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Abstract
s
The addition of dopamine to homogenates or sllice Preparations from rat caudate
nucleus results in a 100-150% increase in tissue CAMP levels. Since protein
kinases are the on.t;( known physiological receptors for cAMP, it has been hypoth-
esized that the response of the postsynaptic neurons to dopamine may be mediat-
ed in part through the phosphorylation of specific membrane proteirns. This study
examines the effects of dopamine on cAMP and its associated protein kinase in
caudate nﬁcleus. |

-

Caudate tissue contains a Type II protein kinase that is activated by

cAMP, and that catalyzes the phosphorylation of several synaptic membrane pro-

teins, Dopamine, however, did not appear to enhance the phosphorylation of these
proteins either in broken cell or intact preparations, although increases in cAMP
could be demonstrated under similar experimental conditions.

e Destruction of postsynaptic neurons using the neurotoxin ka.mzc acid
significantly reduced cAMP-dependent protein kinase activity. Destruction of
presynaptic nerve terminals, on the oti:ér hand, had no effect on the activity of
this enzyme systetn. However, this procedure was associated with an i.;:crease in
dopamine teEéptor sengitivity as measured by an increase in dopamine-mediated
turning behaviour. This behaviourﬂ respounse was not abolished by intrastriatal

administration of kainic acid, although this technique reduced dopamine-sensitive

adenylate cyclase and cAMP-dependent protein phosphorylation by 80-90%. ?

The administration of chronic haloperidol alse produced behavioural

supersensitivity, as well as increases in the number of postsynaptic dopamine

-
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receptors, but this was not associated with comparable increases in the activity
of dopamine-sensitive adenylate cyclase, or in cAMP—dependent protein phospho-
rylation. These studies therefore do not support a role for ctAMP or cAMP-depen-
dent protein b.nases in the mediation of postsynaptic dopamine receptor super-
sensitivity.
Rat caudate nucleus also contairs a number of proteins that are phos-
phorylated by Ca'’-dependent protein kinases. Substrates fdr calmodulin-depen-
dent and independent protein kinases were- identified and/characterized on the
- basis of their solubilization properties and rﬁponse-to ne\roleptic drugs. Dopa-
mine enbanced the phosphorylation of two of -these proteins in rat striatal slices.
" The effects of dopamine on protein phosphorylation could be distinguished from
those of depolarizing agents such as KCl or veratridine, and were not mimicked
by 8-bromo-cAMP.
| The present studies demonstrate that increases in cAMP produced by
dopamine have no gneasurable effect on cAMP-dependent protein phosphorylation.
Although these data do not definitely preclude a role for cAMP-dQébendent protein
kinases in the regulation of postsynaptic function, they indicate that the physio-
logical relevance of dopamine-mediated increases in ¢ . should be re-exam-

ined. J
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Chapter |
Introduction
.
1.1 General Introduction and Rationale _
During the past decade a vast body of literature has accumulated regarding the
role of dopamine as a neurotransmitter m the central ner\ffous”system. The impe-
tus for this extensive research effort has derived in paré from the well-known
association of ;dopamine with specific clinical disorders. For em:ampie, degenera-
tion of dopaminefgic neurons in the substanﬁa nigra and the subsequent impair-

ol

tract is thought to be a
Parkinson's disease {Hornykiewicz,

ment of dopaminergic transmission in the

primary feature of the pathophysiclogy
1966). -

Anot-her clinical disorder that has been attributed to altered dopamin-
ergic function is schizophrenia (Hornykiewicz, 1977; Sayder et al.,, 1974; Matth-
ysse and Lipinski, 1975; Davis, 1976; Snyder, 1976; Snyder, 1981). The evidence

" for the involvement of dopamine in schizophrenia stems from the ohservation
that antipsychotic drugs, that are used in the treatment of schizophrenia, exert
their effects by binding dopamine receptors (Snyder et al., 1974; Iversen, 1975;
Seeman, 1980; Snyder, 1976) thereby blocking synaptic transmission in central
dop.aminergic neurons. .

' The success of the neurolei)tics as therapeutic agents in the treatmeft
of schizophrenia gave rise to the "dopamine hypothesis of schizophrenia” (Snyder,

1976) which in its simplest form states that schizophrenia is the result of overac-

tivity of dopaminergic pathways in the brain. Although the brains of schizophren-



ic patients contain normal levels of dopamine (Crow et al., 1979), they do show an
increase in the number of dopamine receptors in the corpus striatum (caudate
nucleus and putamen} as well as in the mesolimbic area (Owen et al., 1978; Lee et
al., 1978¢c; Lee and Seeman, 1980; Crow et al., 1979). These studies indicate that
the primary defect in schizophrenia may be an increase in the sensitivity of post-
synaptic receptors to dopamine. Other investigators, however, have questioned
this interpretation since the reported increases in the tumber of dopamine recep-
tors m the brains of schizophrenics appear to be confined to patients previously
maintained on neuroleptic med.icaﬁon {Reynolds et al., 1981; MacKay et al.,
1980). As will be discussed in more detail later, prolonged disruption of dopamin-
ergic transmission leads to an adaptive infrease in the number of postsynaptic
dopamine rec;:ptors, and this /is thought to be a biochemical correlate of
increased receptor sensitivity.

In recent years biochemical studies have attempted to characterize
the properties of the "dopamine receptor.” Research in this area has been com-
plicated by the fact that mammalian brain contains several classes of doPamine
receptor mth different biochemical properties (Seeman, 1980). Although the
pharmacolegical characteristics of these receptors have been well-defined (See-
man, 1980), their fhsuftlons \m vivo, and the intracellular mechanisms by which
they achieve their effects havf-\ _n_o\t\been clearly elucidated. In view of the inher-
ent heterogeneity of dopamine receptors within the brain (Cools and Van Rossum,
1980; Kebabian and Calne, 1979), it is unlikely that the physiological response of °
these receptors to dopamine is mediated through a single biochemical process.

Kebabjan and associates (1972) have isolated an' adenylate cyclase
from areas of brain rich in dopamine nerve terminals that is selectively stimulat-

ed by dopamine and its agonists, and is inhibited by antipsychotic agents jll.[ch as



haloperidol and chlorpromazine. The enzyme is localized posts'fnaptically (Keba-
bizn et al., 1972; Minneman et al., 1978; Schwartz et al., 1978; Garau et al,, 1978;
Creese et al., 1977a), and mediates the intracellular formation of cAMP which is
believed to function as a "second messenger” for the effects of the transmitter
{Greengard, 1976_). Although not all dopamine receptors in the brain are linked to
adenylate cyclase (Seeman, 1980j, this.enzyme displays many of the pharmacolo-
gical properties of the indirectly characterized dopamine receptor (Clement-Cor-
mier et al.,, 1974; Kebabian et al., 1972; Iversen, 1975) and has provided a useful
in vitro model for investigating some of the intracellular events that accompany
dopaminergic transmission.

. Synaptosomal membranes contain specific proteins that are phospho-
rylated a cAMP-regulated process. The enzymes that catalyze this reaction
are known as cAMP-dependent protein kinases. Greengard and his ;:olleagues have
proposed that the phosphorylation of these membrane proteins may play an
important role in synaptic transmission, a hypothesis that has obtained much
experimexital support (Greengard, 1979; Williams, 1979; Reddington and Mehl,
1979; Kelly et al., 1979). A schematic representation of this process is shown in
Figure 1. ‘

Although there is reason to believe that c!ppamine agonists or antago-
nists might preferentially alter cAMP-dependent protein kinase activity, as yet
the effect of dopa:pine on the phosphorylation of synaptic membrane proteins is
unclear. In addition, since synaptic membranes also contain a number of proteins
the phosphorylatiog of ‘which is not cAMP-regulated, the possibility that dopamine
might influence cA:MP—independent phosphorylation must also be considéred.

In light of the above, the aim of this work was: {1) to investigate the

effects of dopamine agonists and antagonists on protein phosphorylation in rat

“\
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Figure 1: A schematic representation of the role of protein kinases in
synaptic function

caudate nucleus, and (2) to determine whether changes in the sensitivity of dopa-
mine neurons are accompanied by changes in the phosphorylation of specific
synaptic msmbrane Proteins. Investigation of the biochemical mechanisms that
mediate dopamine receptor function is important both from the point of view of
understanding the process of dopaminergic transmission, as well as from the point
of view of obtaining a better appreciation of the response of the postsynaptic
ln'euron to neuroleptics. This information may provide an approach to the manipu-
lation of disorders involving enhanced or suppressed dopaminei-gic function. A

summary of the relevant literature is presented below.



~
12 Anatomy and Physiology of the Nigro-Striatal Dopamine System %/’
Through the use of the P;alck-Hilla:p histofluorescence technique Anden et

al. (1964) demonstrated the nigro-striatal pathway, that originates in the pars

compacta of the substantia nigra, and terminates in the corpus striatum (s;ee Fig-

‘ure 2). The clinical finding that Parkinso's disease is the resuit of a decrease in

the dopamine content of the caudate nucleus secondaryﬁ to degeneration of the
substantia nigra led to the proposal that this pathway was the principal source ot:

striatal dopamine in man (Hornykiewicz, 1966).

frontal neocortex

corpus callosum
hippqcampus o
substantia nigr

|

¢

nucleus accumbens
olfactory tubercle

caudate nucleus \
central amygdaloid nucleus ‘medlan
' eminence

Figure 2: A schematic representation of the dopamine pathways in rat brain

The nigro-stiatal pathway additionally includes descending gabanergic

(Hattori et al., 1975; McGeer et al., 1977) and Substance P (Hong et al., 1977)
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fiber tracts that project to the substantia nigra. The cell bodies of the gabanergic
and Substance P neurons are localized in the striatum and can selectively
destroyed by injéctions of kainic acid, a neurotoxin that causes degepération of
cell soma and dendrites while sparing axons and neré?férmﬁzﬁs“(Coyle and
Schwartz, 1976; Hattori and McGeer, 1977; Coyle et al., 1978; Hong et al., 1977).
Gabanergic fibers synapse with dendrites of dopaminergic neurons in the substan-
tia nigra (Hattori and McGeer, 1977; Hattori et al., 1975) and exert an inhibitory
influence on dopamine activity (Bartholini et al., 1975). Dopamine released from
these dendrites (Korf et al., 1976; Geffen et al., 1976) stimulates ;lhe release of
GABA from nigral nerve endings (Reubi et al., 1977).

The activity of dopaminergic neurons is additionally regulated through
synaptic pathways within the striatum. The dopaminergic afferents to the stria-
tum sy;apse with excitatory cholinergic neurons (Hattori et al., 1976) that are
intrinsic to the basal ganglia (Lynch et al., 1972; Hattori et al., 1976; McGeer et
- al., 1975). Dopamine and its agonists inhibit acetylcholine felease, whereas dopa-
mihe a,.ntagon.ists have the opposite effect (Bartholini et al., 1977). Acetylcholine,
‘ in turn, enhances the presynaptic release of dopamin; (Giorguieff et al., 1976; De
Belleroche and Bradford, 1978) an effect that appears to be mediated in part by
nicotinic receptors localized on dopamine nerve endings (McGeei- et al., 1979).

Cholinergic aeurons also stimulate gabanergic neurons whose axons
leave the striatum to form inhibitory synapses with dopamine nel-u'ons in the sub-
stantia nigr‘a (McGeer et al., 1976a). This neuronal feedback loop between the
substantia nigra and the striatum provides one mechanism for the regulation of
dopaminergic transmission in the nigro-striatal pathway (Figure 3).

Systemic administration of pharmacological agents that facilitate

dopaminergic transmission produces an inhibition of neuronal activity in the stri-
.

\
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atum (Groves et al.,, 1975} and a corresponding decrease in the firing rate of

dopamine neurons in the substantia nigra (Rebec and Groves, 1975; Bunney et al.,

1973). In contrast, administration of drugs that block dopamine receptors, pro-

duces an increase in dopaminergic nerve impulses (Groves et al., 1975; Aghajanian

and Bunney, 1977; Bunney and Grace, 1978) and in the activity of caudate nucleus

neurons {Anden et al., 1970). These results are consistent with a variety of studies

demonstrating that dopamine has an inhibitory effect on postsynaptic neurons in

the caudate nucleus (Connor, 1970; Feltz, 1969; McLennan and York, 1967).



1.3 Dopamine Receptors in the Mammalian Brain

The mammalian brain contains different classes of dopamine receptors that can
be distinguished on the basis of physiological, pharmacological and biochemical
criteria (Cools and Van Rom, 1980; Kebabian and Calne, 1979; Titeler et al.,
1978; Creese, 1980; Iversen et al., 1980; Spano et al., 1980). Using a modification
of the nomenclature originally proposed by Kebabian and Calne (1979), See-
man (1980) has identified four sites of dopamine action that can be class1f1ed
according to their binding affinities for dopamine and neuroleptics. The D-1 site
is linked to dopamine-sensitive adenylate cyclase, and is stimulated by micromo-
lar concentrations of dopamine, and inhibited by micromolar concentrations of
neuroleptics. The D-2 site is stimulated by micromolar concentrations of dopa-

mine, and inhibited by nanomolar concentrations of neurcleptics. The D-3 site is

- sensitive to nanomolar concentrations of dopamine and micromolar concentra-

tions of neuroleptics. The D4 site has a high affinity for both dopamine and neu-

roleptics (Figure 4).

131 Postaynaptic Regulation of Dopamine Function

A Properties of D-1 Receptors

As discussed “previously, one of the physiclogical effects of - dopamine is io
increase intracellular levels oij cAMP through activation of & specific adenylate
cyclase. Dopamine stimnulation of adenylate cyclase has been deménstrated in
homogenates (Kebabian et al., 1972; Clement-Cormier et al., 1974}, and inwslices
(P:orn et al., 1974; Wilkening and Makman, 1975) of rat caudate nucleus. A nu:;bér
of analogues that possess dopamine-like activity in vivo have also been shown to
increase the activity of dopamine-sensitive adenylate cyclase (Makmaﬁ. et al,,

1975; Miller et al., 1974; Kebabian et al., 1972; Iversen, 1475).



Dé receptor

Dopamine: ~5000 nM
Spiperone: ~0.3 nM

(= dopamine-sensitive

adenylate cyclase) -
Dopamine: ~3000 nM
piperons: ~2000 nM

Dopamine: ~3 nM
Spiperone: ~1500 nM

.\1 Dopamine: ~15 nM

Spiperone: ~ 0.2 nM

Figure 4: A classifification of dopamine receptors in mammalian brain

As cAMP is a well-established intracellular messenger for a number of.
hormonally-mediated events {(Robison et al,, 1971), and is capable of amplifying
hormonal responses by birﬁi.ng and activating specific cAMP-dependent protein
kinades (Rubin and Rosen, 1975; Glass and Krebs, 1980; Krebs and Beavo, 1979),
this provides a possible mechanism for the physiological changes ‘that aEcompany
dopamin;rgic transmission. . |

It bas been suggested, based on work in other neuronal systems includ-
ing cerebellar Purkinje cells (Siggins et al.,, 1974; Hoffer et al., 1972), and sympa-
thetic ganglia (Kebal;ian et al., 1975) that the electrophysiclogical effects of

dopamine in caudate nucleus might be mediated through the postsynaptic genera-

L4
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tion of cAMP. Although the neurophysiological consequences of dopamine stimu-
lation in t.he_ caudate remain somewhat controversial (Herrling and Hall, 1980),
most of the experimental evidence indicates that dopamine functions as an inhi-
bitory neurotransmitter in this brain region (Siggins, 1978). .

Consistent with the hypothesized role of cAMP as an intracellular
mediator of dopaminergic transmission, iontophoretic administration of cAMP to
caudate nucleus neurons depresses their firing rate, an effect that.is potentiated
by phosphodiesterase inhibitors (Siggins et al., 1974). These results are ohserved
following presynaptic destruction of dopamine nerve terminals with
6-Hydroxydopamine indicating that the electrophysiological changes produced by
dopamine and cAMP occur in the postsynaptic membrane (Slggms et al,, 1974).

Biochemical s{ydies have also confirmed a postsynaptic loéalization of
adenylate cyclase. Lesions of dopamine cell bodies in the substantia nigra do oot
alter the activity of dopamine-sensitive adenylate cyclzse within either the nigra
(Kebabian and Saavedra, 1976) or the striatum (Krueger et al., 1976), indicating
that the cyclase is located on cellu]a‘g:ie_lenillents other than dopamine neurons.
Conversely, destruction of postsynaptic neurons in the striatum with kainic acid
spares the dopaminergic nerve terminals but abolishes adenylate cycla.se activity
(McGeer and McGeer, 1976; Schwartz and Coyle, 1977; Di Chiara et al., 1977a).
Measurement of dopamine receptors using labelled antagonists furthe.z' indicates
that about 40-50% of dopamine receptors are unaffected I‘ay kainic ac.:id treatment
?Murrin et alll., 1979; Schwartz et al., 1978; Creese et al., 1977a), and are there-
fore not linked to adenylate cyclase.

Antipsychotic drugs, that inhibit dopaminergic activity, are potent
competitive antagonists of the dopamine-sensitive adenylate cyclase {Kebabian et

al., 1972; Clement-Cormier et al., 1974; Miller et al., 1974), There is a good cor-
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celation between the ability of the phenothiazines to inhibit the dopamine-sensi-
tive adenylate cyclase and their clinical potency in vivo (Iversen, 1975). This
relationship,-however, does not apply to the butyrophenones, that exhibit strong
antipsychotic activity in vivo (Janssen, 1965; Iversen, 1975) but are relatiml}
weak antagonists of the cyclase in vitro (Clement-Cormier et al.,, 1974 Krueger
et &,_'197;). The physiolbgi@ significance of the observed inhibition of the
dopamine-sensitive adenylate cyclase by nemoleptics.’ has been disputed (Seeman,
1980) since this effect is only observed at concentrations of neurcleptic that a:'e
far in excess of cn'culatmg drug levels report‘ed-i_n vivo (Seeman, 1977; Nakahara
et al., 1978).

The enzyme adenylate cyclase consists of at least three components:

a receptor component located at the outer surface of the membrane containing a

recognition site for binding of hormones or transmitters, and a catalytic unit and -

nucleotide regulator? component on the cytosolic side of the membrane {Rodbell,

1980). The regulatory component contains sites-for the binding of guanine nucleo-
tides ;whic:h have been shown to modulate the hormonal sensitivity of the enzyr;m
(Tell et al., 1975; Lefkowitz, 1974; Rodbell et al.,, 1975; Chen et al., 1980). These
agents stimulate basal as well as dopamine-sensitive adenylate cyclase activity in
homogenates- (McSwigan et al.,, 1980) as 'wel.l as membrane fractions from rat
caudate nucleus (Clement-Cormier et al., 1975; Roufogalis et al, 1976a; Sulakhe
et al., 1977).

B;-ain adenylatg cyclase activity exhibits a biphasic response to Ca*t
\fith stimulation occurring at low Ca™ concentr;ations. and inhibition at h:igher
concentrations (Brostrom et al., 1975; Lynch et.al., 1977). The ca*t sensitivity of
the enzyme is conferred by calmodulm (Brostrom et al., 1978; Cheung et al.,
1975; Lynch et al., 1976;} which combines with the enzyme to form an active

complex (Liu and Cheung, 1976). Two forms of adenylate cyclase have been iso-

o8
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lated, one dependent on calmodulin and the other not (Westcott et al., 1979).
Sensitivity to calmodulin can be restored by the addition of a dissociated protein
factor tentatively identified as the GTP-binding subunit of the cyclase (Toscano
et al., 1979). More receﬁt studies, however, have lshown that calmodulin exerts its
effects directly on the catalytic subunft of the enzyme and does not require the
Presence of the guanyl nucleotide binding subunit (Salter et al., 1981).

