postmortem Temporal, Occipital and Cerebellar 

Cortices from BD and Control Subjects 

Brain Region 

Brain Region 

Figure 22: Regional distribution of endogenous (A), and CTX-~atalyzed-[~?]ADP- 
ribosyiation (B), and immunoiabeling (C) of a& in postmortem human temporal (TC, n=8), 
and occipital (OC, ne) cortex and cerebellum (CB, n=6) in BD patients compared with 
controls. hdogenous and CTX-catalyzed-r2P]ADP-ribosylation, and immunolabeling of 
a,, were perfonned as described in Methods (Section n). Levels of d o -  and immuno- 
labeled s, were quantified as described in Methods (Section LI). Data represent means * 
SD. t W .O4 compared with the cerebellum. * P= 0.053 compared with controls. 
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di fference between diagnostic groups (F=O.OO, df=-1,45, PE0.99) existed. However, test of 

main effects revealed a trend towards reduction (F=3.5, df=l, 45, P=0.07) between 

diagnostic groups in CTX-catalyzed [32P]ADP-ribosylation of Q. Post hoc cornparisons 

of group means showed that this change occurred in BD temporal cortex (ROD=0.48 * 0.05 

vs. 0.61 ~t 0.06: t=1.32. d67. P=0.053) cornpared with contml subjects (Figure 22B). 

Lnterestingly. there were no significant effects of diagnostic group (F=O. 12, d61, 45, 

P=0.75) or brain region (F=1 .D, dF2.45, P=0.29) on aSs immunolabeling (Figure 22C). 

111.4.3 Assessment of  Eudogenous [32PIADP-ribosylation and Immunolabeling of the 

39 kDa ailike Protein 

Figure 23A show the endogenous [32P]~DP-ribosylationofthe 39 kDa a&ke protein 

in assay buffer containing 10 m M  DTT. ANOVA revealed significantly lower endogenous 

[zP]ADP-ribosy lated 39 kDa a,-like protein in temporal and occipital cortex (F=l5.40, m. 

45. P < 0.01 ) compared to cerebellum dong with a trend toward a difference between 

diagnostic groups (F=3.19, df=1 ,45. W.08) (Figure 23A). When assays were petfonned 

with 25 m M  DTT (Figure 238). there were significant effects of diagnosis (F4.25, d H ,  

45. P=0.04) and brain region (F=6.02, df=2,45, P=O.005) on the degree of endogenous 

["PIADP-ribosylation of the 39 kDa as-like protein. Post hoc analysis revealed that 

endogenous [3'P]~DP-ribosylation of the 39 kDa q-like protein was significantly lower 

(-30%) in BD temporal cortex compared with controis (ROD = 0.62 k 0.07 vs. 0.91 k 0.09; 

~ 4 . 2 7 ,  de7 ,  P0.004) but oniy showed anonsipifkant decrement in occipital (P-0.37) and 

cere bellar (P=0.77) cortex (Figure 23C). Endogenously p2P]ADP-nhsylated G, and a, 



Regional Distribution of Endogenous [32P~ADP-ribosylation and Immunolabeling of 
the 39 kDa a,-like Protein in Postmortem Temporal, Occipital and Cerebellar 

Cortices from BD and Control Subjects 

A 
0 Control 

Blpolmr 

Bnin Rmgion 

Figure 23: Regional distribution of endogenous [32P]~DP-nbosylation (A, B) and 
immunolabeling (C) of the 39 kDa q-like protein in postmortem human temporal (TC, 
n=8), and occipital (OC, n=9) cortex and cerebeiium (CB, n=6) in BD patients compared 
with controls. Endogenous [32P]ADP-ribosylation was perfomed under 10 m .  (A) or 25 
m M  DTT (B) assay conditions as described in Methods (Section Li). Levels ofthe radio- and 
immuno-labeled 39 kDa a&ke protein were quantifieci as descriid in Methods (Section II). 
Data represent means * SD. iP4).01 compared with the cercbellm. 
*P=0.004 compared with controls. 
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were oni y weakiy detec table at the protein concentrations (250 pg) used in these experiments 

and were not quantified. There was no difference in the immunolabeling of the 39 kDa 

a$ke protein across these brain regions or between diagnostic groups (Figure 23C). 

111.5 Relationship Between Endogenous [J2P]~DP-ribosylated a,, and 

Immunoiabelmg of sL in BD Temporal cortex 

Based on the observation of possible reductions in CTX-catalyzed [32P]ADP- 

ribosylation of a, in BD temporal cortex, it was hypothesized that the higher a, levels may 

have offset the detection ofreductions in endogenous [3'P]ADP-ribosyiation, if they were 

relatively small. Therefore, the question of whether BD temporal cortical a,L 

irnmunoreactivities correlated with the degree of its endogenous [32P]~DP-ribosylation was 

assessed. Interestingly, a significant negative correlation ( ~ 0 . 8 3 ,  n=8, P=0.0 12) (Figure 24) 

was observed between endogenous [3'P]ADP-ribosylated a,L and its immunolabeling in BD 

temporal cortex. 

In contrast. no significant correlations were found between a, immunoreactivity and 

endogenous [''PIADP-ribosylation of a,,. Moreover, no other correlations were observed 

between either CTX-catalyzed [32P]~DP-ribosylation of a,, or ad, and irnmunolabeling 

of the respective isoforrns. Similady, no correlations were observed in the occipital cortex 

between the immunoreactive levels of a*,, and the endogenous- or CTX-catalyzed 

[3'P]ADP-ribosylation of a+L. 



Relationship Behveen Endogenous [32PIADP-ribosylated a+L and Immunolabeling of  
q, in BD Temporal Cortex 

Endogenous [ 3 2 ~ 1  AD~ribos~lated a ,.L(ROD) 

Figure 24: Correlation betweea endogenous [32P]ADP-ribosyIated sL and immunolabeled 
a,, . The linear regression Iine is shown, dong with the 95% confidence intervals (r = 0.83, 
n = 8, *P = 0.0 12). 
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111.6 Relationship Between Lithium Concentratioa and [32P]ADP-ribosylation of 

4 soforms in BD Temporal Cortex 

Since lithium is known to modify endogenous ADP-ribosylation (Nestleret al., 1995, 

Young and Woods, 1 996), the relationship between lithium levels and changes in ADP- 

nbosylation of G,, qS and the 39 kDa a$ke protein in BD temporal cortex was 

determined. No significant correlations were found between either endogenous and C m -  

catalyzed-[32P]~DP-ribosylation of a,,, or a*,, and lithium levels (Figure 25, r<0.66, 

0.1 in al1 cases). However, there was a significant cornlation between the endogenous 

[j2P]ADP-nbosylated 39 kDa a;like protein (under 25 mM assay conditions, percent change 

from controls) and lithium concentrations in BD temporal cortex (r=0.95. n=8. 

P=0.0002)(Figure 26). 

111.7 Relationship Between Endogenous. CTX-catalyzed [aPIADP-riboqlation, and 

Immunolabeling of a, subtypes and Age and Postmortem Delay Intervals (PMI) 

Figures 27 and 28 show scatter plot diagrams of the effects of age on endogenous and 

CTXcatalyzed [3'P]ADP-ribosylation, and immunolabeling of a,, a*, and the 39 kDa a,- 

like protein. Similarly, Figures 29 and 30 show scatter plot diagrams of the effects of PMI 

on the above variables. Al1 measures were stable with respect to age (Figs. 27,28, r < 0.64, 

P > 0.16 in a11 cases) and postmonern delay intervals (Figure 29,30, r < 0.70, P > 0.1 in dl 

cases)of the tissue samples used in this study (Table 5). 



Relrtionship Between Lithium Concentration, and Endogenous and CTX-catalyzed 
[32PlADP-ribosylation of q, and q, in BD Temporal Cortex 

(% diverence kom controls) 

CTX-catal y r d  [ 3 2 ~ l ~ ~ ~ - r i b o s y l a t t d  
aeL (% difference Crom controls) 

lmmunolabcling ~ tc r ,~ (O /o  diflirenct 
from controls) 

Endogenous I ~ P ~ A D P - ~ ~  bosylated a d  
(% difierence from controls) 

r30.31 
P 0 . I  

CIX-catal yacd I~*PIADP-~~ bosylated 
a>s (% dtfference from controls) 

Immunlakling of a, (% difïèrcnce 
bom controls) 

Figure 25: Relationship between endogenous and CTX-cataiyzed [32P]ADP-ribosylated a, 
a,, and the 39 kDa a;like protein and lithium concentration in BD temporal cortex. The 
linear regession lines are shown. 