Tissue levels of CAMP are additionally regulated by cyclic nucleotide
phospbodiesterase the enzyme that catalyzes its hydrolysis to 5'-AMP. Rat or
bovine brain phosphodiesterase is partly soluble and partly particulate (Cheung
and Salganicoff, 1967; De Robertis et al.,, 1967). Calmodulin increases the activi-
ty of the soluble enzymef while havi.ng- no effect on the particulate enzyme
{Cheung, 1971; Cheung et al., 1975; Lynch et al.,, 1977). The soluble enz}me that
is act;vated by calmodulin has been identified as the high K, form of the enzyme
that hydrolyzes cAMP with a high Ky, and cGMP with a low Kg (Cheung et al.,
1978) and is the only cne of several forms of phosphodiesterase that is affected
by calmodulin (Kakiuchi et al., 1973). ‘

Binding of calmodulin to the enzyme increases its catalytic activity
but has little effect on its substrate affinity (Klee et al., 1979; Morrill et al.,
1979). The caimodulin—activated form of phosphodiesterase is located postsynap-
tically (Ariano ;nd'A_ppleman, 1979) as are ca]modtilin (Wood et al., 1980) and
adenylate cyclase (Rechardt and Harkonen, 197'};; Minneman et al., 1978; Garau et
al., 1978). This adds further support to the hypothesis that cAMP rﬂ.’g mediate
some aspects of synaptic transmission, and indicates, moreover, that‘ 7the postsy-

naptic regulation of cyclic nucleotide levels intimately involves calmodulin.
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B. Properties of D-2 Receptors

The D-2 receptors are distinguished from the D-1 and D-3 classes o{\‘iiceptorg by
their high affinity for neurcleptic drugs (Seeman, 1980). A number of lines of evi-
dence indicate 'that this population of receptors mediates many of the clinical
effects attributed to neurcleptic drugs in vivo. Thus the binding affinities for

neuroleptic drugs at this site correlate with their antipsychotic potency {Seeman

et al,, 1975; Meltzer, 1976; Creese et al., 1976a,b; Soyder, 1981; Creese and Sny-

der, 1977), as well as with the concentration of drug detected in the serum of

medicated patients (Seeman 1977).

These receptors have been clearly distinguished from those receptors
linked to adenylate cyclase on the basis of a number of biochemical and pharma-
cological criteria including different anatomical (Garau et al., 1978) and subcel-
lul:/:lr distributions (Clement-Co;mier and George, 19';8; Laduron et al.,, 1978)
antagonism by different classes of neurocleptic drugs (reviewed by Seeman, 1980),
susceptibility to GTP inhibition of agonist binding (Creese et al., 1979) and meth-
od;of adaptation to surgical or pharmacological den\é'rvation (Muller and Seeman,
1978; Seeman, 1980). '

13.2 Prosyﬁaptlc Regulation of Dopamine Function
As described above, the mechanism by which dopamine exerts its postsynaptic
effects is predominantly through interaction with D-1 and D-2 receptors. Dopam-

inergic function can be regulated additionally by presynaptic "autoreceptors” that

provide a local mechanism for the feedback control of dopamine synthesis and

release in the vicinity of the nerve terminal (Carlsson, 1977; Bloom, 1977). These
{
autoreceptors or D-3 receptors, using the nomenclature of Seeman (1980), are

distributed on dopamine cell processes within the substantia nigra (Bunney et al.,

(
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1973a; Groves et al., 1975; Wilson et al., 1977; Bjorkland and Lindvall, 1975; Koxf
et al.,, 1976; Walters and Roth, 1976) or on the preterminal endings of dopamine
neurons within the striatum (Bunney and Aghajanian, 12}'78; Iversen et al., 1976;
Westfall et al,1976).

Activation of these autoreceptors by dopamine or apomorphine results
in 'a. decrease in the synthesis and release of dopamine (Ro—th et al., 1974}, an
effect that is antagonized by the neuroleptic drug, haloperidol {Carlsson and
Lindqvist, 1963; Zivkovic, 1977). These effects persist after transection of the
nigro-striatal tract (Kehr et al., 1972) indicating that presymaptic receptor
mechanisms may be involved in the regulation of transmitter synthesis in central
dopaminergic neurcns (Kehr et al., 1972; Roth et al., 1974; Walters and Roth,
1976; Westfall et al., 1976; Argiolas et al., 1982).

( In addition, there is electrophysiological evidence for the presence of
autoreceptors on dopamine net;rons in the substantia nigra (Aghajanian and Bun-
ney, 1977). Agonists and antagonists of dopamine can bind these receptors and
directly modulate dopaminergic activitj; 'mdependentl'f,r of pos‘tsynaptic feedback
pathways between the striatum and substantia nigra (Bunney and Aghajanian,
1978; Di Chiara et al.,, 1977b; Garcia-Munoz et al.,, 1977). Binding studies with
tritated ligands have demonstrated ;1 50% reduction in the number ;af D-3 sites in
postmortem brains of patients with Parkinson's disease (Lee et al., 1978 a,b), or in
rats whose nigro-striatal tracts have been lesioﬁt_:d with 6-Hydroxydopamine
(Nagy et al., 1978; Fujita et al., 1980). These ;esults indicate that approximately
half of the autoreceptor sites in the striatum are located on presynaptic dopa-
mine-containing neurons, an observation that is compatible with the hypothesized

role of these receptors in dopamine metabolism and release (Argiolas et al.,

1982).



15

1.33 Chemical Lesion and Drug-induced Supersensitivity of Caudate

Dopamine Receptors

A introduction

Surgical or j;harmacological disruption of dqiiaminergic transmission can result in
a state of denervation supersensitivity that 15 characterized by an increase in the
responsiveness of postsynaptic receptors to dopamine (Ungerste&t, 1971a; Kla-
wans et al., 1980; Muller and Seeman, 1978; Reisine, 1981). The development of
supersensitivity is thought to be a compensatory response of postsynaptic recep-
tors to the reduced stimulation of these sites by dopamine, although evidence of
presynaptic receptor supersensitivity following chronic administration of neuro-
leptics has also been reported (Bannon et al., 1980; Nowycky and Roth, 1978).

The latter effect is thought to represent an increase in the respon-
siveness of presynaptic autoreceptors to dopamine, leading to enhanced suppres-
sion of dopamine synthesis (Nowycky and Roth, 1978). This would tend to reduce
further the availability of synaptic dopamine, and potentiate the development of
postsynaptic receptor supersensitivity. Thus dopaminergic transmission involves
the complementary regulation of pre as well as postsynaptic receptors both of
which are capable of adapting to long-term alteratiom;. in dopaminergic function.

These observations have several implications for the treatment of dis-
eases involving disorders of dopaminergic transmission. Thus, the symptoms of
schizophrenia can be alleviated by administration of neuroleptics that block post-
synaptic dopamine receptors (Matthysse, 1973; Seeman, 1977; Snyder, 1981}, or
alternatively by treatment with low doses of dopamine mimetics that bind presy-
naptic autoreceptors and thereby inhibit dopamine synthes;is (Inanaga et al., 1975;

Smith et al., 1977a; Carlsson, 1978; Gerlach and Luhdorf, 1975; Corsini et al.,
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C/? 1977). At higher concentrations, dopamine agonists will also bind postsynaptic
receptors leading to facilitation of dopaminergic transmission and an exacerba-
tion of psychotic symptoms (Yaryura-Tobias et al, 1970; Angrist et al, 1978;
Goodwin 1972; Snyder, 1973}, The therapeutic benefits of neuroleptics presumably
derive from their ability to bind these receptors and thereby antagonize those
aspects of the psychoti’c process that depend on ‘postsynaptic dopaminergic trans-
mission. .Although neuroleptic drugs block dopamine receptors throughout the
brain, it has been hypothesized that their antipsychotic properties are more
directly related to inhibition-of dopamine receptors in the limbic system (Sayder,
1981). N

One of the clinical sequelae associated with long-term neuroleptic
therapy is tardive dyskinesia, a movement disorder thought to be a pathological ™
manifestation of dopamine receptor supersensitivity ser.;onda:y to prolonged
blockade of dopamine receptors in the corpus striatum (Klawans et al., 1980; BaJ:-
dessarini and Tarsy, 1980). Chronic administration of dopamine agonists, a pro-
cedure that leads to a d.ecrease‘in the sensitivity of these rece-ptors to dopamine
(Di Clnara et al., 1978; Carroll et al., 1977; Tolosa, 1978; Smith et al., 17'977b),
may be of benefit in the treatment of this condition. Similarly, a potentiation of
receptor sensitivity may be clinically desirable in patients with Parkinson's dis-
ease in whom deterioration of presynaptic dopaminergic neurons is a ceatral fea-
ture (Birkmayervet al., 1975; Lee et al., 1978a; Hornykiewicz, 1975).
B. Behavioural Evidence ot Dopamine Supersensitivity
Numerous studies indicate that pharmacological denervation by long-term admin-
istration of dopamine-blocking or doparhine—depleting agents enhances dopamine-

mediated stereotypic behaviour. This supersensitive behavioural response is seen
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following chronic treatment with neuroleptics such as haloperidol (Tarsy and Bal-
dessarini, 1974; Gianutsos et al., 1974; Gnegy at al., 1977a,b; Smith and Davis,
1976; Tye et al., 1977; Voith, 1977), chemical lesions of the nigro-striatal path-
way with 6-Hydroxydopamine (Zigmond and Stricker, 1977; Ungerstedt, 1971a;
Mishra et al.,, 1974, 1980) and depletion of catecholamine stores with reserpine

(Tarsy and Baldessarini, 1974; Friedman et al., 1975).
C. Biochemical Evidence of 'Dopamlno Supaersensitivity

CYI Dopamine Receptor Binding Studies:

Chronic administration of neuroleptic drugs, or demervation of the
dopamine——conta.i:.:ing neurons in the sqkstantia nigra results in an increase in the
density of D-2 receptors in the corpus striatum (Burt et al., 1976; Friedhoff et
al., 1977; Kobayashi et al, 1977; Muller and Seeman 1977, 1978; Ebstein et al.,
1979; Thal et al., 1979; Creese et al., 1977b; Waddington et al., 1979; Murrin et
al., 1979; Nagy et al., 1978; Creese and Sayder, 1979; Mishra et al., 1980). The
D-3 sites increase as well, following long-term neuroleptic treatment (Leysén,

1980; Muller and Seeman, 1977; Hitri et al., 1978).

(ii) Dopamine-sensitive Adenylate Cyclase:

The above studies demonstrate that one of the biochemical features of
dopamine supersensitivity is an increase in the number of specific dopamine
receptors. Howeyer, the intracellular changes that accompany altered reéeptor
sensitivity are ly understood.

l The observation that dopamine causes an elevation in intracellular
cAMP has provided one biochemical strategy to the approach of this problem.

Unfortunately the effects of drug or surgically-induced denervation an the activi-
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ty of dopamiﬁe—sensitive adenylate cyclase have been difficult to interpret due to
conflicting observations. Some investigators have reported increases in the activ-
ity of the enzyme following chronic neuroleptic administration (Gnegy et al.,
1977a,b; Iwatsubo and Clouet, 1975; Kanenc et al., 1978; Marshall and Mishra,
1980) or lesions of the nigro-striatal tract (Mishra et al., 1974, 1978, 1980), and
this has been interpreted as a biochemical correlate of receptor supersensitivity.
Additional support for this coﬁcept has come from studies demonstrating that the
striatal membranes of animals chronically treated with antipsychotic drugs have
an increased content of calmodulin (Gnegy and Lau, 1980; Lucchelli, 1980; Gnegy,
1982). As calmodulin has been shown to modulate the activity of brain adenylate
cyclase (Brostrom et al,, 1975; Cheung et al., 1975) as well as 3":5'-nucleotide

odiesterase (Cheung, 1971; Teo et al, 1973; Kakiuchi et al., 1973) regula-
tion of the amount of calmodulin in synaptic membranes may be a primary factor
in the development of drug-induced supersensitivity.

A key feature in this process appears to be the translocation of cal-
modulin from the membrane where it activates adénylate cyclase, into th;z cyto-
sol where it converts the high K, phosphodiesterase into a low Km form thereby
accelerating the metabolism of cAMP (Gnegy et al., 19773,:} Thus, long-term
stimulation of dopamine receptors is associated with an increase in the soluble
calmodulin content and concomitant activation of phosphodiesterase (Hanbauer et
al., 1980), whereas chronic blockade of these receptors enhances the membrane
content of calmodulin but has no effect on the soluble pool (reviewed in Gnegy,
1982).

The release of calmodulin from the membrane is stimulated by
cAMP-dependent protein kinase (Gnegy et al., 1977c), a process that is impaired

in rats chronically treated with neuroleptics (Gnegy and Lau, 1980). Moreover,
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following the phosphorylation-dependent release of ca%ﬁ/'o/dnlm from the mem-
brane, dopamine-stimulated adenylate cyclase activity is substantially reduced
(Gnegy et al.,, 1977a). The substrate for the kinase(s) has not been identified
although there is some suggestion that it may be a calmodulin-binding protein
(Gnegy et al., 1977b).

The above results notwithstanding, a number of investigators have
been unable to detect an increase in the sensitivity of adenylate cyclase to dopa-
mine following chronic neuroleptic treatment (Voo Voigtlander et al., 1975; Hea.l
et al.,, 1976; Rotrosen et al., 1975; Roufogalis et al., 1976b; Hyttel, 1978) or den-
ervation of the nigro-striatal tract (Freedman et al., 1981; Krueger et al., 1976).
This may be due to methodological differences between different studies, but in
general the observed effects of lonar-term neuroleptic therapy on adenylate cyc-
Jase activity have been small (Mullé% and Seeman, 1978) as have the increases in
membrane calmodulin coﬁtenatu(Gnegj; et al., 19ﬁ a,h).

Moreover, since inhibition of the dopamine-sensitive adenylate cyc-
lase requires concentrations of neuroleptic that are considerahly higher than cir-
culating drug levels reported in vivo (Seeman, 1977; Nakahara et al,, 1978) one
wonders whether changes in the activity of this enzyme system are a reliable
measure of drug-induced supersensitivity. Although calmodulin has been implicat-
ed in dopamine receptor supersensitivity, the specificity of the neuroleptic-in-
duced effec;: on calmodulin must be questioned since the interaction of these
drugs with calmodulin is dependenton their hydrophobicity not clinical potency
(Roufogalis, 1981). ’

Consistent with this, a number of pharmacological agents that do not
block dopamine r;cepto\rs are capa;ale of binding calmodulin and inhibiting its

activity (Roufogalis, 193\1). Neuroleptics also inhibit other cellular enzymes
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including phospholipid-sensitive kinase (Mori et al., 1980; Schatzman et al., 1981)
and this might indirectly aifect dopaminergic function particularly since phos-
pholipids appear to be involved in the coupling of dopamine receptors to striatal
adenylate cyclase (Anand-Srivastava and Johnston, 1981).

In summary, the evidence that calmodulin and adenylate cyclase are
involved in the mediat:ion of dopamine receptor supersensitivity is still far from
conclusive. In view of the fact that many of the effects of neuroleptics appear to
be mediated by D-2 receptors, which are not related to adenylate cyclase, and
that this population of receptors is reliably increased .in supersegsitive animals
(Seeman, 1980) it will be important to elucidate the biochemical mechanism by

which changes in the sensitivity of these receptors are induced.

14 cAMP-Dependent Phospharylation in Brain

1.4.1 Introduction *

There is substantial evidence that hormonally-induced increaseé in intraceliular
cAMP are accompanied by activation of a specific class of enzymes known as
cAMP-dependent protein kinases (reviewed in Rubin and Rosen, 1975, Nimme and
Cohen, 1977, Glass and Krebs, 1980; Krebs and Beavo, 1979). These enzymes
catalyze the transfer of the terminal phosphate of ATP onto serine and threonine
residues of a variety of substrate proteins. Cyclic nucleotide dependent protein
kinase activity was initially demonstrated in gkeletal muscle by Walsh et
al. (1968) and subsequentlyﬁ.shown by Kuo and Greengard (1969} to be distribulted
ubiqﬁitously in the tissues of phylogenetically diverse species. This latter S‘b;er-
vation led to the broposajl that cAMP exerts most if not all of its cellular effects

through activation of cAMP-dependent protein kinases.
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The discovery that nervous tissue contains a cAMP-dependent protein
kinase that is capable of catalyzing the phosphorylation of exogenous (Maeno and
Greengard, 1972; Miyamoto et al., 1971) and endogenous protein substrates (John-
son et al., 1972; Ueda et al., 1973), coupled with the observation that the actions
of a number of neurotransmitters are mediated through cAMP (Bloom et al.,
1980; Nathanson, 1977; Daly, 1975), led to the proposal that this enzyme system
might regulate some aspects of synaptic function (Greengard, 1978, 1979). In
support of this, the e, its protein substrates, and a phosphoprotein phospha-
tase are highly concentrated in synaptic membranes (Ueda et al., 1975; Weller
and Morgan, 1976; Uno ot al., 1977a,b) as are the enzymes adenylate cyclase
(Clement-Cormier et al., 1975; Laduron et al., 1976; Weiss and Costa, 1968; De
Robertis et al., 1967) and phosphodiesterase (De Robertis et al,, 1967; Weiss and

Costa, 1968).

1.4.2 Biochemical Properties of cAMP-dependent Protein Kinases
Two isozymes of the cAMP-dependent protein kinase have been identified by
ion-exchange chromatography on DEAE cellulose (Corbin et al., 1975), and by
their biochemical (Corbin et al., 1975; Hofmann et al., 1975) and immunclogical
(Fleisher et al., 1976) properties. The kinase frc.:m rabbit skeletal muscle and
bovine heart have been used as prototypes for the Type I and Type I isozymes
respectively, the relative distribution and concentration of the two enzymes var-
ying depending on the tissue source (Sugden and Corbin, 1976, Bechtel et al.,
1977). iﬂ»oth enzymes have a symmetric tetraméric structure consisting of two
regulatory (R) subunits and two catalytic (C) subunits. In the inactive state the R
and C subunits are associated, the R subunit impeding the activity of C by shield-
“jnic site (Hoppe et al., 1978a; Witt and Roskowski, 1975; Todhunter

and Purich, 1977; Corbin et al., 1978; Flockhart et al., 1980).

ing the cat



-

22

Binding of cAMP to the R subunit causes dissociation of the enzyme
into an R {cAMPly complex and a catalytic component that exhibits phospho-
transferase activity (Brostrom et al., 1970; Tao et al., 1970; Gill and Garren,
1970). The stoichiometry of cAMP binding to R is 4 mol of cAMP per regulatory
subunit d.uner (Corbin et al., 1978; Weber and Hilz, 1979; Builder et al., 1980).
Activation of the kinase by cAMP can be depicted as follows:

R2C;, + 4 [cAMP] = Rp{cAMP]y + 2C

The catalytic suf::units from the two isozymes have been purified and

own to be virtually identical (Hofmann et al., 1975; Bechtel et al., 1977), Each

subunit has a molecular weight of 40,000 and is ar:e:.@l.clily inactivated by a heat sta-

‘ble protein inhibitor found in many tissues (Appleman et al.,, 1966; Ashby and

Walsh, 1972).

The specific biochemical and functional properties associated with the
two types of c'AMP—dependent protein kmases appear to be attributed to differ-
ences in their regulatory subunits (Hofmann et al., 1975). For this reason, eluci-
dation of the molecular mechanisms involved in dissociation and reassociation of
the two enzymes has been an important area of res‘.earch.