Relationship Between the Endogenous [32PIADP-riboglated 39 kDa q ü k e  Proteh 
and Lithium Concentration in BD Temponl Cortex 

Endoge nous [j2p] ~ ~ ~ - r i b o s ~ l a t e d  

(percent diftèrence h m  contmls) 

Figure 26: Correlation between the endogenous ~2P]ADP-fibosyIated 39 kDa aJike protein 
and Lithium concentration. The linear regression line is show dong with the 95% 
confidence intervals (r = 0.95, n = 8, *P =0.0002). The correlation is still present after 
omission of the data point from a mbject with bigh Lithium level (see k t ) .  



Effects of Age on Endogenous and CTX-eatalyzd [32P]ADP-ribosy1ation and 
Immunolabeling of qL, 4s and the 39 kD. a,-like Proteh 
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Figure 27: Relations hi p between endogenous [EP]ADP-ribasylation and CTX-cataly zed 
["PIADP-ribosylation, and immunolabeling of a, subtypes, and age was assesseci in 
temporal (TC) and occipital (OC) ofBD subjects. No correlations were observed for patients 
or controls with respect to age (see Table 5). 



Effects of Age on Endogenous rad CTX-catatyzed [32P~ADP-ribosylation and 
Immunolabeling of % ,  a, and the 39 kDa ~ l i k  Protein 

Figure 28: Relationship between endogenous r2P]ADP-ribosylation and CTX-catalyzed 
[32P]ADP-ribosylation, and immunolabeling of a, subtypes, and age was assessed in 
cerebeiium of BD subjects. No correlations were obsened for patients or controls with 
respect to age (see Table 5). 



Effects of  Postmortem Delay on Endogenous and CTX-cstalyzed [32P]ADP- 
ribosylation and Immunolabeling o f  s, a, and the 39 kDa a,-like Protein 
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Figure 29: Relationship between endogenous [EP]ADP-ribosylation and CTX-catalyzed 
["PIADP-ribosylation, and immunolabeling of q subtypes, and postmortem delay interval 
(PMI) was assessed in temporal (TC) and occipital (OC) of BD subjects.No correlations 
were observed for patients or controls with respect to PMI (see Table 5). 



Effects of Postmortem Delay on Endogenous and CTX-catalyzed [32PI~DP- 
ribosylstion and Immunolabeling of 4 ,  q, and the 39 kDa aJike Protein 

PMI 

Figure 30: Relationship between endogenous L3f IADP-tibosylation and CTX-catalyzed 
[3'P]ADP-ribosylation, and irnrnunolabeling of a, subtypes, and postmortem delay interval 
(Pm was assessed in cere beiium of  BD subjectsNo correlations were observed for patients 
or controls with respect to PMI (see Table 5). 



Table 5 

Relationships Between Endogenous [32PIADP-ribosylation and CTX-catalyzed 
[J2PI~DP-ribosylation, and ImmunolabeIing of as Subtypes, and Age and PMI in 

Temporal (TC), Occipital (OC) and Cerebellum (CB) of BD Subjects 

1) AGE 
TC OC CB 

Endogenous 
[ "P 1 ADP-ribosy lation 

Immunolabeling 

~ 0 . 4 6 ,  P0.2  
~ 0 . 5 9 ,  F O .  1 
r=0.52, F0.2 

2) PMI 

TC OC CB 

Endogenous %L 

["P]ADP-ribosylation %s 
39 kDa 
a,-like 

CTX-catal yzed %L 

[3'P]~DP-ribosylation %s 
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111.8 Endogenous ~2PIADP-ribosylation of Myeün Basic Protein W P )  

The findings of a significant negative correlation between endogenous [ 3 2 ~ ] ~ ~ ~ -  

nbosylation of as, and its immunoreactive levels. and a trend towards a reduction in CTX- 

catalyzed [32P]ADP-ribosylation of ais suggested possible alterations in ADP- 

ibosyltransferases and/or cofacton regulating their activity in BD temporal cortex. To 

detemine whether changes in [32P]ADP-ribosylation in BD temporal cortex were specific 

to a,, and as., or more generalized affecting other substrate proteins, the endogenous 

[j2P]ADP-ribosylation of MBP (a 21 kDa protein found in white matter [Boulis et al., 19951 

that is known to undergo endogenous ADP-ribosylation), was detemined in BD and control 

rrmponl cortex. If the changes in [32P]~DP-ribosylation were specific ta a, (i.e. due to a 

disturbance(s) related to availability or stnicturai change of a,, rendering it inaccessible to 

the addition of ADP-ribose), no differences in [32P]ADP-ribosylated MBP would be expected 

in BD patients compared with controls. If differences in the degree of MBP [32P]ADP- 

ribosylation in BD brain compaml with controls were observed, it wodd likely reflect 

possible abnormali t ies associated with ADP-ribosy ltransferases andor cofactors. nierefore, 

rxogenous MBP was added to postmortem temporal cortical homogenates and the samples 

subjected to ADP-ribosylation assay in the presence of 10 m M  DTT. For quantitative 

purposes. assay conditions were also established within a linear range of protein 

concentrations for endogenous [32P]~DP-Rbosylation of MBP (Figure 3 1). 

As ~hown in Figure 32. no significant differences were observed in endogenous 

[3 '~]~~~-r ibosyla t ion  of MBP betsveen the two groups (H.35, &14, W.73). Table 6 

shows the data for endogenous ADP-nbsylation of a*,, a, and the 39 kDa azke protein 
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in BD temporal cortex compared with controls assayed in the presence of MBP. ANOVA 

reveaied no significant effects ofdiagnostic group for either a,, (F=2.34, del, 15, P=0.15), 

a+, (F= 1.44, df- 1, 1 5, P=0.25) and the 39 kDa as-like protein (F=0.00, df= 1, 1 5, P=0.99), 

confirming the results obtained in the absence of MBP (see Sections 111.4.2 and 111.4.3). 



Linear Range of Band Iatensity Venus Protein Concentration for Endogenous 
[32P]ADP-ribosylation of Exogenous MBP Assayed in Postmortem Temporal Cortex 

Homogenates 

MBP 

ido 2bo 360 4d0 silo 

MBP Protein Concentration (pg) 

Figure 3 1: Representative autoradiogram of a linear range of band intensity versus protein 
concentration ( 100-400 pg) for endogenous p2P]ADP-ribosylated MBP. Samples were 
ADP-ribosyiated in the presence of FP1NA.D as described in Methods (Section iI.4.3), 
electrophoresed on 1 2.5% pl yacry lamide gels and autoradiographed ovemight a? -ïO°C. 



Endogenous [32PIADP-ribosylation of MBP in Postmorten Temporal Cortex 
from BD and Control Subjects 

. - -- MBP 

Control 
i l  Bipolar 

MBP 

Figure 32: Endogenous [32P]~DP-nbosylation o f  MBP in postmortem human temporal 
cortex in BD patients (BD) compared withcontrols (C). Endogenous p2P]ADP-nbosylation 
of MBP was perfomed as described in Methods (Section 11.4.3). Levels of radiolabeled 
MBP were quantified as desccibed in Methods (Section II.8). Data represent means * SD 
for n=8 assayed in duplicate. 



Table 6 

Endogenous [32P]~DP-tibosylation of G~, and the 39 kDa a;We Protein in 
Postmortem Temporal Cortes From BD and Control Subjects Assayed With 

Exogenous M y e h  Basic Protein (MBP) 

Substrate Protein Subject 
Endogenous 
[32P]ADP-ribosylation 
(ROW 

C: control. BD: bipolar disorder. Data are expressed as the mean * SD for 8 subjects. 



CHAPTER IV 

DISCUSSION 



The principle objectives of this thesis were first, to characterize the mono-ADP- 

ribosy lated (both endogenous and CTX-catalyzed) products of a, isofoms in postmortem 

human brain and secondly, to determine whether in BD there were reductions in endogenous 

["PIADP-ribosylation of a, in those brain regions demonstrating elevated a, 

immunolabeling, compared with age and postmortem-delayed matched contmls. The thkd 

and final objective was to establish whether any observed differences in ADP-ribosylation 

could be ascribed specifically to reduced mono-ADP-nbosyltransferase activity or to other 

factors, such as altered cellular disposition or heterotrimeric state of us. For organizational 

purposes. the observations From each series ofexperiments are discussed separately dong 

with the implications of the respective findings. 

IV. 1 Characterization o f  [ uPIADP-ribosylnted a, Isoforms in Postmortem Human 

Brain 

As discussed earlier, posttranslational modification of a, by ADP-ribosylation occurs 

ubiquitously, being demonstrated in al1 organs/tissues of mammalian species studied to date. 