The type I protein kinase is readily dissociated and- activated by salt,
histone and cAMP (Corbin et al, 1975), contains high affinity binding sites for
Mg ATP (Hofmann et al., 1975), reassociates rapidly in the presence of Mg ATP
(Corbin et al., 1975; Hofmann et al., 1975), and has a regulatory sxibunit of
molecular weight 48,000. The Type I kinase is not readily dissociated by high
ionic strength, and has a cAMP binding protein of molecular weight 55,000 (Rubin
et al., 1972) that is phos-phorylated by the catalytic subunit.

Termination of the effects of cAMP. involves rapid dissociation of

CAMP from the R [cAMP]4 complex as a result of C binding (Smith et al., 1981).
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Phosphodiesterase, the enzyme that degradesr\AMP into 5-AMP, is incapable_ of
wmetabolizing cAMP bound to R (Brostrom et al., 1971). Therefore, termination of
the effects of cAMP must occur through a sequential process in which cAMP is
first releas_'éd from the Ry [cAMP]4 complex, followed by its inactivation by
phosphodiesterase (Chau et al., 1980).

In the case of the Type 1 kinase, release of cAMP from R and recom-
bination of R and C to form inactive holoenzyme is greatly facilitated by Mg ATP
(Wilchek et aL, 1971; Brostrom et al., 1971; Beavo et al., 1975). This nucleotide
modulates the activity of the Type [ kinase by binding to a high affinity site on
the holoenzymé (Beavo, et al.,, 1975; Schwechheimer and Hofmann, 1977). The
ATP binding site appears tg‘?e the same as the catalytic site on C or a compo-
nent of it, the affinity of which is greatly enhanced by association with R (Hoppe
et al., 1978 a,b). Binding of A';'P results in stabilizaﬁon of the holoen-zyme such
that the affinity of the enzyme for cAMP is reduced (Haddox et al., 1972; Beavo_
et al., 1975; Hofmann et al., 1975), as is its capacity toalissociate in the presence
of salt and histone (Corbin et al.,‘-;9"|'5). .

Since levels of ATP in the cell are considerably higher than the K, fo:;
binding of ATP to either the holoenzyme or free C (Schwechheimer and Hofmann
1977; Beavo et al., 1975), it is likely éhat one of the functions of the high affinity
site is to insure that ATP binds i}referentia]ly to thé inactive holoenzyme, rather
than to free C, thereby preventing excessive activation of C under physiological
conditions (Beavo et al, 1975). '

As described above, ATP is atx imﬁottant modulator of Type I prot':_ein
kinase activity. Dissociation and activation of the Type I enzyme on the other
hand, appears to be regulated through phosphorylation of the regulatory subunit

by C (Erlichman et al., 1974). Autophosphorylation of the Type II kinase regula-
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tory subunit (Ryj) occurs rapidly through an intramolecular mechanism that is not
dependent on cAMP, and may represent 20-30% of the activity, expressed in the
presence of cAMP (Rubm et al., 1972; Erlichman et al., 1974; Todhunter and
Punch 1977; Corbin et al., 1978; Potter and Taylor, 1979).
Phosphorylation of Ry can also occur through an intermolecular pro-
Cess catalyzed by free C in response to dissociation by cAMP (Erlichman et al.,
1974). Both the "phospho” and "dephospho” forms of the enzyme are rapidly and
completely dissociated by cAMP (I{_angél-Aldao and Rosen, 1976; Hofmann et al.,
1975). Both reassociate in the absence of cAMP (Erlichman et al., 1974) however,
dephosphorylated Ry recombines with C several times faster than phosphorylated
Ry (Rangel-Aldao and Rosen, 1976). This effect is magnified in the presence of
Physiological concentrations of ATP, as ATP tends to inhibit reassociation of the
Type II subunits (RangelQMdao and Rosen, 1977).
) Dephosphorylation of Ry can occur by reversal of the kinase reaction
(Rosen and Erlichman, 1975) or by activation of phosphoprotein phosphatase (Chou
et al,, 1977; Ez-lichman et al., 1975). Since the concentration of ATP in the ceil
far exceeds the amount required for autophosphorylation (Erlichman et al., 1974),
and the phosphorylated holoenzyme is not a substrate for Phosphoprotein phos-
phatase (Chou et al., 1977; Erlichman et al., 1975), it has been proposed that most

of the enzyme in vivo is in a phosphorylated state (Rangel-Aldao and Rosen, 1976;

" Rangel-Aldao et al., 1979). Studies of phosphorylation in intact animals support

‘this contention (Uno, 1980).
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1.4.3 Characteristics of cAMP-dependent Protein Kinases in Brain

The cAMP-dependent protein kinase from brain has been extensively purified and
characterized (Uno et al.,, 1977a; Rubin et al., 1979). In contrast to other tissues,
a high proportion of the enzyme is membrane-bound (Hofmann et al., 1977; Cor
bin et al.,, 1975; Maeno et al., 1971). Soluble and particulate fractions of brain
contain both the Type I and Type II protein kinases. (Rubin et al., 1979; Corbin et
al., 1975; Walter et al., 1978b; Lohmann et al., 1980).

The Type I kinase is highly concentrated in membrane and cytosol

- &actions (Walter et al., 1978h) and appears to mediate thé phosphorylation of a

number of neuronal membx;ane proteins (Walter et al., 197%9a). It shares a nuﬁ:ber
of biochemical properties in common with other Type I kinases including a 55,000
dalton regulatory suburnit (Rubin et al., 1979}, autophosphorylation (Ul'masov et
al., 1980; Walter et al., 1§77, 1978; Walter and Greengard, 1978; Maeno et al.,
1974; Rubin et al., 1979), and response to salt and histone\(Corbin et al., 1975).

Despi:e these biochemical similarities, the brain enzyme has imtﬁuno—-
logical characteristics that distinguish it from other Type II enzymes (Erlichman
et al., 1980; Rubin et al., 1979). The functional implicatiods of this have not been
determined, although the fact that the brains of different mammalian species
consistently contain high levels of the Type I kinase, while the relative distribu-
tion of the two enzymes in other tissues is markedly heterogeneous (Sugden and
Corbin, 1976; Bechtel et al., 1977) méy indicate that this enzy;'ne is uniquely
adapted to pervous system function.

The results of lesion, biqchemical and histochemical studies igdicaté

r r

that the majority of brain adenylate cyclase resides postsynaptically. Therefore

4

one might also expect cA\MP—dependent protein kinases to be localized postsynap-

tically. Consistent with this, destruction of postsynaptic neurons with kainic acid
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leads to a substantial reduction in both the amount of Type O cAMP-dependent
protein -kinase,_as well as one of its principal substrates, Protein I, in synap!tic
membrane fractions of rat caudate nucleus (Sieghart et al., 1978). ¢

' The role of the Type I enzyme in neuronal function has}not been eluci-
dated. Based on the fact that it does not catalyze the phosphorylation of synaptic
membrane proteins, and that its activity is:ot altered by kainic acid treatment
(Walter et al., 1979a) both of which distinguish it from the Type I enzyme, it has
been coacluded that the Type [ enzyme is probably pot invelved in synaptic func-
tion (Walter et al., 1979a). However, sinc: kainic acid destroys cell bodies and
dendrites while leaving axons inta.xct, a possible presynaptic role for the Type I

kinase can not be excluded.

1.4.4 Substrates of cAMP-dependent Kinases in Erain
Synaptic membrane fractions from mammalian brain contain several l;roteins
whose phosphorylation is stimulated by cAMP (Ue;:la et al., 1973; Ueda and
Greengard, 1977). One.of these proteins has been identified as the regulatory
subunit of the Type II protein kinase (Rub[in et al., 1979; Lohmann et al.,.1980).
Another prominent ﬁubstraté for the enzyme, Protein I, con_.s?sts of two
related polypeptide/chains with molecular weights of 86,000 (Prc;tein Ia)-;imd
80,000 (Protein Ib) respectively (Ueda and Geeengard, 1977). This protein appears
to be specifically localized in neuronal tissue (De Camilli et al., 1979; Bloom et

al., 1979; Sieghart et al., 1978; Goelz et al.; 1981), where it is primarily associat-

 ed ¥ith synaptic vesicles and postsynaptic membranes (De Camilli et al., 1979;

Bloom et al., 1979). These latter pieces of evidence, coupled with the fact that

the appearance of Protein I in development parallels synaptic éntogenesis (Loh-

mann et al, 1978a,b) has led to the proposal that this protein is intimately
o

involved in the modulation of synaptic function (Dolphin et al., 1980).
) S .

~
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Consistent with this, studies by Greengard's group have‘shov;m that the

phosphorylation of Protein I can be altered by a number of substances that are

known to affect neuronal activity including cyclic nucleotides {Forn -a‘nd Green-
gard, 1978), d€polarizing ragents (Forn and Greengard, 1978; Nestler and Green-
gard, 1980), and anesthetic and convulsant drugs (Strombom et al., 1979). In addi-
tion, the putative neurotra}nsmitters serctonin and dopamine have been shown to
increase the phosphory‘iation of Protein I in rat facial motor nucleus and bovine
superior cervical ganglion respectively (Dolphin and Greengard, 1981; Nestler and
Greengard, 1980).

Interpretation of the functional significance of the modifications in
Protein I phosphorylation is complicated by the fact that increases in its ;tate of
phosphorylation were evalujted using a tetrospectit:; technique in which subseq-

uent labelling of the extracted protein using an exogenous protein kinase demon-

. strated a decrease in the incorporation of {32P}—phosphate in stimulated relative

to control slices, an observation compatible with increased incorporation of cold
phosphate into the protein during priox; exposure to test substances. '

B The fact that some labelled phosphate was still incorporated into Pro-
tein I using the "back phosphorylation” technique indicates that the prc"tein is
probably not maximally phosphorylated as a result of stimulation in vivo. Sub-
traction of the difference between the amount of ﬁhosphor?lation that occurs in

‘the extracted protein under optimal assay coniiitjons, and that assumed to have
.

occurred in vivo may lead to an overest'ima{e of the degree of stimulated phos-

phorylation in the latter case. ¢ \ ST [ o

L A

As yet there has been no demonstration that neurotransmitters affect

i

the state of phosphorylation of Protein I in slices of cerebral cortex (Forn and

Greengard, 1978) or in synaptosomes (Krueger ei;' al.,, 1977). This may reflect the
~. :
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complexity of synaptic interconnections and the multiplicity of peurotransmitter -
receptors in corticdl tissue. Although the effect of dopamine on the phosphoryla;
tion of synaptic mem.brane- proteins remains uncertain, one group of investigators
h;as shown that dopamine enhances the incorporation of 32? into rat striatal slic-
es. Preincubation of these tissues with dopamine antagonists inhibited this effect
(Williams, 1976). These studies did not determine which striatal proteins were
affected by treatment with dopamine. Subsequent investigations by the same
group revealed that dopamire produced a small and generalized increase in the
phosphorylation of caudate nucleus proteins. These effects were not mimicked by
cAMP, and were only seen in the présenéé of high levels of ATP (Ht.;uihan et al.,
1979). Moreover, as th‘éﬁe latter studies were conducted in homogenates, one
cannot conclude that the observed changes,in-\proggi;.)phosphorylation were
synaptic in origin.
Although there is an increasiﬁg amount of circumstantial evidence
! implicating the role of cAMP-rmghﬁed phosphorylation in neuronal function, few

L

7 Deurons are Associated with altered phosphorylation of neuronal.membrane pro~
/-~ ' NN
teink. Some support-for this hypothesis has come from studies in invertebrates.

A
>studies have convincingly demonstrated that changes‘in the electrical activity of

Injectién fof the catalytic subunit of cAMP-dependent protéin kinase into the
abdominal ganglion of Aplysia causes a decrease m the K* curreu?e_md a prolon-
gation of tt;e action pot’i;;tial leading to increased Caf*' influx (Kaczmarek et al.,
1980; Castgﬂucc{ et al., 1980). These effects are normally produced by the neu-
rotransmitter serotonin (K_lein and Kandel, 1980). The additional Ca*" influx into
the membrane increases the amount of transmitter released from the presynaptic
nerve terminal (Castellucci et al., 1980), The endogenous substrate for the kinase
is m;t known, although it is thought to be a component of the K' channel or a

protein associated with it.



29

1.5 Calcium-Dapendent Phosphorylation in Brain P

£

15.1 Calmodulin-dependent Protein Phosphorylation

Ca'™ is involved in the regulation of a number of neuronal processes {Ruben,
1970; Baker, 1971), yet little is known about the molecular mechaﬁisms by which
Ca™™ exerts its effects. The elucidation of the biochemical mect;anisms underly-
ing CaH'—regu]ated cellular processes has been greatly facilitated by the demon-
stration that many of the effects of Ca** are mediated through“specific binding
proteins (Kretsinger, 1979). ' ‘
_ One of the best characterized of the Ca*'-binding proteins is a heat-
stable acidic protein of molecular weight 17,000 known as calmodulin (Means and
Dedman, 1980; Klee et al.,, 1980; Cheung, 1980). Calmodulin is found in most
-jmammalian tissues (Smoake et al., 1974), -and is particularly enriched in brain
(Watterson et al., 1976) where it is thought to regulate a variety ‘o.f cellular func-
tions associated with synaptic l'transmission (Roufogalis, 1980).] These include
. ac‘tivation of the enzymes cyclic nucleotide phosphodiesterase (Cheung, 1971;
Kakiuchi et al., 1973), adenylate cyclase (Brostrom et al., 1975; Cheung et al.,
1975), myosin light chain kinase (Dabrowska et al., 1977) and the synaptic plasma
membrane [Ca*t + MgH'] ATPase (Kuo et al., 1979; Sobue et al., 1979).*
/ As described previously, one of the ugl:;ortadt roles of calmodulin is
the regulation of cAMP- metabolism, a function which emphasizes the close

++

interrelationship betweemr Ca™" and cAMP in the control of cellular processes.

~

The regulation of cAMP metabolism is accomplished by a dual mechanism that

involves first the stimulation of adenylate cyclase by calmodulin in the membrane

C

1 Unless othemse indicated, all processes attributed to calmodulin in the text
refer to the Ca**-calmodulin complex.

b
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and second, regulation of the rate of cAMP degradation "through calmodulin acti-
vation of the high K, phosphodiesterase in the cytosol {Cheung, 198_0).

The role of calmodulin in synaptic function is additionally supported by
histochemical studies indicating that it is localized predominantly in pdstsynaptic
neurons and that its distribution parallels that of phosphodiesterase confiz—-ming its
involvement in cAMP metabolistn (Wood et al., 1980). Biochemical evidence that
calmodulin regulatee; the activity of the Ca*"-activated ATPase in synaptosomes
(Sobue et al., 1979; Kuo et al, 1979), as well as the release of catecholamines.
from synaptic vesicles (De Lorenzo et al., 1979; De Lorenzo, 1982) indicate that

it is involved in presynaptic function as well.

" B. Calmodulin-dependeﬁt Protein Kinasss
Recent studies have shown that the CaH'—dependent phosphorylation oé a number
of proteins in syndptic me:ﬁbra.nes (Schulman and Greengard; 1978a,b; @Calla—'j
ghan et al., 1980a, 1980c) and synaptic vesicles {De Loreﬁzo et al., 1979) is medi-
ated through calp:odulin. Calmodulin also regulates the phosphorylation of a
aumber of proteins in brain cytosol (O'Ca.llaghan et al., 1980 a,b; Yamauchi and
Fujisawa, 1979) including the enzyme tryptophan hydroxylase (Kuhn et-al., 1980;
Yamauc}n and Fujisawa, 1979) that regulates the blosynthesxs of serotonin. Brain
tissue contains at least three distinct calmodulin—dependent protein kinases: myo-
sin light chain kinase (Dabrowska et al., 1978; Yagi et al., 1978;), phosphorylase b
kinase (Cohen et al., 1978; Ozawa, 1973) and one or two additional enzymes that
regulate the phosphorylation of neuronal specific Protein I (Kennedy and Green-
gard, 1981) as will be discussed later.



31

152 Phospholipid-sensitive P.rotein Kinase

Another species of Ca''-dependent protein kinase, requiring phospholipid as a
cofactor has been identified in a wide range of mammalian tissues (Kuo et al.,
1980; Takai et al., 1977a,b; Minakychi et al., 1981). The enzyme is highly concen-
trated in brain (Kuo et al., 1980) where it is distributed in soluble and particulate -
fractions (Kuo et al., 1980) along with its endogenous protein substrates (Wrenn et
al., 1980). The enzyme is high.ly stimulated by phosphatidylserine as well as

phosphatidylinositol (Takai et al., 1979; Wrenn et al.,, 1980; Kaibuchi et al., 1981;

Kishimoto et al., 1980; Takai et al., 1981). Synaptic membranes are also capable

of activating the punfled enzyme in the presen.ce of Cat* (Takai et al., 1979), In

the presence of phospholipid, the affinity of the enzyme for Ca™™ is increased

increases in Ca*™ influx following neuronal depolarization.

several fold (Kuo al.,, 1980). This suggests that this enzyme system may be
highly responsive

153 Inhibition of Ca* -dependent Protein rl(lnasos by Neuroleptjc Drugs
Levin and Weiss (1976, 1973) have demonstrated that certain antipsychotic drugs
caa bind to the Ca'*-calmodulin complex thereby preventing calmodulm from
activating its target enzymes. The phenothiazine tnﬂuopera;me has been shown
to be particularly effective at inhibiting calmqdulin-mediated processes (Levin
and Weiss, 1977; 1978; 1980), aithough this appears to be a structurally non-spe-
cific interaction (Roufogalis, 1981). Ca** has been shown to expose hydrophobic
regions of calmodulin (Tanaka and Hidaka, 1981) and the ability of antipsychotics
to bind and inhibit calmodulin appears to be a functio\n of their hydrophobicit.y not
their specific clinicltal properties (Roufogalis, 1981). - '
Consistent with these observations, antipsychotic drugs, including‘tri—

fluoperazine have also been shown to inhibit phospholipid-sensitive kinase (Mori et
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al., 1980; Wrenn eF al., 1981; Schatzman et al., 1981), although the latter enzyme
'

appears much less sensitive to the effects of these drugs and the inhibition can be

overcome by phosphatidylserine (Schatzman et al., 1981). High levels of calmodu-

lin, however, do not reverse the drug-induced inactivation of the calmodulin
kinase (Schatzman et al.,; 1981) indicating that antipsychotics bind calmodulin

with a higher affinity than they do the phospholipid-sensitive kinase.

1.5.4 Substrates for Ca"""-dep‘ent_Ient Protein Kinases in Brain

As discussed earlier, synaptic membranes contain two neuronal specific proteins,
Proteins Ia and Ib that are phosphorylated by a cAMP-dependent protein kinase
(Ueda et al., 1973; 'Ueda and Greengard, 1977; Lohmann et al., 1980). Treatment
of intact synaptosomes (Sieghart et al., 1979; Krueger et al., 1977) or brain slices
(Forn and Greengard, 1978) with depolarizing agents such as K* of veratridine,

increases the phosphorylatiol of these same proteins through a CaH'—dependent

*process.

Dibutyryl cAMP and the phosphodiesterase inhibitor isobutylmethylx;

\
anthine {IBMX) also increase the phosphorylation of these proteins in brain slices,~—

but these effects do not require extracellular Cat™ (F;m and Greengard, 1978).
" Subsequent mvestlgatlons revealed that Protein I is phosphorylated at
three sites (Huttner et al., 1981). One site is phosphorylated by cAMP—dependent
protein kmase as well as by a Ca‘**-dependent protein kinase (Kennedy and
Greengard, 1981; Huttner et al., 1981; Huttner and Greengard@z‘)). The kinase
that phosphorylates this region of the Protein I molecule Jas been tentatively
identified as calmodulin-sensitive, based on the fact that its z(ictivity ig inhibited

by trifluoperazine (Kennedy and Greengard, 1981). The kinase however, does not

‘require calmodulin for activation, and is localized exclusively in the cytosol

‘\—
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(Kennedy and Greengard, 1981). Since phospholipid kinase is also activated by
Ca**, inhibited by trifluoperazine and found in brain cytosol (Kuo et al., 19é0;
Schatzman et al.,, 1981; Wrenn et al., 1980) this enzyme®™may also mediate the
phoséhorylation of this fragment of Protein L In line with this, Wu et al. (1982)
have recently shown that an 87,000 dalton acidic protein that co-migrates with
Protein Ia on sodium-dodecyl sulphate polyacrylamide gel electrophoresis is
localized in synaptosomal cytosol and phofplorylated by the phospholipid-sensi-
tive protein kinase. This polypeptide was initially identified as a proteolytic
fragment of Protein Ia.

The two other sites in Protein [ are phosphorylated by calmodulin-de-
pendent protein kinase {Kennedy and Greengard, 1981; Huttner and Greengard,
1979). The kinase is found in cytosolic as well as particulate fractions and is very
- sensitive to calmodulin (Kennedy and Greengard, 1981). The Ca'’-dependent
phosphorylation of Protein I is decreased by intrastriatal injections of kainic acid’
(Sieghart et al., 1980} indicating that this I.Jrotein kinase activity is neuronal in
arigin.

Although purified Protein I is a substrate for calmodulin-dependent
protein kinase (Kennedy and ‘Greengard, 1981; Huttner and Greengard, 1'979), the .
phosphorylation of Protein I in synaptic membranes appears to be only marginally
enhanced by calmodulin (Sieghdrt et al., 1980). Ca'H'—dependent phosphorylation
of Protein I, on the other hand, is readily demonstrated in intﬁct synaptosomes
incubated with 32Pi (Sieghart et al., 1979, 1980; Krueger et al., 1977), :'I'h.ese dis-
crepancies may be accounted for by differences in the experimental system used
to measure protein phosphorylation. A.ltefnatively, the Ca++-dependent phospho—
rylation of Protein I in intact' synaptosomes may be :x;ediated independently of

calmodulin.
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The cAMP-dependent phosphorylation of Protein I occurs in a collage-
nase-resistant portion of the m'o“lei:ule, whereas the sites that are regulated by
Ca*" and calmodiits collagenase-sensitive {Huttner et al.,, 1981). It has
recently been proposed that the collagenase-sensitive region of Protein I may be
involved rin binding of ‘the protein to synaptic membranes (Ue&a, 1981). Since the
cAMP-dependent phosphorylation of Protein I is probably a postsynaptic event
(Sieghart et al.,, 1978), whereas the Ca*"-dependent phosphorylation of Protein I
appears t§ be enriched in presynaptic elements such as synaptosomes {Krueger et
al, 1977; Sieghart.et#aL, 1‘579, 1980), the differential phosphorylation of Protein I
by Ca** and cAMP-dependent protéin kinases m;ay provide a molecular mecha-
nism for pre and postsynaptic regulation of the activity of this protein respec-
tively. -
Ca*" has been shown to mediate the phosphorylation of other pro-
teins in synaptic membranes. Two of these proteins, designated DPH:L and and
DPH—_M, have molecular weights of 51,000 ;nd 62,000 respecttively, and are phos-
phorylated by a calmodulin-dependent prqt{ain kinase (Schulmanva%d Greengard,
1978a,b; De Lorenzo et al.,‘ 1979). Recent s\éudies have demonstrated that these
proteins correspond to the alpha and beta subunits of neurotubulin _(JBurke and
De Lorenzo, 1981, 1982; De Lorenzo, 1982).

Phosphorylation of these proteins occurs in intact‘ synaptosomes and
synaptic vesicles in response to depolarizing agents, and is temporally correlated
with an increase in Catt uptake and neurotransmitter release (De Lorenzo et al.,
1979). None of these effects are observed if Ca'* is omitted from the incubation
medium. These results indicate that phosphorylation of specific vesicle proteins

by calmodulin-dependent protein kinase may mediate some of the effects of Catt

on vesicular function and transmitter release.
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An additional role of Ca**-dependent phosphorylation in transmitter
release is suggested by the observation that synaptosomes contain an "actin-like”

protein whose phosphorylation is enhanced by ca*tt (Hershkowitz, 1978; Hofstein

et al., 1980), although other investigators have provided strong evidence that this

protein is in fact the alpha subunit of pyruvate dehydrogenase (Morgan aﬁd Rout-
tenberg, 1980; Browning et al., 1981a; Sieghart, 1981, Magilen et al., 1981). An
interaction between synaptosomal actin and vesicular myosin, analogous to the
process of excitation-contraction coupling in muscle, has been proposed as the
basis for vesicular fusion and neurotransmitter release in nerves (Berl et aJ:-.,

1973). . . -

Substrates for Ca'H'—dependent Protein kinases have‘also been identi-
fied in cereb:}al cortex cytosol. Four proteins of molecular weight.fi 95,000,
73,000, 50,000 and lg\iﬂo are phosphorylated by phospholipid-sensitive kinase.
The enzyme also phosbh\rylates a membrane protein of Zl,OOﬁ' daltons, (Wrenn et
e;l., 1980). Substrates for the calmodulin-dependent protein kinase-in brain cytosol
include a 55,000 dalton protein as well as a 50,000' and 60,000 dalton’ protein
believed to be the same as proteins DPH-L and DPH-M described earlier (O'Cal-

laghan et al., 1980a,b).

1.6 Research Objectives |

The original goal of these studies was to investigate the effect of dopamine on
Lﬁe phosphorylation of synaptic membrane proteins and to determine whether this
effec{~was mediated by Ca™ or cAMP-depepdent protein kinases. The nigro-

striatal fystem was selected as a model in which to test this hypothesis fo;/t}!e,/.

f ollowi.t@f;ns:
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The corpus striatum contains a high density of dopamine terminals and
the dopam%e receptors in this region have been well characterized.

The effects of dopamine can be selectively stimulated or inhibited by
well-characterized pharmacological agonists and antagonists

Well-defined behavioural models (open-field behaviour, ipsilateral and
contralateral turning) and biochemical mode.ls (dopamine-seﬁsitive ade-

nylate cyclase, numbers of dopamine receptors) exist for verifying the

effects of pharmacological and surgical denervation of striatal tissue.

“The synaptic interconnections in this system have been well—investigﬁted,

and methods are available for selectively disrupting these interconnec-
tions. The activity of protein kinases can beumeasured under these condi-
tions thus ylelding information regarding pre and post-synaptic localiza-
tion of these enzymes.

Botk Ca*™ and cAMP ha\:e been shown to be important in the reg'u.lation
c;f d;:pamig_g/function in this system. The corpus striatum also contains
Ca** and cAMP-dependent protein kinases. Theref?re, the effects of
dopamine on both of these enzyme systems can be studied using estab-
lished biochemical techniques. .

Chronic blockade of dopamine receptors in the corpus striatum resulfadin
behavioural and biochemical alterations that reflect an increase in dopa-
mine receptor sensitivity. Changes in cAMP and calmodulin have been
shown to accompany this process. Therefore, the effects of altered
dopaminergic function on the activities of cAMP and calmodulin-depen-

L

dent protein kinase can be investigated.
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7. Clinical relevance: altered dopamine function has been demonstrated in a
variety of cliinica.l conditions including Parkinson’s disease, Huntington's
Chorea, Gilles de la Tourette's Syndrome, drug induced dyskinesias, and
schizophrenia. It is hoped that an improved undetanding of the bio-
chemistry of dopamine transmission might lead to t.nore selective meth-
ods of therapeutic intervention in these disorders.

The hypothesis that dopamine alters the phosphorylation of synaptic
membrane proteins was tested using a _variety of reﬁearch strategies. As a prel-
ude to studies of cAMP-dependent phosphorylation it was ;irst imj)ortant to dem-
onstrate® that dopamine stimulated adenylate cyclase activity in preparations of
rat caudate nucleus., Although the effects of dopamfine on adenylate cyclase have
been investigated by other workers, aspects ofwthese;‘ st-udies were reduplicated to
establish that the results obtained in the present study were compatible with
published observations. This approach" was taken to ensure that subsequent studies
' of cAMP-dependent phosphorylation could be correlated with measures of dopa-
wine-sensitive adenylate cyclase activity.

. The second research objéctive was to‘ characterize cAMP-dependent
protein kinase activity in rat caudate nucleus. The aim of these studies was to
;letermine the subcellular and anatomical localization, of the enzyme and its Pro-
tein substrates as well as some of its biochemical properties.

The third research objective was to examine Ca** and calmodulin-de-
pendent protein kinase activity in ra}‘\caudate nucleus, as substz;ates for these
enzymes bave been implicated in the regulation of neuronal function (Sieghart et
al., 1979; De Lorenzo, 1982; O'Callaghan et al., 1980a, 1980b; Sieghart, 1(.981;

Greengard, 1979).
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Having characterized some of the propertiés of Ca** and cAMP-de-
pendent protein kinases and their protein substrates the fourth objective was to
defermine the effect of' dopamine on Ca™ and/or cAMP-dependent protein phos-
phorylation in striatal slices, and whether this effect could be antagonized by
~ neuroleptic drugs. Consistent with the hypothesized role of protein kinases in-
synaptic function, pharmacological agents that facilitate or inhibit depolarization
in brain slices were simultaneocusly inv;stigated for their effects on protein phos-
phorylation. |

Finally, if protein phosphorylation is involved in dopaminergic trans-
mission, surgical or pharmacological disruption of dopamine pathways méy lead to
an adaptive increase in protein kinase a;ctivity or an alteration in the phosphory-
lation of substrate prt.:vteins. Therefore, the effects of chronic neuroleptic
administration and surgical denervation :;protein kinase activity were also
.inv tigated. Since both cAMP and calmodulin have been implicated in dopamine
rec%r supersensitivity the kj ] iha.t they activate may participate in the

development of this process.’ 4

Ll-
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N
Materials and Methods

21 Animals
Male Wistar rats ranging in weight from 250—500 were obtained from Woodlyn
Farms, Guelph, Ontario. They were housed in ard isolated room with controlled
tet:.nperatm.-e and a 12 hour Héli\t\-dark cycle. Food and wate;.' were available ad
libitum. -

Yo

22 Materials -

The following chemicals obtained from commercial sources were used in this
study: Histone (Type ﬁ-A)‘, cAMP, 'G'rp; ATP, q_opami;e, apomorpizihe—ﬂcL
6;Hydroxydopa3nine, kainic acid, 2-Chloro-adencsine, veratridinep dithiothreitol
(DTT), . norepinephrine, and calmodulin (Sigma Chemical Co., St.Louis, Mo.);
3-isobutyl-1-methylxanthine (Aldrich, Milwaukee Wisconsin); 4j(z—-hydmyeth§1)
1-piperazin ethanesulfonic acid (HEPES, Calbiochem, California). Electrophoresis
reagents were obtained from Bio-Rad (Mississippi), with the exception of acry- .
lamide (BDE Chemicals, Toronto)." Haloperidal (Haldol) was from McNeil Labora-
tories (Stouffville,"Ont.), trifluoperazine (Stelazine-TFP) was from Smith, Kline
and French (Mississauga, Oat.). [32P] ATP (>3000 Ci/mmol) was purchased from
Amersham (Mississ?uga, Oat.) as the triethylammoni:n\:' salt. (32p] orthoﬁhosp—
hate was purchased from Amersham. [SH] cAMP (32 'Ci/mmol) was purchased
from New England Nuclear (Boston, MA) as the ammonium salt. 8-N3-[32P] cAMP

was purcl;ased from ICN. (Irvine, Cal.). All other chemicals were standard

-39 - -
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reagent grade. Double distilled, deionized water was used throughout these stud-

ies. v
23 Experimental Procedures ™
231 ~ Preparation of Synaptic Membrane Fractions from Rat Caudate

Nuclaus

Synaptic membrane fm&hm were prepared by the folloWwi modific’ation of the

procedure of De Robertls et al. (1967). All operati ere ¢arried out at 4°C.
Male Wistar rats were decapitated, and the caudate\nuclei) were quickly dissected
and homogenizéd by hand in a Teﬂon—glass hombgenizer in'IO‘{rolumes of ice—cold
0.32 M sucrose, 10 mM potasmum phosphate buffer (pH 7.4}, In some experiments |
the homogenization buffer mcluded 2 mM EGTA and 0.3 mM PMSF (phenyl-me-
thyl sulfonyl fluoride, Sigma) to inhibit proteolysis. Synaptosomes (P fraction) and
synaptic membranes (M) fraction) were prepared by differential centﬁfugation as

shown in Scheme L. a

232 Determination of Adonylate Cyclasa Activity in Homogenates and in
sv/naptlc Membrane Preparations from Rat Caudate Nucleus
Adenylate cyclase activxty was assayed by the method of Mishra et gl, (1974) with

slight modifications. Crude homogenatos of striatal tissue were prepared by

/ homogemmg tissues at 4°C in medium containing 2 mM ‘fm-maleate buffer

N (pH 7.4), 0.8 mM EGTA at a 1:50 dilution (wet weight:volume). Syhaptic mem-

brane fractions (Mj) were prepared as previously described (Scheme I) uding a

hoinogenizing buffer contajmi

0 mM potassium p&sphate (pH 7.4), 0.32 "M suc-
rose, 2 mM EGTA and 0.3/mM PMSF)W(; fraction (.04 ml) was added to a 200 ul

reaction mixturée containi .g 80 mM Tris—mal:ate (pH 7.4),.2 mM Méo.;,d mM



Scheme I

Homogenate .
900g x 10' ) ) -
] S 1
supernate pel;et
9800g x 15'
- r -
pellet supernate
wash, 10 vol buffer
11,500g x 20'
supernate pellet Py Fraction

crude synaptosomes
N, mitochondrial fract.
(suspend in 10 vol buffer)

/s
hypotonic $hoc§
(10 vol H,0, 4°C)
20,000g x"30°, ' _
- L . _‘H‘ S \
supernate pellet — | M; Fraction .r .
. . i
. - . myelin, mitochondrie,
. o ' synaptic membranes

~ (suspend in 10 vol buffer)
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IBMX, and dopamme (or other test substances) as descnbed in Resuits. The reac-
tion was mifxated by the add:tmn of 1 mM ATP and was carried out for 2 5 min at

P J
37°Cina sha.lu.ng water bath. [ N (\
Assays of adenylate cyclase activity in the M; fraction were ideb:tical
L

except that the ATP concentration was 0.3 mM,'and GTP (10 uM) was inclided in

" the reaction mixture as described by Clement-Cormier et al. (1975). Particulate

matter was refmoved by low speed centrifugation, and 25 ul portions of the super—
natant fluid were assayed for cAMP as described ‘izy Brown and MaKman (1972},
All samples were :a.v.sayed in duplicate. Variation between repeated samples was
less than 10%.

| Binding reactions were carried out in a 200 ul reaction mixture con-
taining 50 mM sodium acetate (pH 3.5), 0.25 mg/ml BSA, 10 nmol CAMP
(32 uCi/nmol), 58 ul of binding protein fro.'m rat brain, and 25 ul of caudate super-
nate. After incubation for 90 min, samples were diluted with 1 ml ice cold 0.2 M
potassium phosphate (pH 6.0) and- filtered ' (Millipore Type HA). Filters were

washed three times with 2 ml buffer, dried under a hea_t lamp, and counted in a

toluene-based scintillator. Tissue levels of cAMP were determined by reading'

sample values from a binding curve produced by titratihg increasing quantities of
cold cAMP into the assay mixture. LéveD of cAMP from 0.5-25 pmol were relia-
bly detected using this approach. Adenylate cyclase activity was measured as
. pmol cAMP formed per mg protein durigg/a:_ ,Z.;S) min incubation in*the presence of
1 mM ATP (basal activity) and various concentrations of dopamine. Backgfou;xd
activity (cAMP produced in the absence of previous compounds) was, subtracted

N
from values obtained for basal and dopamine-stimulated activities.
~

C Y
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233 - Endogenous cAMP—dependant Protein Phosphorylation

The reaction mixture (final vplume, 100 ul) contained 60 pl of tissue preparation

(2-3 mg prqtein/ml), 10 mM potassium phosphate pr 7.4), 2 mM MgSOy4, and

0.2 mM EGTA. SKI:_::ere equilibrated at~37°C for lt\gg\in in a shaking water
r to initiati

bath prior to ini the reaction with 0.5 nmol ATP (specific activity 4 uCi

[32P] ATP) with or without 10 1M cAMP. Incubations were carried out for 30-s and
N _

| terminated by the addition of 0.05 ml SDS stop solution as described in“Table L °
Samples were heated in a boiling water bath for 10 min, and 75 ul portions

, {50+70 pg protein) were electrophoresed (see Section 7).

2:3.4 / - Solubilization and Dissaciation of Membranelgssociated Protein

Kinases and their Protsin Substrates from Rat Caudate Nucleus

'Membrane-bound protein kinases and their endogenous protein substrates were

solubilized from the 1;11 fraction using 0.5 M NaCl, or 1% Triton X-100 plus
0.1 mM DTT in the absence or presence of 10 uM cAMP. The. M]_ fraction was
divided into 0.5 ml portions to which was added 100 ul of one of the followmg
solutions: (a) water; (b) 60 UM cAMP; (c) 3 M NaCl; (d) 3 M NaCl, 60 uM cAMP; (e)
6% Triton X-100, 0.6 mM DTT; {f) 6% Triton X-100, 0.6 mM DTT, 60 uM cAMP,
Samples were incub.ated on ice for 30 min then centrifuged at 150,000 x g for
30 min. The resulting supernatant and membrane fractions were assayed for pro-

tein kinase activity.

235 Photoaffinity-labelling Procedure
The covalent labelling of cAMP-binding subunits of protein kinases w;\s carried .
out using the photoaffinity analogue 8-—N3—[32P] CAMP. The standard reaction
mixture (100 pl volume) contained 60 ul protein, 1 mM Z-meréaptoethanol, 0.5 mM

IBMX, and 0.5 uM 8-N3-cAMP (specific activity 4-8 Ci/mol). Specific binding was



TABLE 1 : '

Composition of Gel Mixtures Used for Elsctrophor2sis

Separating Gel Stacking Gel
Additions: (ml) 18% 6.47% 7
r

Water 35 33.0 5.4
Buffer . 16.0Q 16.0 T 2.5
32% Acrylamide/ . .

0.8% bis-azcrylamide 36.0 13.0 1.6

. B0% Sucrose 8.0 *1.3

10% Glycerol 0.1
10% SDS 0.65 0.65 0.1
TEMED - 0.016 o.ou8 . 0.005
10% AMP 0.2 A YT 0.15

Gels were prepared from a stock solution of 2% by weight of acrylomide and
0.8% by weight of N,N'-bis-methylene acrylamide., The final concentrations in
the separating gel were as follows: 0.375 M Tris-HCl (pH B.8) and 0.1% SDS.
The - gels were polymerized chemically by the addition of
tetramethylethylenediamine (TEMED) and ammonium persulphate (AMP). The
stacking gels contained 0.125 ¥ Tris-HCl (pH 6.8) and 0.1% 3D0S. The
electrode buffer (pH E8.3) contained 0.025 M Tris and 0.192 4 glycine and Q.19
SES. The samples were solubilized in 0.065 M Tris-HCl (pH 6.8), 1% SIS, 10%

glycerol, 5% 2-mercaptoethanol, and 0.001% bromophencl blue as tracking dye.
(After lLaemmli, 1970). :
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assessed by incubating some samples in the presence of a molar excess of cAMP
(20 uM). In other experiments photoaffinity hbemng was carried out with samples
previously exposed to cAMP during extraction of synaptic membranes with either
detergent or. NaCl las described earlier. Preincubations were carried out for
30 min in the dark at 4°C and samples then irradiated for 10 min with a Mineral-
ite hand lamp at a distance of 8-10 cm. Samples were agitated periodically to
~ ensure efficient labelling. These samples were then.mixed with 50 pl of SDS-stop

solution, boiled fo® 5 min, and electrophoresed.