While it was expected that this would also be the case for human brain, there have been no 

pnvious direct demonsmtions to support that this is so. In the characterization studies 

performed in this work, two major bands of 52 and 45 kDa, respectively. were identified in 

postmortem temporal cortex that underwent CTXtataiyzed [32P]ADP-nbosylation. In 

cornparison, three endogenous [3ZP]ADP-ribosylated po1ypeptides with masses of48,45 and 

39 kDa, respectively, were identified. Immunoprecipitation of samples with antisera RMll 

specific to a, isofoms immediately following r2P]ADP-ribosylation revealed that 
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immunoprecipitated a, isofomis comigrated with the tentatively identified major [3ZP]ADP- 

ribosylated products. Furthermore, overlay cornparisons between Western blots and 

automdiograms of the [3?P]ADP-ribosylated proteins c o d m e d  that these radiolabeled bands 

conesponded to those immunolabekd with W I ,  supporting the identity of the 52 D a  

Cm-catalyzed and 48 kDa endogenous ["PIADP-ribosylated bands as aGL, and the 45 kDa 

endogenous and CTX-catal yzed [32P]ADP-nbosylated proteins as a,,. The possibility that 

the 45 kDa endogenous [EP]ADP-cibosylated product was heterogenous and was also 

comprised of aOlf could not be completely ruled out, however. Unfortunately, the signal 

yenerated by immunoprecipitating a,, with anti-a,, (K-19) was similar to preimmune serum. 

This may have been due to the inability of K-19 to immunoprecipitate soir as eficiently 

compared to R W I .  Furthermore, since irnmunoprecipitation with anti-ai (AS/7) or anti-a, 

(GC/2)  did not generate any signais diffèrent From that obtained with preimmune s e m .  the 

results obtained with these antibodies also did not support the identity ofthese bands as other 

potential G-protein a-subunits with similar molecular masses (394 1 Da).  

As show in Figure 14, there are clear differences in the molecuiar mass of the 

endogenous [32P]ADP-ribosylated a*, and a,L that were [32P]ADP-ribosylated by CTX (i.e. 

52 kDa vs. 48 ma). The discrepancy in migratory patterns between CTX-catalyzed and 

endogenous [32P]ADP-ci bosy lated products under similar electrophoretic conditions has ken  

demonstrated in a variety of tissues (Williams et al., 1992, Elwardy-Merezaic et al., 1994), 

and may be ami butable to the number and specific amino acids (i.e. arginine, cysteine) that 

undergo endogenous as opposed to CTX-catalyzed ADP-nbosylation. While CIX is known 

to ADP-nbsylate Are' in asLand ArglC7 in it is not clear which and how many amino 
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acids are endogenously ADP-ribosylated in the a, subunits in human bmin. Since ADP- 

nbosylation alters the charge of an amino acid, multiple sites of ADP-ribosylation could 

potentiall y atTect S DS-binding , denatunition and hence, migratory pattern on 

pol y acry lamide gels. 

A novel substrate protein was also identified. which was immunoprecipitated with 

RM/ 1 and migrated as a 39 kDa as-like protein as revealed by overlay cornparisons between 

Western blots and autoradiogram of the endogenous [3'P]~DP-ribosylated proteins. This 

39 kDa a,-like [32P]ADP-ribosylated protein was not a degradative product of a, derived 

from the processing of the samples since inclusion of protease inhibitors in the 

homogenization and assay of samples did not reduce its abundance after [32P]ADP- 

nbosylation. One possibility that merited consideration was that the signal detected at 39 

kDa represented ["PIADP-ribosylated GAPDH, an endogenously ADP-ribosylated protein 

with sirnilar molecular mass (Suniki et al., 1997). However, immunolabeling with anti- 

GAPDH in postmortem human temporal cortex reveded a single major band rnigrating faster 

(= 36 kDa) than the 39 kDa ql ike  protein found here, excluding the possibility that this 

product represented GAPDH. 

To M e r  characterize the 39 kDa azlike protein, the [32P]~DP-nbosylated products 

were subjected to protease degradation. Proteolytic digestion of closely related proteins 

generates similar peptide hgments, while slight differences in polypeptide sequence resdt 

in different patterns of degradation (Cleveland et al., 1977). Preliminary experiments with 

non-radioactive excised ADP-ribosylated protein bands ~ v e d e d  that 30 min of VI protease 

digestion provided optimal generation of multiple hgments. Cornparisons of one- 
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dimensional peptide maps obtained with the 39 kDa as-like r2P]ADP-dbosylated protein to 

those from the 45 kDa endogenous and Cm-catdyzed [3'~]~DP-ribosylated products 

suggest that the 39 kDa protein is likely to be a subtype of a, as revealed by the nmilar 

fragments generated at approximately 32.5, 25 16.5 and 6.5 kDa, dong with smaller 

fraements < 6.5 kDa in these proteins. 

The possibility that more than two a, subtypes are expressed in cerebral cortex 

concurs with the findings of several earlier studies that have identified multiple 

immuno labeled and [3'P]ADP-ribosyIated a, iso forms (usually three). In rat myometrium, 

threr bands were immunodetected with RM/I of apparent molecula. masses of 47,44, and 

12 D a  (Elwardy-Merezak et al., 1994). Similarly, ovarian follicular membranes express 

immunolabeled and Cm-catalyzed [32P]ADP-ribosylated a;like proteins which migrated 

at 50,48 and 45 kDa (Rajagopalan-Gupta et al.. 1997). In each case, a third faster migrating 

a, immunoreactive species was evident. The basis for the different molecular size estirnates 

bctwecn these studies may be due either to tissue specific differences a d o r  methodological 

differences in SDS-PAGE conditions used by the two groups. Collectively, however, these 

observations suggest the existence of a third distinct faster migrating a, isoform which in this 

work accounts for the 39 kDa a,-like [32P]~DP-ribosylated protein. 

One particularly interesthg possibility is that the 39 D a  rZP]ADP-ribosylated as- 

like protein represents o N-terminal truncated form of a, as reported by Ishikawa et al. 

( 1990). As described in the overview, these authoa reported the expression of an 4 mRNA 

traascript which encodes for a truncated fonn of a, resulting h m  initiation of transcription 
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at an alternative promoter in exon 2 of the as gene. This protein is chacterized by an amino 

terminal deletion of 59 amino acids and the addition of 15 amino acids in exon 3. More 

importantly, the truncated form of a,, when heterologously expressed in COS cells, did not 

undergo CTX-catalyzed [32P]lADP-ribosylation. Since CTX-catalyzed ADP-ribosylation of 

a, requires the G protein to be in the heterotrimeric state (Toyoshige et al.. 1994). and the 

N-terminal of u subunits is required to interact with py subunits, this arnino terminal 

tnincated a, isoform may not serve as a substrate for CTX-catalyzed ADP-ribosylation 

(Ishikawa et al., 1990). My fuidings that the 39 kDa [32P]ADP-ribosylated product was 

evident only following endogenous, but not CTX-catalyzed [32P]ADP-ribosylation, are in 

line with the latter observations. 

It is not clear whether this 39 kDa novel a, isofon is functionally active. Ishikawa 

et al. ( 1990) reponed that the tnincated a, isoform was still able to localize to the membrane 

but could not bind GTPyS when expressed in COS cells. However, the latter authors 

suggested that their inability to detect GTPyS binding was due to insmcient amount of 

protein needed for the binding assay. Of note, Warner et al. (1 9%) clearly dernonstrated that 

an N-terminai modified a, could not mediate either hormone or GTP-y-S stimulation of AC. 

and was unable to undergo CTX-catalyzed PPIADP-cibosylation, M e r  suggesting that the 

N-terminal is essential for functional activity. Unequivocal identification that this 39 kDa 

a, is an a, isoform, however, awaits the availability of antisera recognuing the N-terminal 

domain of a, (within the first 50 to 60 amino acids) dong with more conclusive techniques 

such as  microsequencing of the protein itself. 
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Since changes in the levels of a, protein in BD have also been reported in peripheml 

cells (Young et al., 1994, Manji et al., 1995% Mitchell et al., 1997, Avissar et al., 1997, 

Emamghoreishi et ai., 1998), endogenous and CTX-cataly~ed-~~P]ADP-~bOsylati~n were 

examined in both platelets and Epstein-Barr virus transfonned B-lymphoblasts for 

corn parison as well. Although ADP-ribosy lüansferase activity has been previousl y reported 

in murine lymphoid cells hcluding T ce11 lymphomas (Soman et al., 1991), this study, to my 

knowledge, is the first to demonstrate [32P]ADP-ribosylation of as in human B- 

lymphoblasts. The observation of a greater degree of endogenous [32P]ADP-ribosylation of 

a,., compared to a,, in both human platelets and B-lyrnphoblasts. despite the greater 

intensity of imrnunolabeling of a,, compared to a,,, suggests that the two a, isofoms 

display pre ferentiai labeling for this posttmnslational modification in these two tissues. This 

is in contrast to results obtained in human brain tissue where endogenous ADP-ribosylation 

of a,, and a,s appear to reflect Unmunolabeling densities of the two subtypes. ADP- 

ribosylation of a, on k g 2 ' '  reduces its intrinsic GTPase activity rendering the protein 

constitutively active in the GTP-liganded state (Burns et al., 1982). Since constitutively 

active a, degrades at a much faster rate than that of wild type- or heterocrimeric-a, (Levis 

and Boume. 1992), this raises the possibility that the turnover rate for q, is faster than that 

of a+s ieading to lower concentrations of a+, relative to a, in platelets and B-lymphoblasts. 