23.6 Histone Kinase Assay

The reaction mixture used for studyiné protein phosphorylation (final volume,
100 ul) contained 40 ul M] protein, 10 mM potassium phosphate (pH 7.4}, 2 mM
MgSO4, 0.2 mM EGTA, and 50 pg of histone (5 mg per ml). The assaj mixture was
equilibrated at 37°C for 1 min in a shaking water bath prior to the initiation of
the reaction by 0.25 nmol ATP (specific activity, 3 uCi/nmol) in the absenc;e or
presence of 10 uM cAMP. The reaction' was carried out for 5 min and was termi-
nated by the addition of 1 ml of 0.3 N perchloric acid, 5 mM phosphoric acid.
Samples were placed on ice for 20 min, and the igrecipitate was collected on glass
fibre filters, Filters were then dried a.nd cou:nted in a liquid santmation count.er
with 5 ml of aqueous flour., One unit of histone kinase activity was defined as
£h3t amount of enzyme that transferred 1 pmol of 32P from [32P] ATP to recov-

H

ered protein in 1 min at 37°C.
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2.3.7 Electrophoretic Methods
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)- was
carried out using the discontinuou‘s. buffer system of Laemmli (1970). A 6.4-18%
acrylamide gradient was set up using 200 mi flasks connected by Ty;gon tﬁbing
whi&h n?mained clamped until gels were poured. The composition of gel mixtures
is shown in Table L. The acrylamide gra{dient was reinforced with a sucrose densi-
ty grad;;nt to reduce unwanted diffusion, and the- TEMED concentration in the
' 6.4% gel was increased to ensure that gelation spread from the top of the gel
downwards, thereby minimizing distortion due to convection currents during poly-
merization as described by Margolis and Kenrich (1968) and Jeppessen (1974).
These modifications gréatly enhanced the resolving power of the gels. All compo-
nents of the gel mixture except ammonium persulfate were added to the gradient
flasks which were then placed on two magnetic stirrers which were elevated 10
‘cm above the top of the gel apparatus. The solutions in the two flasks were gen-
tly stirred, and the ammonium persuifﬁte was added to initiate polymerization.
Degassing was not necessary if solutions were not overly agitated during the mix-
The acrylamide solution was cnéductéd by gravity into a gel mold (22
cm x 14 cm x 1.5 mm) via polyethylene tubing which led from the 18% flask. The
| gel was poured to a height of 20 cm, and was overlayered with 2 ml 6f n-butanol.
The gel was allowed to.polymerize overnight, the gel surface was rinsed several
times with deionized water, and then a Teflon well_former was placed‘qver the
surface of the separating gel. A 5% acrylamide stacking gel (see Table I) w."as dis-
pensed over the top of the running gel. After 15 min of polymerization the weil ‘
formers were removed, wells were rinsed with water, and samples to be electro-
phoresed (75 ul) were ovgrlayedr with reservoir buffer. Molecular weight-standards

LY
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obtained from Bio-Rad were diluted 1:20 in SDS buffer and electrophoresed in
parailel.

Electrophoresis was carried out at 4°C at 40 mA using a Bio-Rad pow-
er supply until the tracking dye was within 1.cm of the bottom of the gel. The gel
was removed from the apparatus and stained overnight in 2-propanol, 10% acetic ’
acid and 0.1% Coomassie Brilliant Blue R-250. Gels were destained in 10% acetic
acid, 30% methanol for at least 24 hours with several changes of medium. Gels
were then placed on Whatman 1 mm filter paper, covered with Saran Wrap, and

dried under vacuum using a Bio-Rad Model 224 slab gel drier.

-2.38 Autoradlogtaphy | -

Dried gels were placed on a sheet of Kodak X-Omat film (XRP-50) in a dark room

and sealed in ﬁ double envelo‘pe of aluminum foil to prevent light penetration. The

package was sandwiched between two sheets of plywo-c;d which were clamped to

N maximize contact between gel and film.. Films were developed in a Kodak X-Ray
processing machine following a 5 day exposure. Apparent molecular weights of
visualized phosphoproteins were estimated from a standard curve of log molecular
weight yersus mobililty that was obtained by using polypeptides of known molec-

ular weight (Figure 5).

. 239 Densitometry

-Intensity of bands on the film was quantified by scanning autoradiograms with a
Joyce-Loebl densitometer. To correct for the background density of the films,
base lines for the optical density of different proteins w:re cc;nstructed by con-
necting the troughs on either side of the base of a -iarote'm 'peak and then measur-
ing the height of the peak.Tl.us method has been used;by.a. number of investiga- |

tors and has been shown to correlate well with measurements of phosphate



Figure 5.. Standard Curve for Molecular Weight Determinations
in SDS-PAGE. Molecular weight standards obtained from Bio-Rad

(see Materials) were electrophoresed at 4°C at 40 mA for 8 hin a
6.4 - 18% acrylamide gradient gel as described in Methods. The
relative electrophoretic mobilities of these proteins were plotted
against their known molecular weights. Inset: Coomassie staining of
gel showing molecular weight-markers (lanes 1, 10} and synaptic
membrane proteins from rat caudate nucleus (lanes 2-9).
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incorporation using liquid scintillation counting (Ueda et al.,1973). Due to the}
large number of phosphorylated proteins in the caudate nucleus, and the difficulty
involved in reproducibly isolating proteins from the gels and counting them, auto-
radiograph_ry;ﬁf;:-llowed by densitometer scanning was selected as a more suitablé

method of quantifying endogenous 1:|I1c:sp11t;>r:yla.tion.Q L

2.3.10 Lesion Prncadums/ . _ (\,.

Male Wistar rats w esthetlzed with Nembutal (50 mg/kg) a.nq ced in a
erP\ ____’F:

stereotaxic apparatus.

‘ .
A S-Hydroxydonanﬁne {(6-OHDA) Lasions

A stainless steel cannula was 1mplanted into the right substantla nigra using the
followmg co—ordlnates fro:ll}‘ the Atlas of Pellegrino and Cushma.n. anterior: 2.8
mm; lateral: - Z.Z mm; ventral: - 3.0 mm. 6-OHDA was dissolved in saline solu-
tion containing 0.4 mg/ml of ascorbic acid, and was dispensed through a cannula
in a 4 yul volume at é. ra;é of ' ul/min. Control rats were infused gg’ith saling
ascorbate. Seven to ten ;lays aft;r surgery the effectiveness of the lesion was
confirmed by observations of rotational behaviour induced by systemic injections
of apomorphine (2 mg/kg). Circling behavior was measured by counting the num-
ber of turns made during a 15 min period following drug injection. Animals that
showed a consistent turning response (> 12 turns per 10 min) were considered to
have reliable lesions of the\ substantia nigra (Ungerstedt and Arbuthnott, 1970),
and were used for assays of cAMP-dependent protein kinase activity. The aver—
age yield of synaptic membrane material from lesioned striata was about 20-25%

less thar in control striata. Therefore samples were diluted with homogenizing

buffer to the same protein concentrations prior to assay.

-
q
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B. Kainic Acid Lesions

-
¢

Kainic acid (5 nmol) in 1 ul of 0.2 M potassium phosphate (pH 7.4), was dispensed
via a cannula into the right caudate nucleus at a rate of 0.25 pl/min. Sham-oper~
ated rats received buffer alone. Stereotaxic co—ordinates for the caudate were:

anterior: 7.9 mm; lateral: 2.7 mm; ventral: 1.5 mm.

2311 Chronic Haloperidol Studias

A. . Treatment Regimen
v

This was based on the procedure of Friend et ;l (1978). Rats ware m'aintajned on
a graduated dosage of halo r{dol beginning vnth 0.64 mg/kg daily ‘for 4 days. This
wa:v. followed by 1 daily for 4 days, and 2.5 mg/kg for 4 days. Finally,
rats received 5.0 mg/kg daily for 8 days. Control rats were maintained on the
vehicle of 1% tartaric acid. All injections were intraperitoneal. Biochemical and

behavioural tests were done on the sixth day after the last injection.

at

B. Blochemical Measures.

S

(i} Dopamine-sensitive Adenylate Cyclase Activity:,

The striata from halggfl'idol and vehicle-injected rats were quickly
I's
dissected, and dopamine-sensitive a late cyclase activity in homogenate and

synaptic membrane fractions vtvas assayed as described previously (Section 3.2).
1‘

(i) cAMPsdependent Protein Phosphorylation: .

Neuronal membrane fractions were prepared and equal amounts
(100-160 -ug) of protein from drug-treated and control striata were assayed for
endogenous cAMP-dependent protein phosphorylation as described earlier (section

3). Phosphorylated proteins were sep:;lrated by electrophoresis and visualized by
i_!ﬁ E)

~N—

autoradiography.
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 (iid) Dopamine Receptor Assay:

Dopamine receptor binding was measured according to the method of

Seeman et al., (1975) using (3m] spiroperidol as ligand. These studies were carried

out in collabog'tion with G. Jawahir of the Department of Neurosciences

(McMaster;University). Changes in the number and/or affinity of dopamine
s

receptors in the striata of haloperidol and control rats were assessed via Scatch-

23.12 Behav?o&r"al Measures _
Six days follovy'ngﬁzﬂré'hrmination of drug treatment, rats were injected with
) \

Epémo‘f:phine HCl (lmg/kg intraperitoneally) and rated for stereotyped behaviour

according to the scoring system shown in Table II. To minimize experimeﬁtal bias,

rats were coded and injected by one person and assessed by a second observer who

- was unaware of the order of presentation of the various animals. Rats were test-

(e K

" ed 15 min after the apomorphine injection for a period of 2 min. Differences in

mean stereotypy scores between halgperidol and vehicl.e\fups were assessed
using the Wilcox Rank Score Té:;f.

~ \". L
2.3.13 In Vitro Drug Stydi'és’
Concentrated stocks of haloperidol (13 mM) and trifluoperazine (2.5 mM) were
diluted in incubation buffer to the appﬁopriate concentrations.. Control samples
received equivalent amounts of the druéﬁzicle. Veratridine was dissolu_z_e\d Ain
DMSO #nd then diluted 100—t;old in the assay. uffer to give the :'-equi\red concen-

tration (100 uM). Control samples received DMSO alone.

4

\_k\ L.-;/
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Table II: Scoring system used for the estimation of the intensity of
i stereot¥py (from Costall and Naylor, 1973). &
Score Description of stereotyped beﬁﬁ‘g?@_u_:
0 Normal ina'ctive, or sleepy ' . t
s

1 Normal active

2 Discontinuous sniffing, constant exploratory
activity ~ =

N

3 Continuous sniffing, w exploratory )

activity :
£

4 Continuous sniffing, discontinuous gnawing,
biting or licking; brief periods of locomotor ' d
activity 4

5 . No exploratory activity; animals are
restyicted to one spot, contmuous gnawing,
biting or licking

23.14 Preparation and Incubation of Caudate Nucleus Slices

Male Wistar rats were killed by decapitation, caudate nuclei were dissected out
on ice, and tissue slices 0.275-0.3mm thick were prepared using a Mcllwain tissue
chopper. Slices were hﬂi:laced in a 13 x 100 mm test tube containing 4 ml of
Krebs-Ringer buffer. (KRB). The composition of the KRB was as follows (in mM):
NaCl, 132; KCl, 4.8; MgSQy, 2.4; HEPES, 20; EGTA, 0.1; CaCly, 1.1 (1 mM free
Ca**). The KRBES oxygenated by bubbling with 95% 32, 5% CO3 for 30 min in
a water bath at 37°C and adjusted to pH 7.4 with.Nag’H prior &g use. Slices were
-separated from each other by gently vortexing, and i.ndividua.l slices wé;e placf’d
in 10 x 75 E{\ l;(est tubes contdining fl\ml of KRB. The shces were Incubated for

yi o ___/
90 min in a E'./hakmg water bath at 37°C with replacement of the KRB every

-



EEY

“Ato the detection of dopagme-snmu.lated cAMP accumula

e 54

20 min. Preincubation of striatal slices has been shown to sigx;ificantly reduée
endogenous levels of cAMP associated with decapltatxon Th:s is unportant

::in this preparation
(Wilkening and Makman, 1975).

2.3.15 Determination .of intracellular CAMP Levels in Slicas of Rat Caudate
Nucleus ' ,

Sﬁces were prepared and incubated as described above.‘Flollowing the 90 min

preincubation, the KRB-was removed from the slices, and replaced with 0.25 ml

of KRB containing various test agents in the presence of 0.75 mM IBMX. As

: L
. reported by others, (Kayaalp et al.,1981) it was found that reliable dopamine

stimulation could not be obsefved in \the presence of anti-oxidants such as ascor—
bic acid; therefore,:éest sut;stances were dissolved in KRB immediately pribr to
use. Dopamine inhibitors were made up in KRB with or without dopamine before
being added to the slices. : | A

At the end of the incubation peridd, test tubes were pﬁced m a boiling

water bath for 20 min to éxtract cAMP. Duplicate 50 pl portions of the incubation

. medium were assayed for cAMP using“the method of Brown and Makman (1971) as

described»earlier.\The remaining slice was solubilized in 250 pl of 0.2 N NaOH,

heated at 80°C for 20 min, and then assayed for protein concentration.

23.16  Protein Phosphorylation in Slices N

Slices were preincubated for 90 min in KRB either individﬁally or in groups of

w

8-10 slices as described above, then incubated for 30-60 min in 1 ml of KRB con-

taining 0.25 mCi of [32P]-orti:ophosphate. The medium was removed, slices were

rinsed twice in 4 ml of .KRB, .and test substances {250 ul} were added to initiate

-

thj reaction. Following the incubation, slices were removed from the test medi-

o -.", - /'?\\\:\ ;.

Pl
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um and rapidly homogenized in 150 ul of KRB plus 75 ul of SDS stop solution -
{Laemmli, 1970). Samples were boiled for 10 min, and portions were removeq for

-
electrophoresis and protein determinations.

2317 Protain ﬁetarminations

Two methods of determining protein concentration were used. The procedure of
Lowry et al., (1951} was used for all samples except Ithose which bhad been solubi-
lized in SDS stop solution, since both SDS and mercaptoethanol are known‘ to
interfere with this assay. These samples were assayed by a modification of the
Coomassie Brilliant Blue G-250 method (Zaman and Verwilghen, 1979), in which
excess SDS is removed prior to protein’ determination. Solubilized samples (2¢ pl)
were dﬂuted to 250 ul with water and then 0/45 ml of 100 mM potassium phos-
phate (pH 7.4) was; added to -prec.ipitate the SDS. After mixing, samples were
centrifuged (1500 x g) for 10 min at room/temperature to sediment the precipi-
tate. Supernate (250 ul) was transferred info a 13 x 100 mm test tube containing
~ 2.75 ml of a 0.05% solution of Coomassie Brilliant Blue G-250 in 0.3 M perchloric
acid. After miﬁng, absorbance at 600 nm was measured using a Zeiss spectropho-
tometer. Standard curves were constructed using BSA soiubilized in SDS buffer.
Protein values were in the same range as those obtained using the Lowry method._
Samples were then diluted to the lowest common protein value with additional
SDS buffer. Bromophenol blue tracking dye (2 ul) was added to each sample, and
75 ul portions were subjected to electrophoresis.

£
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23.18 Statistical Methods

-

Nd A .

Statistical 3walysis w‘;s—‘.j conducted VI.E appropriate cases using,the Analysis of Var-
iance and StudeAt's t-test. In all cases where results were found to be statisti-
cally significant (p<0.05’, specific F and t-values and their associated levels cf?
significance/afe presented in either the figure legends or text. Unless otherwise ‘

specified, where no level of significance is given, results should be interpreted as
R As A% - ty 7
being non—significant.q ) ' }

~.

“
In some instances, differences between experigiental groups were ass-

esed using the Analysis of Variance (A ed by contrast studies or

_t-tests to provide a more meaningful breakdown of the data. Use of these tests is

A" . »
indicated in the appropriate figure legends.
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Results
31 Properties of E_opamine-Sensitive Adenylate Cyclase in Rat Caudatsg

Nucleus

Four parameters of enzyme activity were selected based on studies of dopamine-

sensitive adenylate cyclase acn\nty reported in the hterature. They were: (1}

subcellular loca.hzatmn of the enzyme in synaptic membraﬁes, (2) response of the
7
enzyme to’ neuroleptic drugs, (3) pre vs. postsynaptic Jocahzatlon of the enzyme,

and (4) evidence of supersensxtw*xty in response to chromc administration of neu-

o ”‘\‘ -
roleptic drugs. & (\(

k]

-,

311 Dopamine Stimulation in Hpmbganatés and Synaptic Membrane
Fractions of Rat Caudate Nucleus
As has been reported by others (Kebabian et al,, 1972; Clement-Cormier et al.,
1974; Mishra et ai., 1974), dopamine caused a marked stimulation of adenylate
cyclase activity in homogenates of rat caudate m'u:leus (Figure 6A). Combined
data for different expgriments indicated that dopamine produced a 2 to 2.5-fold
increase in adenylate cyclase activity (p<.05). The stimulation of adenylate cyc-
lase was concentration-dependent with highes} levels obsenge\d at 100 uM dopa-
mine {data not shown}. ' . f /.
Subcellular fractionation of bomogenates of caudate nucleus was car-

S

ried out as described in Materials and Methods. Synaptic membranes were iso-

, lated and analyzed for dopamine-sensitive adenylate cyclase activity. In confir-

mation of previous fihdings, (Clement-Cormier et al., 1975), the specific activit
Y
. !
| \
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Figure 6. Adenylate Cyclase Activity in Rat Caudate Nucleus.
Crude homogenates (A} and synaptic membrane fractions (B) were
prepared from rat caudate nuclei and assayed for adenylate cyclase’
activity at 37 °C for 2.5 min as described in Methods. Activity is
expressed as pmol cAMP formed per fng protein per min assayed in
the absence (open bars) or presence (closed ba;s) of 100 >uh{
aopamine, and results represent the mean + SEM  of three
independent experiments assayed in duplicate. Protein was
determined by the method of Lowry et al., (1951). Control: no Hrug
added TFP: assayed in the presence of 100 pM trifluoperazine;
Hal: 100 pM haloperidol. Statistical significance was assessed
using a 2Z-way ANOVA. Comparisons between drug and control
groups were further assessed using simple t-tests.

HAL : Fi,19 P value
drug - 26.7 <.001
DA 18.0 _ <.001
drug x DA 9.4 f{, <.001
TFP ' F2,15 P value
drug 89.5 <.001
Da ) 17.3 <,001 i
drug x DA 17.7 <.001 ~r’)/
]
T;tésts
t (S df)
open bars: control vs TFP 6.11 p<002
cleosed bars: control vs TFP 4.26 p<.01l
open bars: control vs HAL 1.87 ns

closed bars: control vs HAL 6.78 p<.001
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a
of the dopamine-sensitive adenylate cyclase was higher in synaptic membranes
(Figure 6B) than in crude homogenates of caudate tissue (Figure 6A). As has bee.n"
reported by others (Clement-Cormier et al.,, 1975) dopamine stimulation ‘of the
enzyme in synaptic membranes required G‘I‘P-(Figure"?). Basal enzyme activity
was also slightly elevated by GTP but this was not statistically significant.
Therefore, assays of dopamine-sensitive adenylate cyclase activity in synaptic
membranes were mutiﬁely‘ carried out in the presence of 10 uM GTP as described

by Clement-Cormier et al., (1975).

3.1.2 Inhibition of Dopgmine-sensiﬁvo Adenylate Cyclase Activity by
Neuroleptic Drugs

Neuroleptic drugs, that block dopamine receptors, have been shown to inhibit.
dopamine-sensitive adenylate cyclase activity (Kebabian et al., 1972; Clement-
Cormier et al., 1974; Miller et al.,, 1974). In the pztesent study, h;'talroperidol
(100 uM) caused a 60-70% reduction in dopamine-stimulated adenylate cyclase
activity (p<.001), but only shgh%y depressed basal .enzyme activity (Figure 6)-.
This effect was observed in crude homogenates (Figure 6A) as well as in synaptic
membrane fractions (Figure 6B). Trifluoperazine (100 uM)} inhibited basal activity
70-80% (p<.05), and dopamine-stimulated activity by 90% (p<.05) in both tissue
preparations (Figures 6A and 6B). Similar results have been reparted by Gnegy

and Treisman (1981). -
; »

313 Neuronal Localization of Dopamine-sensitive Adenylate Cyclase

Destruction of striatal neurons with kainic a@a‘ substantially decreases striatal
z;denylate cyclase activity (Garau et al., 1978; Minneman et al., 1978; Schwartz
et al., 1978). Since kainic acid des_troys cell bodies and dendrites but spares pre-

synaptic fibers, these results indicate Q:\t the dopamine-sensitive adenylate cyc-

AN

//
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Figure 7. Effect of GTP on Dopamine-Stimulated Adenylate
Cyclase Activity. Synaptic membrane fractions from rat caudate
nucleus were prepared as described in Methods, and dopamine-
sensitive adenylate cyclase activity .was assayed in the absence
(open bars) or presence (closed bars) of 10 M GTP. Results are of
four independent experiments assayed in duplicate (mean + SEM).
Data were analyzed using a 2-way ANOVA followed by pa1red t-
tests to compare adenylate cyclase activity in the absence or
presence of GTP.

N
ANOVA
Source : "F3,20 P value
GTP 187.3 <.001
DA 30.4 <.001
GTP x DA 30.0 <.001
e

i Paired t-tests -
. £ (3 df) :
Control —-2.59 ns
10 pa 11.89, p<& 005
160 DA 17.19 . p<.001




-

600+
400+

*

/

uiwy/ utejoird Buw/ Wy o jowd

100

10

o~

)

"Dopamine



L 63

lase may participate in the postsynaptic regulation of dopamine function. In con-
firmation of these findings, it was found that striatal injections of kainic acid
caused a 70% Ireduction in basal (p<.005), as well as dopamine-stimulated adeny-
late cyclase activity (p<.001) in ﬁomo‘genates of rat caudate nucleus (Figure 8).
However, the magnitude of dopamine stimulation was compérable in lesioned and
~ intact caudates indicating that the decrease in adenylate cyclase activity was due

to a loss of énzymt;.\”bather than a change in dopamine responsiveness.

3.14 Dopamine Stimu tion of Adenylate Cyciase Following Chronic
Haloperidol Administration ‘

Biochemical studies have demonstrated that pharmacological blockade of dopa-
mine receptors produces an increase in- the activity of the dopamine—sensitive
adenylate cyclase, and this has been proposed to be a chemical ;ign of incre.ased
receptor sens1t1v1ty (Mishra et al., 1974; Gnegy et al., 1977a, 1977b Marshall and
Mishra, 1980; Iwatsubo afid d Clouet, 1975). The objective of the present study was
to determine whether this experimental strategy could be utilized as a means of
investigating. cAMP-dependent protein phosphox;ylation in the caudate since neu-
roleptic-induced increases in adenylate cyclase activity might be accompanied by
similar increases in cAMP-dependent protein kinase activity. In view of the Jct
that a number of investigators have been unable to demonstrate an effect of
chronic neuroleptlc admmxstratlon on dopamine-sensitive adenylate cyclase
activity (Von Voigtlander et al., 1975; Heal et al., 1976; Rotrose:‘l et al., 1975;
Hyttel, 1978; Roufogalis et al., 1976b), other measures 'of dopamine receptor
supersensitivity were taken to independently assess the effects of halopefidol‘
administration on dopamine.function. These included dopamine receptor'binding‘

assays and measures of apomorphine-induced stereotyped behaviour, as described

[ ]

* - | | N
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Figure 8. Effect of Kainic Acid on Dopamine-Stimulated
Adenylate Cyclase Activity. Kainic acid (5 nmol in 1 yl of 0.2 M

potassium phosphate, (pH 7.4} was injected into the right caudate
nucleus (closed bars) at a rate of 0.25 1yl per min, as described in
Methods. Left caudates served as sham-operated controls (open,
bars). Rats were killed 7 days post surgery and adenylate cyclase
activity was assayed in individual homogenates of left and right
caudate nuclei. Results represent the mean + SEM of 9 rats assayed

in duplicate. Differences in enzyme activity were assessed using
ANOVA.

)
- ANOVA
Source df F p
Drug 1 44.13 '<,0001
DA 2 . 7.24 <.002
Between. Rats B . 6.00 <.0001
Error 42 T
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in Methods. Chronic neuroleptic administration has been shown to consistently

affect both of these parameters (reviewed by Muller and Seeman, 1978; Seeman,

'

1980). ot ~.

‘ - =

A Ad en&,,l ate Cyclase. X”-\
A0

[
As shown in Table I, the striata of rats treated chronically with haloperido
. o _

showed an increase in dopamine-sensitive adenylate cyclase activity when tissues

were assayed in the presence of 100 UM dopamine (p<.05). No differences between

haloperidol and vehicle groups were detected when enzyme activity was measured
at low dopamine concentrations. This contrad.ict; the results.of somfsl?:i)djsain
which chronic xieuroleptic administrstion was associated with a decrease in the
amount of dopamine required to stimulate the enzyme (Gnegy and Treism;n,
1981; Gnegy et al., 1977a, 1977b). Other investigators, however (Marshall_and

. \
Mishra, 1980}, have report’ed increased enzyme activiqf'y at ;}ximally,stulating

T < .
conceritrati of dopamine, compatible with the results reported here.

ings reported in Table II are therefare representative of results published in the

e find-

v
literature, and reaffirm the controversial nature of the role of the dopamine-sen-

sitive adenylate cyclase in .drug-induced supersensitivity.

B. Dopamine Receptors

Assays of dopamine receptor binding were perfo;med using the method of Seeman.

et al. (1975). Figure 9 shows Scatchard plots of [3H] spiroperidol binding in striata
of halopgridol and vehicle-treated rats. These experiments were repeated three
~ times, each time comparing Scatchard plots bf both haloperidol and control stria-
ta within the same -experiment. Chronic treatment with—haloperidol produced a
60-70% increase in the number of dopamine receptors (p<.001). There were no

significant changes in réceptor affinity. These results are in agreement with pub-

v



TABLE IIT

Effect of Chirontc Haloperidol on Dopamine-Sensitive Adanylate Cyciase Aotivity,

\ S EXPERIMENT
uM DA 1 2 3
(n=6) {n=H) ) : (n=8) -
Vehicle
0 181.6 + 11.2 170.1 & 14.2 350.7 + 13.5
0.1 200.8 & 26.2 ,
1.0 _220.0 x 16.6 208.6 & 28.6 437.4 & 22.1
10.0 \\ 253.7 % 30.9 _ 722.2 & 32.3
50. 0 280.6 £27.0
100.0 Voo 840.1 & 37.7
Haloperidol *
0 173.1 = 9.0 160.3 + 8.2 393.2 + 33.3
0.1 | 206.7 + 23.8
1.0 215, 85¢\14. 8 226.1 » 25.4 530.7 & 52.1
10.0 243.8 + 19, 809.1 + 67.6
50.0 Y 262.2 + 17.6 . Cw
100.0 / : 1172.2 £ 137.0

Caudate nuclei from rats treated with haloperidol or vehicle were a3sayed for
dopamine-sensitiye adenylate cyclase activity .as described- in M2thods.
Results are ~eﬁ£re33ed as” pmol cAMP formed .per mg protein per 2.5 min
incubation, and represent the mean + SEM from 6-8 rats. :

'#® p ¢ .05 (Student's t-test)

A " \
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lished observations (Muller and Seeman, 1978; Clow et al., 1980; Seeman, 1980;

Mishra et al., 1980; Ebstein et al., 1979). K

C. ~ Behavioural Results
Apomorphine-induced stereotyped behaviour in haloperidol and vehicle-treated
rats was assessed using the method of Costall and Naylor (1973) as outlined in
Methods. The resuits are summ_a.rizec_l in Figure 10. The behaviour of the control
rats was charac{erized predominantly by conti:uous or discontinuous sniffing, but
always with some locomotor activity (mean stereotypy score 2.4). Rats treated
o{m'hicauy with haloperidol exhibited a greatly increased sensitivity to apomor-
phine (p<.005). The significantly higher total stereotypy scores (mean 4.6) were
mainly due to an increase in the intensity‘ of the apomorphine response {continu-
ous licking and gna-wing) and an abolition of locomotor activity.

These results are in agreement with previous s;udiés demonstrating
that ammals chronically treated with neurolept'ics subsequently‘ show an enha-nced
behavioural response to apomorphine (Tarsy and Baldessarini, 1974; Voith, 1977;

Jackson et al., 1979; Gianutsos and Moore, 1977; Sayers et al., 1975).

3
3.2 Identification of Protein Kinase Activity in Rat Cau_daté Nucleus
The objectives of these studies were: (1) to identify the proteins that .were phos-
. &,
” phorylated by cAMP and Ca++*dependent protein kinases in rat caudate nucleus,

(2) to determ}ne the subcellular and anatomical distribution of tli’ésg,ﬁubstrates,f

and (3) tgziéergp_;igate the effects of dopamine on thelpﬁosphorylation of these \,
— 12 - L
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Figure 9.
Haloperidol Administration. [°H] spiroperidol binding was measured
using the method of Seeman et al., (1975). Tissue from haloperidol
and veh1c1e—treated rats was pooled separately, and binding of
(3H] spiroperidol was plotted by Scatchard analysis. Specific binding
was defined as the difference in (3H) spiroperidol binding measured
in the presence of (+) and (-) butaclamol. Data were fitted to a
straight line using the method of least squares, and differences
between the two lines were measured using the Analysis of
Variance. Correlation coefficients ranged from -0.87 to -0.96. Data
points represent the mean of four individual estimates from control
(open circles) and haloperidol-injected (closed circles) rats. {A) and

(3H] Spiroperidol Binding Following Chronic _

(B): Scatchard plots corresponding to Experiments 1 ‘and 3
respectively shown in Table III.
.\T'ANGVA - "
. ' - ﬁ.‘
Source F value P/w/alue (af)
. o ~
L ; ' ) o
~A. Diff. in KD 2.39 ns .~ - /\
“‘lef ' Bmax 26.09 p<.001 (% \) o
‘ .. ) f‘-?\ _ -
B. Diff. in KD 0.28 " s (1,8) T~
Diff: in Bmax 37.3,2 s p<.001 (1.9) ‘
AR Y S
\T\_ ; p row . ;
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Figure 10. Effect of Chronic Haloperidol on Stereotyped
Behaviour. Rats were treated for 3 weeks with vehicle (open bar) 3e,
o5 baloperidol (closed bar). Six days following the termination of
drug treatment rats were injected with apomorphine (1 mg/kg), and
. tested for stereotyped behaviour using the scoring system of Costall
and Naylor, 1973 (see Methods).” h column represents the
mean + SEM obtained from 8 rats. Differences between holoperidol
_and vehicle-treated rats were assesed using the Wilcox Rank Score
Test as described in Meathods.

~
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3.21 Pattern of Protein Phosphoryiation in Crude Homogenates of
Caudat'?a Tissue

*

}‘: shown in Figure 11, homogenates of rat caudate nucleus containe;i several
proteins, the phosphorylation __ot? which was eghanc_ed in the presfifice of cAMP.
Time course data revealed that incorporation of labelled phosphate into these
proteins was maximal at 5 min of incubation and was markedly decreased by 15
min. The phosphorylation of some prote'fhs, however, (80k, 57'in, 55k, 43k and 21k)
could still be detected at 30 min. .

Similar patterns of cAMP-dependent phosphorylation were observed in
the presence of IBMX, a potent phosphodiesterase inhibitor (Figure 12). It was of
interest, however, that the phosphorylation of a 55,000 dalton polypeptide was
inhibited at 15 and 30 min of incuba;ion in the presence of IBMX. This was the
only spbstrate for the cAMP-dependent protein kinase whose lphosphorylatio'n
appeared to be altered by IBMX. IBMX idlone di:,(:bt increase cAMP-dependent
phosphorylation, indicating that endogenous levels ’ cAMP were insufficient to
activate protein kinises under these assay conditions. -

The addition of dopamine to caudate homogenates in the absence or

presence of IBMX did not lead to a change in the phosphorylation of any subs-

_ /\ “trates for the cAMP-dependent protein kinase. Surprisingly, dopamine did appear

-
EQ\- decrease thel phosphorylation of proteins that were substrates for

CaH—d\ependent pratein kinases, and this effect was most pronounced in the

\
N

Ca*™ increased the phosphorylation of proteins wi%folec weights

absence of IBMX. !

of 63k, 53k, 20k and 16k, and inhibited "the phospharylation of a {43,000 dalton

protein (Figure 11). This la.ttei' effect contradicts observati_ons}rother worke?

who e shown stimulation of 32? incorpgr/:ation into this protein bj Ca™ {(Hof-
. ({’ . -

[y
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Figure 11. Endogenous Protein Kinase Activity of Homogenates
of Rat Caudate Nucleus. Caudate nuclei were homogenized in 10
.mM potassium phosphate (pH 7.4} containing 0.32 M sucrose, 0.2 mM

EGTA, and assayed for endogenous protein phosphorylation as
described in Methods. Proteins were separated on SDS-PAGE and |

32p incorporation was assessed by autoradiography as described in
Methods. The major phosphoproteins are designated by their
mlympﬁde molecular weights calculated relatwé to known protein
standards as described in the legend to Flgure 6. Additions: (a)
~'none (b) 1 mM Ca** (¢) 100 uM dopamine (d) 1 mM Ca™" plus 100 pM
dopamine (e} 5 uM cAMP..
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Fxgm:é 12. Endogenous Protein Kinase Activity of Homogenates
of Rat Caudate Nucleus: Effect of IBMX. ‘Homogenates of caudate

nucleus were prepared as described in the legend to Figure 12, and
assayed for protein kinase ,activity in the presence of 0.75 mM
IBMX. Additions: (a) none (b)'1 mM Ca*™ ¢g) 100 uM dopamine (d)
1 mM Ca"" plus 100 uM dopamine (e) 5 uM cAMP.
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.stein et al., 1980). The discrepancy may be due to differences in assay proce-

dures. o

Ca**-dependent protein kinase activity appeared to be maximal at 5
min. Increased phosgtiorylation of these proteins was also observed at 5 min in the
absence of added Ca'H'and presumably was due to stimulation of the kinase by
endogenous Ca’" not chelated by EGTA in the hofpogenizing buffer. By 15 min,
the only protein whose phospﬁorylation could still be detected /was 33k.

IBMS{ apparently reduced the basal as well as the Ca++—sti_mulated
phosphorylation of proteins 63k, 53k, 20k and 16k at 5 min. Methylxanthines have
been reported to inhibit protein phosphorylation in brain membranes, homogenétes
of striatum, and isolated neurons and glia (Weller and Rodnight, 1973; Hullihan et
al., 1977; Kinnier and Wilson, 1977), and there is some suggestion that this effect
fnay be du_e to the ability of these drugs to inhibit adenylate cyclase (Hershkow-
itz, 1978). ‘ ' '

22 S\.&ar Localization_of Substrates for cAMP and Ca**-dependent

~
Protein KlnaMﬂo Nucleus

To characterize better the proteins that were phosphorylated by cAMP and
H'-d.gpendent protein kinases, homogenates of caudate nuclei were subfrac-
tionated according to the method of De Robertis et a.l.‘}l%'?) to yield synaptoso-

mal, synaptic membrane and cytosol fractiéns. The purity of these fractions was

not assessed g spec1f1c enzyme markers since the protocols for preparing -

/ well-estabhshed ‘and observed patterns of phosphorylatmn

these fractmns are:
\/

agreed closely with pubhshed resu.lts. The results, shown in Figure 13, demon-—

strate that the phosphoprotems previously detected in caudate homogenates were

_enriched in @Ecﬁxc subfractions of rat,caudate nucleus.

\ N .

. . o

o)
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Figure 13 -Subcellular Localization of Substrates for cAMP and
CaH'-Dependent Protein Kisase Activity in Rat Caudate Nucleus.
Subcellular fractions from rat caudate nucleus were prepared as
described m Methods and incubated with 32p] ATP for 30 s.

¥ Additigas: (a) none (b) 5 uM CAMP (c) 1 mM Ca*™. Proteins were
sep'arﬁ on SDS-PAGE and autoradiographed as described in
Meth@@s. v . \ P
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. In agreement wj published observations, synabtic membranes con-

_tained two protems of M = 6K and 80k (Proteins Ia and Ib) .whose phosphorylation
was markedly stlmulated by CAMP (Ueda et al., 1973; 1975; Uno et al., 1977b)

\“——\
Two other proteins of Mp=57k and 55k were also 1dent1hed as substrates for the

. kinase in agreement with puhhshed observations (Lohmann et al., 1980; Walter et
oo - 2~ -+ N

al., 1979a; Rubin et al., 1979). o ! 3/‘

'/ Two substrates fﬁ —dependent ‘protein kinases, 63k and 53k, were

“
phospha(:rylated in cyto'sol pre tions but were not phosphorylated to any extent

‘in otheiy cell fractions, As will be(dxscussed later, although the phosphorylatmn of

A
proteins 63k and 53k was not a.lways read:.ly detectable in synapt:c memhlqnes, it
could be demonstrated in this preparatmn by the addition of purified ca.lmodulin
mchcatmg that these protems were ‘substrates for calmoduhn—dependent protein

_ Three other substrates for the enzyme, 50k, 20k and 16k appeared to

_be membrane protems as they were not {ound in the cytosol and they were highly

Phosphorylated in: synaptic membrane- fractions. Similar patterns of

Ca"""—depeﬁdept\phosi:horylatien have- been reported ﬁeeﬁously {O'Callaghan - et
» T

»1980a, 1980c; Wrenn et a.l., 1\980) Ca -mediated mlubxtmn of 43k phosph;:- -

=

-

S .
rylation was also seen most clearly in synaptxc membranes. :
, in,

' Since the majority of substrates for cAMP a.nd Ca'H'-dependent protei

Kinases appeared to be preferentially localized i in synaptm memhranes, this tmsue

preparatzon was used routmely for the study of dopamme-medlated changes in

-

protem phospborylatxon in rat caudate nucleus. A list of the major substrates for

cAMP and Ca** —dependent protem kmase‘g in soluble and partlculate fractmns

from rat bram'is present® in Table IV. ;

' .