However. other mechanisms may also contribute to the lower levels of q, compared to a,, 

such as the âiffmntial regdation of splicing of the a, gene and stability of each a, mRNA. 

In a phyaologi~al context, such ceil type specific differences in 4 isoform levels may 
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provide diveaity of fine modulation of receptor-G-proteio-effector responses in some 

peripheral ce11 types and in brain. 

Regional differences in endogenous and CTX-catalyzed [3ZP]~DP-ribosylation of 

both a, isoforms in human brain is another notabie h d h g  of this snidy. For example, there 

was si~nificantly greater CTX-catalyzed [32~]~DP-ribosylation of a+, in temporal and 

occipital cortex compared to cerebellum. It is interesting to speculate that the higher a , ~  

immunolabeling associated with the temporal and occipital cortices may be responsible, in 

part. for such a regional difference. However, the lack of a relationship between a*, levels 

and CTX-catalyzed [32P]~DP-ribosylated a,, argues against this notion. Moreover, the 

latter finding suggests that CTX-catalyzed ADP-ribosylation of a, cannot be used reliably 

for quantification of a, (Harnacher et al., 1995). Thus, other factors may account for the 

di fferences in CTX-catal yzed [32P]ADP-ribosylation of a,, across the regions. One 

possibility is that there may be proportionaly more aSL in the heterotrimeric state in temporal 

and occipital conices. Altemativeiy, greater CTX-catalyzed r2P]ADP-nbosylated a,, in 

these brain areas rnay be a result ofdifferent enymatic activities (Le. ARF cofactoa) present 

in each region. 

If the higher CTXîatalyzed [32P]~DP-rîbosylation in temporal and occipital cortex 

compared to the cerebellurn reflects an elevated proportion of a,, Ui the heterotrimeric state, 

this finding may have bctionai devance. For example, a, incorporated into S49 cyc* 

membranes stripped of py could not be ADP-ribosylated by CTX and stimulateci AC poorly 

(Grazino et al., 1987, Rebois et ai., 1987). However, incorporation of Py into S49 cyc' 
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membranes resulted in a dose-dependent increase in bath AC stimulation and CTX-catal~zed 

ADP-ribosylation of a,. Therefore, when more heterotrimeric a, is present, more cari 

dissociate into free and active as, with subsequent stimulation of AC. There is also evidence 

to suggest that at least part of the pool of a, associated with AC may exkt in the 

heterotrimeric state. In a study by Yeager et al. (1985), two peptides of 47 and 39 kDa 

copurified with AC from bovine brain membranes treated with Gpp[NH]p- The 47 

peptide was a substrate for CTXcatalyzed [32P]ADP-cibosylation indicating it was probably 

a,, while the 35 kDa was likely GP. Likewise, constinitively active a, (Q227L) is also a 

substrate for CTX-catalyzed ADP-ribosylation (Levis and Boume, 1992) suggesting that it 

c m  form a heterotrimer rvith py in membranes in contrast to the expectation that constitutive 

activation would lead to dissociation of the heterotrimer and reduced CTX-catalyzed ADP- 

ribosy lation (Graziano and Gilman, 1989, Masters et al., 1989, Osawa et al., 1990). 

Collectively, these observations argue for the possibility that increased heterotrimeric a, may 

play an important functionai role in cortical regions showing greater CTX-catalyzed 

[32P]~DP-nbosylation of a,. 

D u a n  et al. (1 99 1) also reported regional differences in the ADP-ribosylation of a, 

in seven regions fiom rat brain. In cornparison with the fmdings found here for hurnan brain, 

highest levels of endogenous [nP]ADP-ribosylation were observed in hippocampus, 

hypothalamus and cerebral cortex, with the lowest levels o c c ~ g  in cerebellum (Duman 

et al., 1991). Similar to the hdings of the above authors, Williams et al. (1992) also 

O bserved regional variations in the basal level of endogenous ADP-cibosylation of the major 

substrates in rat brain, with the lowest occurrïng in cerebgllum and the highest Ui 



121 

hip pocampus. Collectively , the differences in endogenous and CTX-cad~zed ADP- 

nbosylation among the various regions whether in rat or postmortem hurnan btain may be 

explained by differential expression and functionality of ADP-nbosyltransfemes and theu 

cofacton, and different degrees of susceptibility of substrate to ADP-ribosylation, such as 

if the protein were aiready partially ADP-ribosylated or. in some other manner. less 

amenable to ADP-ribosylation. The potential physiologicd significance for such regional 

differences rnay provide for intricate control of protein levels and subsequent regulation of 

a, subunit-efiector responses. 

Lower endogenous [32P]ADP-cibosylation ofa ,  and the 39 kDa a&ke protein were 

also observcd in temporai and occipital cortex cornpared to cerebellum. Interestingly, there 

were slightly lower levels of a,, and the 39 kDa as-like protein in temporal and occipital 

cortices compared with cerebellum, as well. However, the differences in mean values of 

endogenous [32P]ADP-ribosylation of a, and the 39 kDa as-like protein between the various 

regions were higher compared with the corresponding differences in irnrnunolabelhg values. 

This suggests that the lower inununoreactive levels of these two proteins could not solely 

account for such regional differences in endogenous [32P]ADP-nbosylation. Therefore, 

another possible expianation for this finding is that both a, and the 39 kDa a;like protein 

might exhibit lower eficiency for this posttranslational rnechanism in temporal and occipital 

cortex than in cerebellum. Alternatively, expression of Werent subtypes of ADP- 

ribosyltransfenws andor ARFs across the three bcain regions may account for the lower 

endogenous [32P]~DP-ribosylation of the protein in temporal and occipital cortex. 

Moreover, endogenously WIADP-ribosylated a, and the 39 kDa a;ke protein may be 



122 

cleared more ntpidly once fomed in the temporal and occipital cornces, and thus account for 

the lower L3?P] incorporation in these two regions 

In summary, the results of the characterization study demonstrate for the fim time 

that a, is ADP-ribosylated both by endogenous and exogenous (i.e. C m  ADP- 

ri bosy ltransferases in postmortem human brain (Andreopoulos et al.. 1999). and that regional 

difterences occur in the latter two processes. In addition. it has been show that a,, and a, 

serve as  substrates for [32P]~DP-nbosylation in penpheral tissues such as platelets and B- 

lymphoblasts. as well as in postmortem human brain. Furthemore, a novel39 kDa aililce 

protein was also identified which undergoes endogenous but not CTX-catalyzed [32P]~DP- 

nbosylation (Andreopoulos et al.. 1999). The different extent of ADP-ribosylation of each 

a, isofonn suggests that ADP-ribosyltransferases may display different afinities for the 

various a, isoforms. This supports the notion that ADP-ribosylation may differentially 

regulate the levels of a,, and a,, by modulating the ~moverfdegradation of these isofomis 

leading to different functional outcomes with respect to effector stimulation (Seifert et al., 

1998). 

IV.2 Assessment o f  Endogenous and CTX-eataIy~ed-[~~P]~DP-ribosyla~on of a, 

Isoforms in Postmortem Human Bmh from BD and Control Subjects 

As discussed in the overview, the basis for higher a, levels in postmortem hurnan 

brain and peripherai blood cells h m  BD patients compared with controls cannot be 

explained by genetic mutations affecthg the 5' regdatory regions of a, or factors altering ar, 

gene expression. Funhermore, midies reporting linkage to markets on chtomosornes 4 



123 

(Blackwood et al., 1996), 5 (Coon et ai., 1993), 12 (Craddock et 1994, Barden et al-7 

1996), 2 1 (Straub et al., 1993, Deteni-Wadleigh et al., 1997) and a vulnembility gene near 

the centromere of chromosome 18 (Paul et al., 1995, Stine et al., 1995, Benettini et al., 1997, 

McMahon et al.. 1997) have not revealed any candidate a-subunit genes, except for aOll 

(Berretini et al., 1997). Taken together. these observations suggest that the hcreased levels 

of a, in BD may be the result of disturbances in processes regulating a, tumoverldegradation 

at the posttranslational level. Evidence indicating that ADP-nbosylation can alter membrane 

levels of a, and can be modulated by lithium, suggested that this posttranslational process 

merits more intense scrutiny to determine whether it contributes to the elevations in a, levels 

as reported in cerebnil cortical regions in postmortem human brain fiom BD subjects. 