TASLE IV

Proteins Phosphorylated by Ca++ and c&{P-Dependent Protein Kinases

in Soluble and Pariiculate Fractions from Rat Brain,

FRACTION PROTEINS
Soluble
¢ AMP-Dependent : . 5Tk
Cas++-Dependent : §5x
30k
55-66k
usk
Uik
Particulate ° .

cAMP-Dependent: 86k (Protein Ia)
‘ 80k (Protein Ib)
55-5Tk (RII)

63k
53k
51k

40k
21k
20k | §

16k

REFERENCE

Lohmann =2t al. (1930)

Wrenn et al. (1330)
O'Callaghan =t al. (1¢%Ca)
Yamauchi znd Fujisawa (1G79)
Yama#uchi and Fujisawa (1679)
Wrenn a2t al. (19R0)

Lohmann 2t al. (1¢30)
Ueda and Graengard (1977)
Lohmann et al. (1630)

De lorenzo =t al. {1979)
Burke and De lorenzo {1981)
Schulman and Greengard (1978)
0'Callaghan 2t 21. (1980¢)
Hofstein et al. (1980c)

Wrenn et al. (1980)

Dabrowska et al. (1978}
Petyrall et al. (1630

»
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323 . Distribution of Substrates for Ca’™ and cAMP-dependent Membrane
Fractions from Diftarent Brain Regions
To determine whether the substrates for the Ca** and cAMP-dependent protein
kinases showed particular anatomical distributions the pattern of phosphorylation
t
in hippocampus, temporal lobe and brain stem was also investigated. The objec-
tive of this; study was to compare the substrates for protein kinases in the cau-
date nucleus, a dopamine-rich area, with other regions of brain that do not pref-
erentially use dopamine as a neurotransmitter. It was anticipaied that different
regions of the brain might conceivably show altered substrate specificity for each
of the enzymes. [
Figure 14 s;inow:i the pattern of cA.MP-dependent and Ca++—dependent
phosphorylation  in symaptic membrz;mes from.the different brain regions. It is -
clear from the autoradiographs that the substrates for Ca*™" and cAMP-dependent

protein kinases are distributed throughout the brain and they show virtually iden-

tical responses to Ca'' and cAMP. These results indicated that the cAMP and

CaH-dependent protein kinases are found ubiquitously in rat brain as are their

protein substrates. This would suggest that any change in the phosphorylation of

these proteins due to dopamine would probably represent an alteration in enzyme °

activity rather than a change in the phosphorylation of a specific dopamine-sen-

sitive membrane protein.

.

o~
-

J



Figure l4. Phosphox:ylation of Synaptic Membrane Proteins
from Different Regions of Rat Brain. Synaptic membrane fractions
from caudate nucleus, hippocampus, temporal lobe and brain stem
were assayed for endogenous protein phosphorylation as described in
Methods. (a) no addition (b) 5 UM cAMP (¢} 1mM Ca**.
Phospborylated proteins were separated by SDS-PAGE and
autoradiographed as described in Methods.

.
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3.3 Biochemicai Charactarization of cAMP-Dependent Protein Kinase

Activity in Rat Caudate Nucieus

.31 Introduction
The above studies demonstrated that rat caudate nucleus contains cAMP and
CaH'-dependent protein kinase activity, and that the assay methods used for
detecting changes in phosphorylation yielded results compatible with published
observations. Preliminary characterization of the substrates of these enzymes
demonstrated that they are extensively phosphorylated in synaptic membrane
fractions-consistent with their hypothesized role in synaptic transmission.

'The objective of these studies was to investigate more closely the

effects of cAMP on the state of phosphorylation of substrates for the Type I

" . cAMP-dependent protein kinase in synaptic membrane fractions from rat caudate

nucleus. The Typg O rather than the Type [ kinase was selected as a focus of
im.restigation for the following reasons: (1) it has been shown by other investiga-
tors that brain contains predominantly Type I cAMP-dependent protein kinase
(Sugden and Corbin, 1976: Bechtel et al,, 1977} and therefore changes in the
activity of this enzyme are likely to be more relevant to neuronal function; (2)
since the regulatory subunit of the Type O kinase (Rp) is autophosi:horylated
changes in its level of phosphorylation can be readi.lz assessedI using autoradio-
graphic techniques; (3) the Type I kinase appears to mediate the pbo;phdrylatic_m
of a number of neuronal membrane proteins including Proteins Ia, Ib and O (Wal-
ter et al., 1979a), '

Protein II has been identified as the phosphorylated regulatory subunit
of the Type I protein kinase (Maeno et al., 1974). More recently this protein hds
been resolved into two' components, Protein IIa and IIb, with molecular weights of

—
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~ 58,000 and 54,000 respectively (Walter et al, 1579a; Lohmann et.al, 1980). Stud-

ies of cAMP—dependent phosphorylation in rat brain have identified Protein Ha as
the r@tow subunit of the Type II enzyme (\Walter et al., 197%a; Lohmann et
al., 1980). .-

Studies in bovine bra;in, on the other hand, have demonstrated that the
Type O regulatory subunit (Rpy) consists of two proteins of M,=58,000 and 52,000
{Lohmann et al., 1980). TheVSS,OOO dalton protein has been shown to correspond to
the phosphorylated form of the Type II regulatory subunit. Depbospborylateci R
migrates as a separate phosplzoprotein on sodium-dpdecyl sulfate pol.yacrylamide
gels, and bas been shown to h.avé an approximate molecular weight of 55,000
(Rubin et al., 1979; Lohmann et al, 1980; Zaller et al., 1979). The 52,000 dalton
phosphoprotein identified by Greengard's group, however, does not represent the
dephospho~form of Ry, indiéating that in bovine brain the Type I reéulatory
subunit may consist of two proteins (Lohmann et al., 1980).

In both rat and bovine brain, an additional major phosphoprotein in the’
50-54,000 dalton range is :1 substrate for cAMP-dependent protein kioase, and
does not co-migrate with any r;aé'ulatory subunit. This protein has been referred
to as Protein IIb (Lohmann et al., 1930; Walter et al., 1979).

As discussed previously, two proteins of i\dr=57,000 and 55,060 were

shown to be phosphorylated by cAMP-dependent protein kinase in homogenates‘of

rat caudate nucleus\(Figure 11). Since preliminary studies had shown that the 57k

and 55k proteins‘shov-ved atyerns of phosphorylation in the presence .of
¢cAMP and [BMX (Figures 11 and 12Z), it was of interest to determine whether
these two proteins corresponded to Proteins [Ia and [Ih described by Greengard's
group, -or whether they in fact both represented ;.'egulatory subunits of the Type II

enzyme. Therefore, the solubilization properties of these two proteins; and the

effects of cAMP on their phos;ljhorylation were inv‘estigated. —
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332 Efects of CAMP on the Solubilization and Dissociation Properties of
the Type I Protsin Kinase from Synaptic Membrane Fractions of rat
Caudate Nucleus |
As demonstrated previously, incubation of synaptic membranes from rat caudate
nucleus under standard phosphorylating cornditions in the presence of 10 uM cAMP
led to an increase in the phosphorylation of Preteins Ia, Ib and 57k (compare
lanes 7 and 8, Figure 15). Preincubation of metxxlb;a.nes in the presence of cAMP
led to a large increase in the phosphorylation of the 55k protein when these tis-
sues were assayed in the absence of cA.M.P (lane 9, Figure 15). The phosphoryla-
tion of the 57k protein .was also increased but this effect was much smaller than
for the 55k protein, One ex;:rll.anatio:': for this effect is preferential depbosphory-
lation of the 55k band in the presence of cAMP, with -enhanced incorporation of
labelled phosphate during the subsequent assay. No other membrane proteins
appeared to show altered rates of phosphorylation as a result of prior incubation
with cAMP.
| When cAMP-treated membranes were assayed for protein kinase
activity in the presence of cAMP there was no change in the phosphorylation of
proteins 57k and 55k, but th: phosphorylation of Proteins Ia and Ib was markedly
increased (compare lanes 9 and 10, Figure 15). -
It was suggested previously that the 57k and 55k proteins might repre-
sex;t the ‘pbosphorylated regulatory subunit of Type II cAMP-dependent protein
kinase. The regulatory subunits of cAMP- dependent protein kinase can be identi-
fied in SDS-PAGE by prior labelling of the regulatory subunits with the photoaf-
finity analogue 8-N3-{3%P] cAMP. Photc.)affinity labelling using 8-N3-{32P] cAMP
revealed that the syna’ptic membrane fraction from rat caudate nucleus contained

three specific cAMP-binding' proteins (Figure 15, lane 12). The first of these

3



Figure 15. Effect of Preincubation with cAMP on cAMP-
Dependent Protein Phosphorylation from Rat Caudate Nucleus.
Synaptic membranes were preincubated for 30 min at 0°C in the
absence (lanes 2,3,4,7,8,12) or presence (lanes 1,5,6,9,10,11) of 10
uM cAMP. Soluble and particulate fractions were prepared by
centrifugation at 150,000 x g for 30 min at 4°C, then assayed for
endogenous phosphorylation with (32P] ATP in the absence (lanes
3,5,7,9} or presence (lanes 4,6,8,10) of 10 uyM cAMP. Photoaffinity
labelling of regulatory subunits was carried out on fractions that
were pretreated with (lanes 1,11) or without (lanes 2,12} 10 uM
cAMP using 8-N3-{3%P] cCAMP as described in Methods.

.
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bands co-migrated with the 57k protein, the second band was more heavily
labelled and co— migrated with the 55k protein, while the third band that had an

apparent molecular weight of 47,000 did not co-migrate with any phosphoprotein

and is probably the regulatory subunit of the Type I cAMP-dependent protein

kinase that does not undergo autophosphorylation.

Photoaffinity labelling of bovine heart and rabbit skeletal muscle that
contain hJ.gh levels of the Type II and Type I enzymes respectively confirmed that
the three bands detected in synaptic membranes from rat caudate nuc.leus corre-
sponded to labelled Type [ and Type IO reédatory subunits from each of these tis-
sues (data not shown). Photoaffinity labelling of synaptic membranes in the pres-
eace of 10 uM cold cAMP completely inhibited the binding of 8-N3-32P] cAMP to
the Type I regulatory subunit (Figure 15, lane 11). Higher concentrations of cold
cAMP (20 uM) were rquired to inhibit labelling of the Type I subunit (data not
shown). |

The soluble fraction obtained from these membranes contained a pro-
tein of M,g=55,000 that‘was pbosphorylated.- in the presence of cAMP (Figure 15,
lanes 3 and 4). Photoaffinity labelling of this preparation with 8-N3-{32P] cAMP
confirmed that this protein was the autophosphorylated regulatory subunit of the

Type I protein kinase (Figure 15, lane 2). The 57k protein was not reliably

detected in the soluble fraction by photoaffinity labelling or autophosphorylation

with [32p] ATP.

Assay of this preparation in the presence of cAMP also enhanced the
phosphorylation of other proteins in the extract (lane 4) indicatiné that the phos-
phorylation of the 55k protein in this case was the result of an intermolecular
phosphorylation reaction caused by c-iissociation of the Type O énzyme by cAMP.

In contrast, the increase in phosphorylation of the 55k protein observed following
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preincubation of membranes with cAMP was not accompanied by an increase in
the phosphorylation of other substrates for the kinase (lanes 5 and 6) indicating
that this effect was probably due to intramolecular phosphorylation of 55k by
bound catalytic subugit.

Changes in the pattern of distribution of substrates for the Type I
cAMP-dependent protein kinase between soluble and particulate fractions were
quantified by scanning autoradiographs with a Joyce-Loebl densitometer and
obtaining estimates of 3%2p incorporation into labelled proteins as described in
Methods. Densitometer tracings of the autoradiographs shown in Figure 15 are
depicted in Figure 16. A summary of the observed effects is provided in Table V.

The increase in phosphorylation of the 55k protein in extracts of
membranes treated with cAMP was also observed when soluble fractions from
' synaptic membranes were preincubated with cAMP and then assayed for protein
kinase activity (Figure 17, lanes 3 and 4). These results indicated: (15 that the
protein kinase activity in the soluble fraction was not dependent on prior e;rpo-
sure of membranes to cAMP; (2) that preincubation of soluble and particulate
fractions with cAMP was associated with an’increase in the phosphorylation of
the 55k protein. Thus it appeared that extracts of synaptic membranes norm;ﬂy
contained small amounts of cAMP-dependent protein kinase activity.

Preparation of membranes in buffer containing 2 mM EGTA and 0.3
mM PMSF to inhibit proteolytic degradation gave phosphorylation patterns iden-
tical to those obtained when these agents were omitted from the homogenizing
medium. It therefore seemed unlikely that the 55k protein was formed from the
S'l?,OOO dalten band as a result of proteolysis, although this possibility cannot be

completely excluded.



Figure 16." Effect of Preincubation with cAMP on cAMP-
Dependent Protein Phosphorylation in Scluble and Particulate
Fractions from Synaptic Membranes: Densitometer Tracing of
Autoradiogram Shown in Figure 15. Membrane fractions
preincubated in the absence or presence of 10 yM cAMP were
assayed for endogenous protein kinase activity in the absence
(dotted lines) or presence (solid lines) of additional 10 uM cAMP as
described in the legend to Figure 9. Autoradiograms were scanned
with a Joyce-Loebl Densitometer as described in Methods.
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Figure 17. cAMP-Dependent Phospborylation in Soluble’ and
Particulate Fractions from Rat Caudat& Nucleus. Solublé# and
particulate fractions were isolated from synaptic membrankgs by
centrifugation as described in the legend to Figure 15, t
préincubated for 30 min at 0°C in the absence (lanes 1,2,5,6) or -
presence (lanes #,4,7,8) of 10 uM cAMP. Fractions were then
assayed for proteinmykinase activity with [32p] ATP in the absence
(lanes 1,3,5,7) or presence (lanes 2,4,6,8) of 10 pM cAMP.
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TASLE ¥

iffret of cAMP, NaCl and Triton X-10) on Protein Piospnorvlation
1 Solunle and Partizulate fractions from Rt 3eain

L32P] Phosphate Incorporation [Arbitrary dnics)

PROTEINS
Addition =0 Zell la/ 1 R,.(57Tx) ..M 55K)
1 Fractien Fraction -cAdP ~chYP -cAMP” +~chiP - NP «c AP
diter parziculate .97 5.53 1.0 2,87
=.23 . 22 ORI
' . ]
supsraata - 2.ET 3.83
1. «1.25
10 UM particulate 3.0 .7 1.%6 2.683 2.0 2.33
2P +.53 .51 .23 £, 43 =, 53 £.32
supernate 1,43 5.43
£.22 £1.12
3.9 4 particulcte .47 LE7 1.97 3.22
dac =T .29 £.5 £. 19
suparnalte 1.1 2. 63 2.00 .67
.12 .3 e, 2 +.C3
3.4 particulate 1. 37 1.53 0.67 0.67 2.E7 2.40
4aCl « 10 uM £.23 +. 29 +. 17 £. 17 PL) s 05
2 1P jupernate 4,60 u, 60 1.1 1.12 1. 30 3. 80
. 50 x. 83 w. 40 *. 49 £. 52 £.66
19% Trizon parciculate  3.17 7.17 1.6 5.7
X=100 2.2 2.03 2. 52 £. S
supernate 3.83 5.733 3.33 5.97 6.F0
=43 £1.20 1. £1.20 +1.29
122 Trizon particulate J.33 T.67 5.83 5.13
X=100 « 17 M t. z2.12 £.53 £, 42
c 4P supernats 1.7 .53 5.M 5.50 7.C7
.39 x.03 x. 94 1.5 £1.10

Synaptic membrane fractiona were prrincuwated for 10 ain 3t 072 with wataer,
1€l or Triton X-100 ln the absence or prasence of WuM AP, Soluwble n3
particulate fracticns were ‘obtained 3nd assaysd for =AMP-dependent protein
ptiwospharylacicn 33 described in the legend o Flgure 15. Autoradiegrams from
x periments as snoﬁ in Flgures 15, 18 and 21 Ware scanned with 3 Joyce-Loebl
Denstiometer and ~°P ifncorporactlion Ln tae ibaence or presence of AP was
measired 43 D units as describsd in Methods. Resulis represent the mean «

SEM from ; experiments.
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The above studies demonstrated (1) that synaptic membranes contain
Type I as well as Type I éAMP—dependent protein kipases, (2) that the regulatory
subunit of the Type II enzyme can be resolved into two components on SDS gels
using photoaffinity labelling and autophosphorﬁation with [32P) ATP, (3) that
preincubation of membranes with cAMP markedly enhances the phosphorylation
‘of the 55k but not the 57k protein.

3.3.3- Etfects of NaCi on the Solubilization and Dissociation Properties of

the Type Il Protein Kinase from Rat Caudate Nucle’us

Pregg;us stt.ﬁié?. in non-nervous tissue have shown that activation of membrane-
bound protein kinases by cAMP leads to an increase in catalyt{c activity in the
soluble fraction (Corbin et al., 1977). It was ofﬂ interest to determine whether
treatment of sypnaptic membranes with cAMP would be accompanied by an
increase in cAMP-independent phosphorylation in soluble extracts of these mem-
branes. Since non-specific binding of catalytic subunit to plasma membranes
occurs in low ionic strength buffers (Corbin et al., 1973; 1977), these experiments
were conducted in the presence of 0.5 M NaCl.

As shown in Figure 18, particulate fraétions from membranes preincu-
bated with NaCl showed normal patterns of cAMP-dependent protein phosphory-
lation (compare lanes 7 and 8 in Figures 15 and 18). In contrast, the cAMP-depen-~
dent phosphorylation of Proteins Ia and Ib was markedly decreased in particulate
fractions obtained from membranes treated with NaCl and cAMP (Figure 18,
lanes 8 and 10). | A

Prgincubation of membranes with NaCl and cAMP enhanced the phos-
phorylation of:iarotein 55k (Figure 18, lanes 9 and 10). Since the cAMP-dependent

phosphorylation of endogenous substrates was reduced in membranes pretreated



Figure 18. Effect of NaCl on Protein Phosphorylation in Rat
Caudate Nucleus. Synaptic Membrane fractions were incubated at
0°C for 30 min in the absence (lanes 2,3,4,7,8,12) or presence {lanes
1,5,6,9,10,11 ) of 10 uM cAMP. Soluble and particulate fractions
were prepared as described in the legend to Figure 15, and assayed
for endogenous protein phosphorylation in the absence or presence
of 10 uM cAMP as described in Methads. Photoaffinity labelling of
NaCl-treated membranes was carried out on soluble and particulate
fractions that were pretreated with (lanes 1,11) or without (lanes
2,12) 10 UM cAMP using 8-N3-{3%P] cAMP as described in Methods.

F
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with both NaCl and cAMP, it appeared that NaCl inhibited the reassociation of
regulatory and catalytic subumts of the enzyme following their dlssociatlon by
CAMP. In support of this interpretation, membranes preincubated with cAMP in
the absence of NaCl eihibited normal'cA.MP-depehdent phosphorylation activity,
indicating that reassociation of catalytic and regulatory subunits had occurred
prior to assay (Figure 15).

Photoaffinity iabel]ing of NaCl-treated membranes identified the reg-
ulatory subunits of the Type I and Type I protein kinases as previously shown
(Figure 18, lane 12). Labelling of these subunits, however, was less than that
observed in non-NaCl treated membranes. This was not due to loss of regulatory
subunits from the membrane in the presence of NaCl, since there ‘was no corre—
sponding increase in the number of labelled subunits detected in the supernatant
fraction relative to non-NaCl treated controls (see Figure 18, lanes 2 and 12).
Instead the reduction in %P labelling can best be e:‘tplained by an effect of ionic
strength causing inhibition of cAMP binding to regulatory subunit.