.Accordingly. èndogenous and CTX-catalyzed [32P]ADP-ribosylation, and imrnunolabeling 

du, wrre determinrd in temporal, occipital and cerebellar cortices from BP-I patients, and 

in age- and postmortem-delay matched controls for cornparison. 

IV.Z.l Temporal Cortex 

Recent neuropathological and MRI snidies suggest that the temporal lobe, a brain 

region already implicated in mood regulation (Johnson and Campbell, 1990, Starkstein et al., 

1990) may be particularly affected in BD (reviewed in Warsh and Li, 1999). In this regard, 

increased temporal horn volume (Roy et al., 1 998), reduced non-pyramidal cell number in 

the hi p pocampai C A2 region (Benes et al., 1 998) and lower phosphornonoester level in both 

Ieft and nght temporal lobes (Deicken et al., 1995) have been reported in BD. Proaouaced 

structurai changes such as larger right anterior superior temporal gynrs and reduced lefi 

amygdala volume (Pearlson et al., 1997) and bilaterai temporal volume reductions 
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(Altshulter et al., 199 1) have also been reported. Furthemore, decreases regional ce~bral  

biood fiow in the anterior superior temporal gynis, left anguiar gynis and anterior pari of the 

insular cortex (Ito et al., 1996) have also been observed. 

Evidence also irnplicates important biochemical changes in BD temporal cortex. For 

exmple, significantiy decreased Na+-K+ ATPase a, subunit Levels have ken found in 

postmortem temporal cortex fiorn BD patients compared with normal controls and 

schizophrenic patients (Rose et al., 1998). In the same cortical region, altered [3Hlc~MP 

binding and PKA activity have k e n  reported. These included findings of reduced 

[3H]cAMP binding accompanied by higher basal and maximal stimulated activity and 

signi ficantly lower EClo for CAMP in the cytosolic fiaction of temporal cortex of BD patients 

compared with matched controls (Rahman et al., 1997, Fields et al., 1999). Collectively, the 

localization of the changes found in the above studies to temporal cortex supports the view 

that this region may be an important pathogenic locus in BD. 

Similar to previous reports demonstrating elevated a, irnmunolabeling in both 

posunortem BD brain (Young et al., 1 993, Friedman and Wang, 19%) and peripheral cells 

from B D patients (Young et al., 1994, Manji et al., 1 995a, Mitchell et al., 1997), signincantly 

higher s, immunoreactivity in BD temporal cortex compared with control subjects was 

confirmed in the present study. Moreover, in the present work, a, immuwlabeluig was 

performed using area 20 of the temporal cortex due to lirnited tissue availability, whereas tbe 

elevated a, imniunolabeling origllially reported by Young et al. (1993) were found in area 

2 1 of temporal cortex. Thus, this finding confirms and extends on earlier reports of higher 

a, irnmunolabelùig in BD brain demollstrating that these changes occur more W L y  Ui 
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this cortical area. Area 20 from six BD subjects and area 2 1 h m  two patients were used for 

subsequent ADP-ribosylation studies. 

Since inhibition of mono-ADP-nbosyitransferase activity leads to increased 

abundance of a, as measured either by irnmunoblotting or Cm-cataiyzed [ 3 ' ~ ] ~ ~ ~ -  

ribosyiation ( D o ~ e i i y  et al., 1997), it was hypothesked in this snidy ihat endogenously 

ADP-ribosylated a,, levels would be reduced. However, no significant differences were 

found in the level of endogenous FPIADP-ribosylated a, in temporal cortex ofBD patients 

compared with control subjects. Several possibilities may explain the lack of reduction in 

endogenous [32P]~DP-ribosylated a,,. Since a, levels were dready elevated in BD temporal 

cortex, this may have offset the detection of reductions in endogenous ['PIADP-ribosy lation 

if they were relativeiy small. Indeed an inverse relationship was found between temporal 

cortical a,, immunoreactivities and the degree ofendogenous [32P]ADP-fibosylation of aSt. 

This fuiding suggests that, at least in BD temporal cortex, hcreased a,, is accompanied by 

decreased endogenous [32P]ADP-ribosylation of this isofom, despite the fact that no 

statisticaily significant differences were found between BD and controis subjects. 

Altematively, other cellular abnonnaiities afTecting the disposition and clearance of a,, may 

be responsible for the elevated a+L levels found in this region, as will be discussed later. 

CTX-catalyzed [q]ADP-nbosylation ofa, also did not differ between BD patients 

and control subjects in temporal cortex despite the higher a,, immuaolabeling. As 

previously discussed, CTX requUes both ARFs and %in its hetemtrimeric form, to c a t d p  

ADP-ribosylation of the a subunit. Thus, the lack of merences in CTX-catalyzed 
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[32P]ADP-nbosylated a+,, despite the higher levels of a*,, implies that the proportion of 

heterotrimenc K, is reduced in BD temporal cortex compared with controls. In contrast, 

Fnedman and Wang ( 1996) showed increased coimmunoprecipitable a, isoforms with & 

complexes in homogenates fiom BD frontal cortex in association with elevated a, 

immunoreactive levels. This latter finding suggests that proportionately more a, is in the 

heterotrimeric state and that the cellular disposition of a, is thereby dtered in BD, which 

di ffen from the observations found in this study . One possibility that may account for such 

a discrepancy is that only frontal cortex was examined in the latter study and this brain 

reg ion may not be representative of changes that occur in BD temporal cortex. Furthemore, 

the possibility that the latter findings are a result of a sarnpling artifact because of the very 

small samplr: size (n=j) used in their study cannot be niled out. Moreover. the authon did 

not report the variability associated with their immunoprecipitation values which does not 

allow for critical analysis of the data. Clearly. M e r  work is required to cl&@ the 

heterotrimeric state of a, in BD cortical regions (see Section IV.3). 

As discussed earlier, CTX. an exogenous ADP-ribosy ltransferase, requires ARFs for 

catalysis of ADP-ribosylation. Thus, alterations in ARF cofactors or their availability for 

CTX action could affect the degree to which the increased amount of q, undergoes CTX- 

catalyzed [32P]ADP-ribosylation. However, the ability to distinguish differences between 

the diagnostic groups would be compromised if the two 4 subtypes show differential 

substrate affinity for this bacteriai toxin-catalyzed ADP-ribosylation. For example, in S49 

cyc- ceiis expressing recombinant a, isofom and S49 wild type cells, both a*, and q, are 

sensitive to CTX-catalyzed r2P]ADP-ribosylation, but the short form shows preferentiai 
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CTX-cataiyzed labeling (O'Donnell et al., 1991). If this also applies to neurons and glia, 

disnirbances in the availability of ARFs needed for CTX-catalyzed ADP-ribosylation of as 

subunits in BD temporal cortex would be more readily detectable by measuring CTX- 

catalyzed [3?P]ADP-cibosylated %s rather than s~. 

The lack of differences in CTX-catalyzed rqADP-nbosylated a * ~  in the presence 

of elevated a*, immunolabeling in BD temporal cortex agrees with the findings of Mitchell 

et al. ( 1997). These authors showed that even though higher immunoreactive a*, levels were 

observed in platelets fiom BP-I patients, CTX-catalyzed ~2P]ADP-ribosylated a,, was not 

différent compared with healthy subjects. The latter observations also suggest that the 

proportion O Pa,, in heterotrimeric fom is reduced in cells fiom BP-I patients. Of additionai 

interest. the study also showed specific differences between BP-1 and BP-II subtypes. 

Similar to the findings in BP-I patients, a,, immunolabeling was elevated in platelets fiom 

BP-II subjects but this elevation was accompanied by higher CTX-catalyzed [32P]ADP- 

ribosylation of the isoform compared with healthy controls. This may suggest that in BP-II 

patients proportionately more a,, occurs in platelets in the heterotrimeric state or 

alternatively, the increase in CTX-catalyzed [32P]ADP-ribosylated a,' may be indicative of 

the elevated protein levels. Such BD subtype-specific differences in the heterotrimenc state 

of a,, suggest that the mechanism(s) underlying the elevations of a, may be distinctive to 

the separate BD subtypes and that these changes may manifest themselves both in brais and 

platelets. 
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h contrast to a,,, there were no significant differences in the immunolabelhg of ass 

in BD temporal cortex compared with control subjects, also confirnllng earlier observations 

(Young et al., 1993). Neither were there any differences between the two groups in 

endogenous [32P]ADP-ribosylation of this a, isoform suggesting that endogenous ADP- 

ribosy ltnnsferase activity is not altered in this brain region in BD. However. there was a 

reduction in CTX-catalyzed ["PIADP-ribosylated a,s in temporal cortex from BD patients 

compared with controls. Several possibilities may explain this reduction in CTX-catalyzed 

[3'P]~DP-ribosylation of a,. It is unlikely that reduced a,, levels account for such a 

finding, since a,, immunolabeling did not differ in BD patients compared with control 

subjects. Since CTXcatalyzed [32P]ADP-ribosylation is an irreversible process, disturbances 

in ADP-ribosylhydrolases that cleave ADP-ribose from a, could not interfere with the 

rrüction and hence would not explain such a reduction. One likely possibility is that the 

above finding could retlect that a reduced fraction of a,, occurs in the heterotrimenc state 

in BD temporal cortex. This may ais0 apply to the finding that CTX-catalyzed [32P]~DP- 

ribosylated a,, did not differ between BD and control subjects. Anotber prospect to 

entenain is that the trend towards reduction of CTX-catalyzed [32P]~DP-ribosylated a*, may 

be related to disturbances in the levelslactivity of ARF cofactors. It has been shown that 

modulation oPARF mRNA and protein levels by corticosterone treatment and adrenal gland 

removal increase and decrease, respectively, CTX-catalyad ADP-ribosylation of a, ui rat 

brain (Saito et al.. 1 989, Duman et al., 1 990). Although the similar degree of CTX-catalyzed 

["P]AûP-ribosylation of a*, in temporal cortex fkom BD compared with conml abjects 
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seems to argue against this ide* differences between a*, and aPs in the efficiences for CTX- 

catalyzed [32P]ADP-ribosylation. as noted previously, could account for this discrepmcy. 

The experimental results cornparhg the amounts of endogenous and CTX-catalyzed 

[32P]ADP-ribosylated products of a, in postmortem temporal cortex of BD patients with 

conûols were sornewhat dificult to interpret since several possibilities existed to explain the 

cellular mechanisms producing these differences. That is. the differences could be explained 

by either a change in mono-ADP-ribosyltransferase activity a d o r  cofactors regulating its 

activity or an alteration in the disposition andor heterotrimeric state of a, affecting its 

accessibility to the enzyme. If the former were the case, then it would be expected that the 

activity of mono-ADP-ribosyltransferases would also be altered toward other substrates. such 

as MBP. MBP binds GTP at a single site, like the heterotrimetic G protein a subunits, and 

undergoes CTXtatalyzed ADP-nbosylation in the presence of NAD. EqualIy important, 

it c m  be ADP-ribosylated by an endogenous mono-ADP-ribosyltransferase in myelin 

membranes (Boulis et al.. 1995). Secondly. MBP is pnmarily expressed in myelin 

containing tiactions from white matter in brain (Braun et al.. 1990, Enomoto and Asakawa, 

1 990. Boulis et ai., 1 995). with low amounts present in grey matter. Thus, spiking cortical 

grey matter homogenates with purified MBP would be akin to adding exogenous substrate 

as an intemal standard to monitor the activity of the enzyme. Furthemore, this substrate 

should not be subject to dispositionai effects lirniting its access to the enyme as it is 

exogenously added to the homogenates. In addition, its smaller molecular mass 

(approximately 2 1 kDa) aiiowed for complete separation and ease of quantiiïcation without 

the technicai difficulties of overlap of the r?] signai with any of the a, isoforms. Finally, 
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MBP [3'P]~DP-nbosylation was linear with respect to tune and proteh concentration, and 

could provide a reasonable quantitative estimate of mono- ADP-ribosy l m s f e m e  activity 

towards the substrate. 

Determination of endogenous [32P]~DP-ribosylation of the exogenous MBP added 

to temporal cortex homogenates fiom BD patients and control subjects under simiiar assay 

conditions revealed no significant differences between the two cornparison groups, however. 

This finding suggests that the results obtained with endogenous and CTX-catalyzed 

[32P]ADP-ribosylation of' the two a, isoforms may be attributed to factors regulating their 

cellular disposition ancilor heterotrirneric state that limit the access of as to mono-ADP- 

ribosyltransferase rather than to a defect(s) in ADP-ribosyltransferases themselves. In this 

regard. changes in ADP-ribosyltransferase activity, such as the modulatory effects seen with 

NO donor compounds, are known to affect the degree of the basal ADP-ribsoylation of ail 

major substrate proteins (Williams et al., 1992). While CTX and some endogenous ADP- 

ribosyltransferases require ARFs for catalysis of ADP-cibosylation (Matsuyama and 

Tsuyarna. 199 1 ). the enzyme catdyzing ADP-nbosylation of MBP may not. Therefore, the 

caveat must be raised that the inability to demonstrate differences in [3'P]~DP-ribosylation 

of MBP between BD patients and control subjects does not necessarily d e  out potential 

disturbances in ARF levels ancilor activity in BD temporal cortex. 

IV.2.2 Occipital Cortex 

Significmtly higher a,' immunoreactivity was observed in BD occipital cortex 

compared with control subjects replicating eariier fïndings on these same subjects. The= 

were, however, no differences in endogenous, and CTX-cataiyzed [RPIADP-ribosylation of 
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a,, and a,s, and in a,s immunolabeling between the two groups. Moreover, q, 

immunoreactive levels did not correlate with those of endogenous [32P]~DP-ribosylated a,, 

in BD occipital cortex as was observed in temporal cortex. W s  suggests that increased a*, 

levels in this cortical region are not accompanied by decreased endogenous ["PIADP- 

ribosy lation of the isoform in this brain region. 

The lack of differences in CTX-catalyzed [3?]ADP-ribosylation of a,, in the 

presence of elevated a,, immunolabeling could also be explained by the possibility that the 

proportion of heterotrimenc a,, is reduced in this cortical region in BD, as well. 

Conceivably. however, the rnechanism(s) which accounts for the possible reductions in the 

proportion of heterotrimeric a*, in occipital cortex may be different fiom that in temporal 

cortex in BD. In support of regional differences in abnomalities in BD brain, significantly 

higher immunoreactive levels of a,,, and moderate elevations of PLCP, were found in BD 

occipital cortex compared with control subjects (Mathews et al., 1997). Altered aqit 

fictional activity accompanied these changes, as demonstrated by reduced GTPyS- 

stimulated ['HIPI hydrolysis (Jope et al., 1996). These disturbances were not evident in 

either frontal or temporal BD cortex highlighting the uniqueness of such findings to BD 

occipital cortex. Unfortunately, the pathophysiological significance of such selective 

disturbances in this region at present is still unknown. 

IV.2.3 Cerebellum 

To confïum the specificity of the r?]ADP-ribosylation hdings to temporal cortex, 

endogenous and CTX-catalyzed [nP]ADP-ribosylation of a, isoforms were also measwed 
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in cerebellum, a bnin region in which no changes were observed in a, levels in BD (Young 

et al.. 1993). As expected, no differences were found between BD patients and control 

subjects in cerebellar endogenous, and CTX-catalyzed [3'P]ADP-ibosylation, and 

immunolabeling of a,., md a,,. This also supports the selectivity of the rZP]ADP- 

ribosylation changes to the temporal cortex in BD. 

IV.2.4 The 39 kDa q l ike  Protein 

As presented in the Results (Section III), the effect of DTT was examined on 

rodogeno us [3'P]~DP-nbosylation of the a, substrate proteins. Simiiar to eariier reports in 

which endogenous ['?P]ADP-ribosy lation was measured (Williams et al., 1 992. Young et al.. 

1997). 25 m M  DTT gave a strong signal for the 39 kDa aJ&e protein. However. in this 

study, the signal for a,, was more pronounced when assays were perfomed with 10 mM 

DTT. At this concentration ofDTT, the endogenously r2P]ADP-ribosylated 39 kDa a,-like 

protein was also still detectable and quantified by densitometry. Therefore, for cornparison 

purposes and to ensure that any potentiai differences in ADP-ribosyitransferase activity were 

not missed. endogenous [32P]~DP-ribosylation of the 39kDa a,-like protein was measured 

under both conditions (ie. 10 and 25 mM DTT). 

Under assay conditions using 25 mM Dm, there was a significant nduction (30%) 

in this ADP-ribosylated product in temporal cortex of BD compared with control subjects. 

This finding suggests an aiteration(s) in the ADP-ribosyltransfenise pathway that is specific 

to the 39 kDa as-like protein. For example, the reduction could result fiom a disnubance in 

an ADP-ribosy ltraasferase specific for the 39 kDa ailike protein andlor cofactors needed 
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by that particular ADP-ribosyltransferase. Alternatively, the finding may reflect an altered 

cellular disposition of the protein itself rendering it inaccessible to ADP-ribosylation. It is 

unlikely, however, that the reduced endogenous r2P]ADP-ribosylation of the 39 kDa azlike 

protein depends on the heterotrimenc state of the protein. Since no CTX-catalyzed 

["PIADP-ribosylation of the 39 D a  a,-like protein was detected, it does not appear to be 

able to fom or maintain the necessary heterotrimeric state needed for CTX to catalyze its 

ADP-ribosylation in any of the cortical regions examined. This likely holds for endogenous 

ADP-ribosylation of the 39 kDa aJike protein. Just as important, the above nduction in 

endogenous [32P]ADP-ribosylation of the 3 9 kDa a,-like protein highlights the uniqueness 

of such changes to the temporal cortex as no differences were observed between BD patients 

and controls subjects in occipital cortex and cerebellurn. [3'P] incorporation into a*, and ks 

were only weakly detectable under these assay conditions and could not be reliably 

quantified simultaneously with the 39 kDa aJike protein. 

IV.2.4.1 Relationship Between Brain Lithium rad ADP-Ribosylation of 4 

Lithium is known to modify a variety of processes in brain and other tissues (Manji 

et ai., 1995b) including ADP-ribosylation (Nestler et al., 1995). Both Nestler et al. (1 995) 

and Young and Woods (1996) showed that chronic lithium treatment increases [32P]ADP- 

ribosylation of substrate proteins, in rat brain and C6 glioma cells, respectively, raising the 

possibility that lithium rnay modulate ADP-ribosyltransfenise activity in postmortem BD 

bmin as well. Although it is difficult to assess a direct effect of Lithium on ADP-ribosylation 

in postmortem brain tissue, if such an effect exists, correlations should be observed between 
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brain lithium concentrations and the levels of [32P]ADP-ribosylated a, isofoms. However. 

there were no correlations found for a,, and a, with respect to endogenous and CTX- 

catalyzed [3'P]ADP-nbosylation and lithium levels. 

A significuit positive correlation was observed in the present study, however, 

between the endogenous ["PIADP-ribosylated 39 kDa as-like protein and lithium 

concentrations in BD temporal cortex. This observation suggests the posibility that lithium 

stimulates endogenous ADP-ribosylation of the 39 kDa aililce protein in a concentration- 

dependent manner. It is tempting to speculate that this may reflect a possibly compensation 

for a defect in a particular ADP-ribosyltransferase specific for the 39 kDa a,-like protein. 

The absence of correlations between lithium concentration and endogenous [32P]~DP- 

ribosylation of a,, and a,,: also supports the notion that lithium may modulate a specific 

subtype of ADP-ribosyltransferases nther than affect the family of these enzymes in BD 

temporal cortex. Although lithium levels in BD temporal cortex were well below therapeutic 

concentrations in a number of the cases, six ofthe nine patients did have documented history 

of lithium use within a 6 month interval pnor to death, and previous lithium therapy for the 

remaining three could not be ruled out. Since the effects of lithium are not immediately 

reversed upon withdrawal (Manji et al., 1995a), it is possible that modulation of ADP- 

nbosylation by lithium may have still peaisted at autopsy. 

As noted previously, a similar stimulatory effect of lithium was reported by Nestler 

et al. ( 1995) who observed that chronic administration of lithium to rats resulted in incrwised 

endogenous ADP-ribosylation of substrate proteins in vivo. Theu observations suggested 

lithium exerts an effect on mono-ADP-nbosyltransferases in geneial as opposed to a specific 
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subset of mono-ADP-ribosyltransferases, at least in rat brain, since increased endogenous 

ADP-ribosylation was observed for all substrates. However, concurring with the fkding of 

rny study, Young and Woods (1996) dso reported increased endogenous [32P]~DP- 

ribosylation of a 39 kDa band following chronic lithium treatrnent in C6 cells, an effect 

which appeared to be more specific for a particular 39 kDa protein band. rather than for 

several other substrates. 

The mechanimi of action for lithium on endogenous ADP-ribosylation is not clearly 

understood. However, it is known that certain mono-ADP-ribosyltransfenws possess Mg2* 

binding sites. which could be antagonized by lithium (Zolkiewska et al., 1992). it has dso 

been shown that ADP-ibosyltransferases can be particularly sensitive to phospholipids 

(Matsuyama and Tsuyarna, 1991). Since PIP, is reduced in platelet membranes fiorn BD 

patients on lithium treatment compared with control subjects (Soares et al., 1999), this may 

be another indirect mechanisrn by which lithium affects A D P - r i s s f e  activity. It 

would indeed be interesting to identim which and how many ADP-ribosyltransferases may 

be affected by lithium dong with the mode of regulation in both human tissue and peripheral 

cells. 

Young et ai. (1997a) aiso reported that lithium could differentially affect ADP- 

ribosylation by significantly reducing endogenous [32P]ADP-nbosylationofa 39 kDa protein 

band only in platelets fiom euthymic lithium-treated BD patients compared with 

unmedicated subjects. The identity of the 39 kDa band in platelets, however, was not 

charactenzed, but assurned to be q because of the estimated molecular mas (Young et al., 

1 997a). In the present study. there was no evidence of an endogenously r2P]ADP-nbsylated 
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39 kDa protein in the human pool of platelets examined. In fact, only endogenous p ] A D P -  

nbosylated a,, was detectable. The absence of a detectable endogenously [ 3 ' P ] ~ ~ -  

ribosylated 39 kDa protein may be due to methodological differences in platelet prepmtion 

or techniques employed in this study. The platelets used here consisted of a heterogenous 

population of cells (i.e. pooled fiom 5 different subjects) and were fiozen before assay. In 

addition, lower amounts of platelet protein were used in my study compared with the 

amounts used by the latter authors for SDS-PAGE. Furthemore, they used approximately 

twice the amount of [32P]NAD (5 as compared with 2.5 pCi) dong with a higher temperature 

and longer reaction time than the assay conditions used my experiments. Employing freshly 

isolated platelets. homogeneous population of cells, similar assay conditions and larger 

amounts of protein for eiectropho~tic separation would help to dari@ the nature of 

endogenous [32P1~DP-nbosylation of a 39 kDa protein band observed by others in platelets. 

Due to limited tissue availability and in the absence of changes in the 

immunoreactive levels of the 39 kDa a,-like protein, endogenous [32P]ADP-nhosylation of 

MBP was not examined under the 25 mM D'TT assay conditions. Although the significantly 

reduced endogenous [3'P]ADP-ribosylation of the 39 kDa as-like protein suggests some 

aiteration(s) affecthg one or more ADP-ribosyltransferase(s) may occur in BD temporal 

cortex, the pathophysiological significance of this modest ciifference in the face of limited 

changes in ADP-ribosylation of a, is uncertain. Moreover, since the reduction of the 39 kDa 

uilike protein correlates with lithium levels, it is possible that lithium is able to compeasate 

partial1 y for a selec tive defec t in ADP-ribosy ltransferase activity . 
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Finally, it must be considered whether ADP-ribosylation of a, in vitro is af5ected by 

the preexisting degree of ADP-ribosylated a, in vivo. Unfortunately, the tme rate of in vivo 

éndogenous ADP-ribosylation cannot be measured in brain and is not easily resolved by 

technical procedures. As shown by Philbert and Zwiea (1995), stability of the ADP-ribose 

bond decreases appro'ùmately 80% following prolonged exposure to constant temperature. 

Since al1 brain tissues have varying degrees of PMI, it is highly conceivable that this 

extraneous factor may influence the stability of the in vivo ADP-ribose bond to a,. Thus, if 

it were possible to measure the degree of ADP-ribose linkage to a, in the in vivo state, it is 

crnainly not an accurate reflection of already ADP-ribosylated a,. Therefore, addition of 

["PJNAD allows for detection of this physiological process in vitro, providing a rneasure of 

mono-ADP-nbosyltranstérase activity and the ability of a, to undergo this posttranslational 

modification. 

V.3 Future Studies 

The findings of this study have raised the possibility that a potential disturbance(s) 

crists in the cellular disposition andor heterotrimeric state of q, and a*, in BD temporal 

and occipital cortex. Further testing of this entails methodological and mechanistic 

considerations. For example, irnmunoprecipitation of aJ3y complexes fiom the temporal 

conex of BD subjects would be the best way to confimi the possibility of aitered 

heterotrimeric state of a,. However, this is contingent upon the availability of antibodies 

@,-PI) with high immunoprecipitation efficiencies. Furthemore, at present, anti-6, is not 

commercially available and since it is not currently knovm what proportion of a, is coupied 
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to each p subunit, there is a serious risk that the results of such immunoprecipitation assays 

would be inconclusive. Thus, this limitation taken together with the limited availability of 

the postmortem brain used in this study suggests other approaches are needed to examine 

alterations in the cellular disposition d o r  availability of a,. 

Factors which are known to affect the cellular disposition ador  availability ofasand 

warrant further investigation could include changes in its phosphorylation, palmitoylation 

and/or subcellular localization (Asterano et al., 1999). With respect to the latter, subcellular 

localization ofa subunits (such as a3 to the trans-Golgi apparatus and secretory granules has 

been reported in a variety of tissues such as pancreas, liver and adrenal medulla (Maier et al., 

1995. Denker et al., 1996, Astersano et al., 1999). Furthemore, immunoprecipitated tubulin 

has been s h o w  to aggregate with ai and as in rat cerebral cortical synaptic membranes (Yan 

et al.. 1996). Incubation of the latter membranes with tubulin complexed with Gpp(NH)p 

has also becn reponed to inhibit AC activity (Yan et al.. 1996). As discussed in the overview. 

inactive a, can associate with caveolin-enriched hctions (Li et al., 1995). Moreover. drug 

and physical treatments c m  alter the disposition and functional activity of a subunits. Thus, 

antidcpressants such as arnitnptyline, desipramine or ECT cm enhance AC activity in rats 

and C6 cells by increasing the couplhg between a, and AC. as reflected by increases in the 

number of active aJAC complexes (Chen and Rasenick, 1995% 1995b). Such alterations in 

the localization and cellular disposition of a, in BD braîn by one or more of these factors 

may lead to a Fractionofa, that is inaccessible to both endogenous and CTX-catalyzed ADP- 

ribosylatioo. This could then reduce the availability of a, as a mbstrate for ADP- 
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ibosylation. Future studies involving subcellular f'ractionation of 4 to tease apart its 

intracellular localization/distribution could hel p in determining the degree of ADP- 

nbosyltransferase activity associated with each a, bction in BD temporal cortex. 

Equally important, other posttmnslational modifications such as N-terminal 

palmitoylati~n. may affect the cellular disposition andor availability of a,. As discussed in 

the overview. palmitoylation serves to confer p a t e r  hydrophobicity to a subunits and 

enhances membrane interaction (Wedegaertner et al., 1999, although its exact role has not 

been fully elucidated. Bhrame et al. (1998) reported that in rat cortical membranes, receptor 

interactions with heterotrimenc a, triggers its dissociation and depalrnitoylation. The 

inability of a, to undergo repalymitoylation once activated by the latter events could result 

in its targeting to the cytoplasrn and other subcellular localizations. Therefore, mduced 

palmitoylation could serve to limit the availability of q to fonn a heterotrimer with py 

subunits as depicted in Figure 33. Given the results of my investigations, a dynamic process 

such as palmitoylation would merit M e r  exploration in understanding the basis for the 

changes in a, observed in BD. However, examination of such processes is contingent upon 

the availability of a living cellular model which expresses the same G protein changes 

manifest in BD temporal cortex and presumabty the same regulatory processes as 

neuronaVglia in this brain region. Udortunately, to date, no such model has k e n  

unequivocally demon~rrated. 

Despite such an inttiguing possibility, BD stiil remains a complex and muitifaceted 

disorder. There may be more t h  one cellular mechanism(s) underlying the patho- 

physiological changes observed for 4 in this disoràer (Li et al., 1999). As stated in the 
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overview. other processes such as calpain- and ubiquitin-dependent degradative mechanisms 

may also warrant M e r  investigation (see Figure 33) and can not be excluded as possible 

posttranslational processes that may account for the elevations of as. However, clearance 

through the latter routes could also depend on the heterotrimeric state of a, (Greenwood and 

Jope, 1 994), and this may confound the interpretation of findings obtained through the latter 

two pathways. Taken together, priority should be given to the examùiation of mechanisms 

that can affect the disposition of a, (such as palmitoylation) before assessing other potential 

processes. 

IV.4 Conclusions 

The results of this study have provided a number of new and important findings 

relevant to understanding the pathophysiology O fBD, in particular the regdation/modulation 

of a, protein levels by the posttranslational modification of ADP-iibosylation. First, this 

work is fundamental in demonstrating that a, undergoes ADP-ribosylation in postmortem 

hurnan brain. Charac terization of both endogenous and CTX-catal yzed [32P]ADP- 

ribosylated products of a,, and a, by SDS-PAGE, immunoprecipitation with a, 

antibodies and limited protease digestion confiirms that a, isofoms are indeed substrates for 

this process. 

Of particular importance, is the identification of a novel, Iower molecular weight a,- 

like protein in posmiortem brain, which is also capable of undergoing endogenous r2P]ADP- 

riboyslation. This protein is aot a degradative product of 04 nor does the signal detected 

consist of [3'P]ADP-ri'bosylated GAPDH. One likely possibility is that the 39 kDa 

[32P]ADP-ribosylated aJike protein represents an N-temimi truncated form of a,. 



Alternative Posttmnslational Mechanisms Reguiating a, Protein Levels 

Figure 33: Schematic representation of aitemative posttmnslational pathways that may 
regulate a, protein levels and fiuiction. Evidence nom this study does not support the notion 
that ADP-ribosy lation ( 1) plays an important role in the ngulation of a, levels in BD. The 
findings do, however, suggest that the cellular disposition and/or heterotrimeric state of a, 
is altered. Processes that may affect a, availability indude lipid modifications such as 
palmitoylation (2) and regulation by tubulin and other subcellular locaiizations (3). Other 
mechanisms which may dso be involved in modulating a, levels include the degradative 
mechanisms of calpain (4) and ubiquitin (5) and cross regulation via different second 
messenger pathways (6). 
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It has been show that a, also undergoes endogenous and CTX-catalymd [32P]~DP- 

ribosylation in peripheral blood cells such as platelets, and for the f h t  tirne, this has ais0 

been demonstmted to occur in human B-lymphoblast ce11 lines. Endogenous [32P]~DP- 

ribosylation of a,., in both human platelets and B-lyrnphoblasts is greater despite the fact 

that immunolabeling of the protein is markedly lower compared to a,, suggesting 

preferentiai labeling of the two isofom for ADP-ribosylation in these cells. This supports 

the notion that ADP-ribosylation may play a role in differentially regulating the levels of a,L 

and a,, (i.e. modulation of turnover) and hence affect functionality in human platelets and 

B-lymphoblasts. 

This study is also the first to show differences in the degree of endogenous and CTX- 

catalyzed [j2P]ADP-ribosylation of the a, isoforms arnong different regions in postrnortem 

human brain. These differences inc lude: decreased endogenous [32P]ADP-ribo sy lation of 

both a*, and the 39 kDa as4ike protein in temporal and occipital cortices compared to 

cere bellum; and increased CTX-catal yzed [32P]ADP-ribosylation of a,, in temporal and 

occipital cortices compared to cerebehm. Collectively, these observations suggest a 

diperential expression of ADP-ribosyltransferases and/or cofacton within brain tissue. 

This mdy also extends on the previously reported fmding of elevated 

immunoreactive levels of q, in BD temporal and occipital cortex compared with controls 

demonstrating a, levels were also elevated in area 20 of BD temporal cortex, a subregion 

not previously examùied. This indicates that changes in asL protein levels are lkeiy 

widespread within the temporal cortex of BD patients. 
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The findings of a significant negative correlation between endogenous r?]ADP- 

ribosylated as, and its immunoreactive levels, together with reduced CTX-catalyzed 

[32P]ADP-ribosylated asS. suggest that the cellular disposition andor heterotrimeric state of 

a, may be altered in BD temporal cortex. Such abnormalities may render a, less accessible 

to the process of ADP-ribosylation and perhaps, clearance mechanisms. The lack of 

differences in endogenous [32P]ADP-cibosylation of MBP in BD temporal cortex compared 

with controls M e r  supports that a disturbance in ADP-nbosyltransferase activity is 

unlikely the molecular mechanism underlying the elevated levels of as in BD bmh. 

Signi ficant reductions in the endogenous ["PIADP-nbosylation of the 39 kDa as-like 

protein in BD temporal cortex compared with controls suggests the possibility of a 

disturbance in a specific ADP-nbosyltransferase andor cellular disposition for this 39 kDa 

as-like protein in this cortical region. Moreover, the changes in the 39 kDa atlike protein 

correlated with lithium concentrations. possibly reflecting that this mood stabilizer is dso 

able to rnodulate the activity of some ADP ribosyliransferases in hurnan brain. This finding 

concurs with observations that lithium modulates endogenous [3'P]ADP-ribosylation of a 39 

D a  protein in platelets from BD subjects (Young et al., 1997a). 
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