Supernatant fractions from NaCl-treated membranes showed”low lev-
els of 55k phosphorylation when assayed in the absence of CAMP-(Figure 18, lage
3). Phosp:horylation of the 57k protein was barely detectable. Photoaffinity
labelling of NaCl-treated extracts gave similar results with the majority of
labelling oc-curring in the 55k protein (lane 2). When th';se extracts were assayed
in the presence of cAMP the phosphorylati;m of the 55k and 57k proteins was
decreased ;elative to controls (Figure -18_, lanes 3 and 4), while the phosphoryla-
tion of Protein [ was slightly increased (Figure 18, lane 4). Previous investigators
have shown that Protein [ can be extracted from brain membranes using salt
{Ueda and Greengard, 1977), so the presence of Protein I in the supernafant was

used as an index of protein kinase activity in this fraction.
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Extracts of membranes prepared in the presence of both Cl and

" cAMP, on the other hand, showed a large increase in the phosphorylatjon of Pro-

tein I and 55k. The phosphorylation of 57k was also elevated but this _ffect was
muc-h smaller than for 55k (Figure 18, lane 5). Assay of this preparation in the
presence of M produced equivalent results (Figure 18, lane 6). The results of
these experiments were quantified using densito:;:etry as \anwn in F.igt'u-e 19.
Table V provides a summary of the described effects.
These data.A indicated that treatment of membranes with CAMP\and

NaCl was associated with a2 decrease in the cAMP-dependent phosphorylation of

proteins in the particulate fraction, and a concomitant increase in cAMP-inde- .

pendent phospbhorylation activity in the supernatant fraction. Howewer,  the
amount of labelled regulatory subunit in either fracti-on, did not appear t6 be
altered by this procedure, conﬁrming,'as others have aifowx;, that membrane-
bound Ry is not readily solubilized by high ionic strength (Walter et al., 1978).
One interpretation of these results is that incubation of membrands
with NaCl and cAMP leads to release of catalytic siubunits from t brane
‘i.nto the cytosol following dissociation of the Type II kinase by cAMP. This view
was additionally reinforced by the observation. that preincubation of membranes
with NaCl and cAMP did not cause an increase in the phosphg;y—li'tiau of Protein I
in the particulate frar.:tion as would be expecteci if the catalj;tic aﬁc}'{ivity" had
rémaigefi associated ﬁth the membrane.
. An alternative interpretétion of these findings is that solubilization of
Protein I was enhanced by the presence of NaCl and cAMP. To distinguish
between these two possibilities, the effects of NaCl and cAMP on protéin kinase
activity were assessed using histone as an exogenous sﬁbstraté. As shown in Fig-
ure 20, particulate f?actions from membran'es preincubated with water or with

cAMP exhibited significant cAMP-dependent protein kinase activity (p<.02).

C
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Figure 19. Effect of NaCl ofi Solubilization of Protein Kinase
Activity in Rat Camdate Nucleus. Densitometer Tracing of

Autoradiogram Shown in Figure 18. Membrane fractions were

incubated with 0.5 M NaCl in the absence or presence of 10 uM
¢AMP as described in the legend to Figure 18. Solybie and
particulate fractions were isolated and assayed for protein kinase
activity ip.the absence (dotted lines) or presence (solid lines) of
additional 10 uM cAMP as described in the legend to Figure 15.
Autoradiograms were scanned with a Joyce-Loebl Densitometer as
described in Methods. ‘
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Similar results were obtained in the presence of NaCl (compare la)nes 1 and 3, and
lanes 2 and 4). |

‘.Solub.le fractions from membranes preincubated with NaCl and cAMP
showed a significant increase in cAMP-independent protein kinase activity rela-
tive Eo NaCl-:treated controls (t with 7 d.f. = 3.77; p<.01). Soluble fractions from
membranes treated with water or with cAMP did not show this effect. No
cAMP-dependen\q protein kinase activity was detected in soluble fractions pre-
pared from membranes incubated under any of the above conditit-)ns. These

results are in agreement with previous data obtained using gel electrophoresis,

»
2

and support the interpretation that preincubation of membranes with NaCl and
CAMP leads to an increase in catalytic activity in the soluble fraction. A criti-

cism of this interpretation is that changes in enzyme activity in the soluble frac-

~tion were not accompanied by corresponding decreases in catalyﬁc écti‘_rity in the

membrane fraction. In view of the fact that these studies were condutted ing a
-]
— ‘
crude membrane preparation, and changes in soluble protein kinase activity were
quite small, alterations in particulate-bound kinase activity might not have been

-detected under these conditions.’

3.34 - Solubilization of Regulatory Subunits of Type H cAMP-dependent
Protein Kinase from Synaptic Membranes of R;;t Caudate Nucieus
The previous experim;znts providegl\ some préliminary evidence that cAMP-inde-
‘
pendent protein kinase activity can‘be solubilized from synaptic membranes using
NaCl and cAMP. To further examine the distribu?ion of Type T regulatory subu-
nits in supernatax;t and particulate fractions f;om rat caudate nucleus, the

effects of Trito'n' X-100 on the solubilization of these proteins was examined.
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Figure 20. Effect of NaCl and cAMP on Protein Kinase
Activity in Soluble and Particulate Fractions from Rat Caudate
Nucleus. Synaptic membranes were incubated with 0.5 M NaCl in
the absence or presence of 10 uM cAMP as described in the legend
to Figure 18. Soluble and particulate fractions, obtained by
centrifugation, were assayed for histone kinase activity in the
absence (open bars) or presence {closed bars) of cAMP as described
in Methods. Results represent the mean + SEM of 8 individual
expenments. Statistical analyses were performed using a repeated
measures ANOVA with three trial factors, followed by paired t-
tests for mdlwdual effects. .

’

Note: * Significantly different from controls (see text).

£

Legend

Treatment CAMP preincubation cAMP assay
1 - . -
2 - +
3 + -
‘ 4 + +
ANOVA
Soluble Particulate
Source F1,7 P F1,7 P
NaCl ‘ 3.03 ns 3.67 ns
CAMP preinc. 9.36 <.,02 0.11 ns

‘CAMP assay 1.21 ns 10.71 <.02
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As shown in Figure 21, CAMP increased the phosphorylation of Protein
I and 57k in particulate fractions from synaptic membranes preincubated with
Triton X-100. The phosphorylation of these substrates was much greater than had
been previcusly observed in membranes prepared without Triton. ;he\increased
levels of phosphorylation observed with Triton can be attributed\to (t-:itheg a direct
-effect of Triton on protein kinase activity or to an alteration in the organization
of the membrane making protein substrates more available to the enzyme.

Synaptic membranes that had been preincubated with Trit\on in the
presence of cAMP also showed increased phosphorylation of Protein I and 57k
(Figure 21, lanes 7 and.8). Phosphorylation of 55k was not seen in the particulate
fraction under any of these co:u_iitions. Thege results indicated that dissociation
of the membrane-bound protein kinase by' u%(.? did not result in a loss of cata-

lytic activity from the membrane, since the pat of phosphorylation seen when

ical to that observed when

>
AMP,

membranes were preincubated with cAMP was id
untreated membranes were assayed m the presence of ¢

Extracts of membranes treated with Triton X-100 and assayed for pro-
tein kinase activity in the absence of cAMP showed autophosphorylation of pro-
 teins 57k and 55k (Figure 21, lane 1). In the presence of cAMP, the phosphoryla-
tion of &vteins 57k and 55k was increased as was the phosphorylation of
‘numerous other proteins including Proteins Ia and Ib (Figure 21, lane 2). Since‘
both .iutopﬁosphorylation and cAMF-dependent phosphoryhtion could be demon-

s

strated in the extract it was concluded that treatment of synaptic membranes
with Triton had led to solubilizgition of membrane-bound holoenzyme. :
Extracts of cAMP—trgated membranes, infontrasf, did not e::hibit

autophosphorylation when assayed without cAMP, although increased phosphorjr—

lation of 57k and 55k was observed when assays were conducted in the presence

-
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Figure 21. Effect of Triton X-100 on Protein Phosphorylation in
Soluble and Particulate Fractions from Rat Caudate Nucleus:
Synaptic membranes were incubated at 0°C for 30 min with 1%
Triton X-100 in the absence (lanes 1,2,5,6) or presence (lanes
3,4,7,8) of 10 uM cAMP. Soluble and particulate fractions were
prepared as described in the legend to Figure 16, and assayed for
protein kinase activity with [32P] ATP in the absence (lanes 1,3,5,7)
or presence (lanes 2,4,6,8) of 10 yM cAMP. :

4
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of cAMP. A marginal increase in the phosphorylation of Protein I wé.s also
detected in the presence of cAMP. Densitometer tracings of the autoradiograph
\shown in Figure 21 are shown in Figure 22. A quantitative summary of these find-
ings is found in Table V.,

To verify that the increase in cAMP-dependent phosphorylation in the
supernatant f:/}action was due to solubilization of thé membrane-bound protein
kinase, the. e’ﬁ"ects of Triton X-100 on enzyme activity were also measured using
histone as an exogenous substrate. As s.hown in Figure 23, preincubation'of mem-
branes with Triioﬁ X-100 was associated with a large increase in cAMP-depen-
dent protein kinase activity in the soluble fraction relative to untreated controls
(p<.025). Similar results were obtained when membranes were preincubated with
both Triton X-100 and cAMP. Therefore, the decrease in:_;_he cAMP—depeﬁdent
phosphorylation of endog.enous substrates in extracts of membranes treated with
Triton plus cAMP, ver.;,us Triton alone {Figire 21, lanes 2 and 4), cannot be
attributed to differences in the amount of boloenzyme released from the mem-

. &
brane under these two conditions.

335 Substrate Specificity of the Type Il Kinase fram Rat Caudate
Synaptic Nijembranes

Previous studies dethonstrated that the major substrates for the Type O cAMP-

dependent protein kinase in synaptic membranes from rat caudate nucleus were

Proteins [a and Ib, and the regulatory subunit of 'the enzyme consisting of proteins

57k and 55k. Since the membrane-bound cAMP-dependent protein kinase from

~synaptic membranes of rat caudate nucleus appeared to share many biochemical

properties in common with Type O kinases from other systems including response

to cAMP, NaCl, and Triton X-100, it was hypqthesized that if the b zyme



Figure 22. Effect of Triton X-100 on Protein Phosphorylation in
Rat Caudate Nucleus. Densitometer Tracing of Autoradiogram
shown in Figure 21. Synaptic membranes were incubated with
Triton X-100 in the absence or presence of cAMP as described in
the legend to Figure 22. Soluble and particulate fractions were
assayed for endogenous protein kinase activity in the absence
(dotted lines) oc.presence (solid lines) of additional 10 uyM ¢AMP as
described in the legend to Figure 15. Autoradiograms were scanned
with a Joyce-Loebl Densitometer as described in Methods.
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Figure 23. Effect of Triton X-100 on Protein Kinase Activity in
Soluble and Particulate Fractions from Rat Brain. Synaptic
membranes were incubated with Triton X-100 in the absence (open
bars) or presence (closed bars) of cAMP as described in the legend
to Figure 21. Soluble and particulate fractions were isolated and
histone kinase activity was measured as described in Methods.
Results represent the mean + SEM of 5 to 7 individual expenments.
Data were analyzed. using the Analysis of Variance.

Note:* Significantly different from controls (see text).

LEGEND
Treatment cAMP preincubation caﬁP assay
1 =
2 - '/L;.
\
3 + -
4 + +
ANOVA
Soluble Palja\éa‘te
Source Fsg,42 P Fg 42 P
Triton 9¢76 <.05 0.25 . NS
CAMP preinc. .66 ns 5.94 ns
cAMP assay 13.24 <.02 7.16 <.05

J
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were uniquely involved in the regulation of synaptic function tilgn the specificity
of the response would probably reside at the substrate rather thz.m at the enzyme
level

In support of this, one of the principal substr‘ates for the Type U
enzyme from brain, Protein I, has been shown to be localized specifically in neu~
ronal tissue (De Camil]i"et al., 1979; Sieghart et al., 1978; Goelz et al., 1981}, It
was therefore of interest to determme the effects of competition of histone, am
exogenous substrate for the kinase (Uno et al., 1977a}, on the phosphorylation of -
particulate-bound and solubilized Protein L.

As shown in Figure 24, the cAMP-dependent phosphorylation of Protein
I was identical in particulate fractions that were)assayed in the absence or pres-
ence of histone. Protein 57lq on the other hand, that is normally phosphorylated
in a cAMP—dependent manner\m this preparationd, did not show an increase in its
phosphorylation when lﬂugs.tone was present in th‘l incubation medium (Figure 24,
lanes 5 and 6). |

Particulate fractions of membranes preincubated with cAMP showed
an increase in the phosphorylation of protein 55k when assayed without cAMP
(lane 7) as previously described (see Figure 15, lane 9). Assay of this preparation
in the presence of cAMP caused an increase in the phosphorylation of Protein I,
but led to a decrease in the phosphorylation of 55k (Figure ‘24, lane 8). Since
autophosphorylation of the regulatory subunit could be detected when tissues
were assayed in the absence of cAMP (lane 7), these results indic.ated that histone
_competitively inhibited the phosphorylation of proteins 57k and 55k by free cata-
. lyt;c subunit.
Undissociated régulatory subunit is also a substrate for the kinase, but

this occurs in the absence of cAMP and therefore should be unaffected by



Figure 24. Endogenous cAMP-Dependent Protein
Phosphorylation. Effect of Histone. Synaptic membrane fractions
were incubated at 0°C for 30 min in the absence (lanes 1,2,5,6) or
presence {lanes 3,4,7,8) of 10 uM cAMP. Soluble and particulate
fractions, prepared as described in the legend to Figure 15, were
assayed for endogenous protein phosphorylation in the presence of
2 ug of calf histone (Type II-A) and [32P] ATP minus (lanes 1,3,5,7)
or plus (lanes 2,4,6,8) 10 yM cAMP. The corresponding patterns of
phosphorylation obtained.in the absence of histone are depicted in
Figure 15, - :
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histone. This reinforces the results of the previous studies indicating that the
'mczase in phosphorylation of 55k observed following preincubation of membranes
with cAMP represents an intramolecular autophosphorylation reaction.

The phosphorylation of Protein I, however, was maintained in the pres-
ence of histone, indicating that the en@e may r_.-xhibit a preference for this
substrate-since it is known to be phosphorylated by the membrane-bound Type I
protein kmase (Walter et al., 1979; Lohmann et ai., 1980). Extracts of synaptic
membranes mepar_;d éither in the presence or absence of cAMP did not show any
phosphorylation of endogenous proteins indicating that the phosphorylation of
solubilized substrates was also antagonized by histone (Figure 24, lanes’1-4).

When synaptic membranes were extracted with 0.5 M NaCl and the
particulate fraction assayed for cAMP-dependent protein kinase activity in the
presence of histone, the phosphorylation of Protein I and 57k was increased (F ig-
ure 25, lanes 5 and..ﬁ).

Particulate fractions frc_:m membranes that were preincubated with
NaCl and cAMP showed increased phosphorylation of 55k when assayed in the
absence of cAMP (Figure 25, lane 7). Assay of protein kinase activity in the pres-
ence of cAMP resulted in an inhibition of 55k phosphorylation. Although a small
increase in the phosphorylation of Protein I and 57k was observed in the presence

. of cAMP, the level of phosphorylation of these proteins was equivalent to the
basal -level of phosphorylation of 55k (lané 8). 'The reduced phosphorylation of
Protein [ in particulate fractions of membranes treated with NaCl and cAMP was
observed previouslf, and was attributed to a loss of cAMP-dependent protein °
kinase activity in the particulate fraction with associated releas;.kof catalytic

subunits into the supernate.
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Figure 25. Effect of NaCl .on Endogenous Protein
Phosphorylation in Rat Caudate- Ndcleus. Effect of Histone.
Synaptic membrane fractions were incubated at 0°C for 30 min with
0.5 M Na(Cl in the absence (lanes 1,2,5,6) or presence (lanes 3,4,7,8)
. of 10 uM cAMP as described in the legend to Figure 18. Soluble and
particulate fractions were prepared as described in the legend to
Figure 15, and assayed for endogencus protein phosphborylation in
the presence of 2 ug of histone (Type [I-A) and [32P] ATP minus
(lanes 1,3,5,7) or plus (lanes 2,4,6,8) 10 uM cAMP. Corresponding

patterns of phosphorylation obtained in the absence of added histone
are shown in Figure 18.
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336 Synaptic Localization of Substrates for cAMP-dependent Protein
JPinasa in Rat Caudate Nucleus

The studies described in the preceding section investigated some of the biochem-
ical properties of the membrane-bound Type II cAMP-dependent protein kinase
and its associated endogenous substrates.- Since one of the objectives’of this
research was to investigz;te the gffect;z of dopamine on the phosphoryla-tion of
synaptic membrane proteins, it was of interest to determine whether procedures’
that interfere with dopaminergic transmission might alter the phosphorylation of
substrates for the Type II protein kinase.

Previous investigators have shown that destruction .of postsynaptic
membranes with kainic acid le:ads to a decrease in the amount of Type II kinase
and Protein I in prepa.lra'tious of rat caudate nucleus (Walter et al., 1979). These

results indicated that the membrane-bound cAMP-dependent protein .kinase from

. rat caudate nucleus was localized predominantly postsynaptically, This is in

agreémint with the known postsynaptic distribt]?i&; of adenylate cyclase as dis-
cussed earlier. - |

The effects of presynaptic destm:t-ction of dopamine pathways on
cAMP-dependent protein phosphorylation are less clear. Hullihan et al.(1979)
reported an increase in dopamine-stimulated protein phosphorylaiioﬁ in homogen-
ate:; of rat caudate. nuclei following bilateral injections of 6-hydroxydopamine
(6-OHDA) into the nigrostriatal pathway. These results are difficuit to interpret,
however, since the effecfs of dop.amine on protein phosphorylation were non-spe-
cific, they were not mimicked by exogenous cAMP, anfi were only observed in the
presence.of ﬁigh levels of cold ATP. A further limitation to these studies is that
they were carried ‘out using crude homogenates, and no attempt was made to

identify the phosp}torylated substrates or demonstrate that they were synaptic in
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origin. Therefore, the aim of the present series of experiments was ta comp;u-e

‘the effects of kainic acid and 6~-OHDA on the phosphorylation of syniptic mem-
3

brane proteihs from rat caudate nucleus. As an adjunct to this work, behavioural

effects of these treatments were evaluated.

B! y

As discussed in the Introduction, unilateral denervation of t!he caudate
nucleus with é-OHDA is known to produce an increase in turning behaviour when
rats are challenged with the dopamine agonist apomorphine, and this has been
regarded as a\behavioural manifestation of dopamine receptor supersensitivity. It-
was therefore of interest to det:rmine whether destruction of postsynaptic mem-

branes using kainic acid would abolish 6~-OHDA-mediated turning behaviour. For

these experiments, rats were randomized to one of the following four experimen-

7

- tal groups:
1. Sham: sham lesion in substantia nigra (SN), sham lesion in caudate nucle-
us (CN) |
2. 6-OHDA: 6-OHDA lesion in SN, sham lesion in CN.
3. Kainate: sham lesion in SN,kainic acid lesion in CN.
4, 6-OHDA + Kainate: 6-OHDA lesion in SN, kainic z;cid leiio'n in CN.

A summary of the experimental design is shown in Scheme 2.
‘'l .

. i i \
A Effects of Lesions on the Phogphorylation of Synaptic Membrane
r’ .

Proteins
\ i
Synaptic membranes from intact and lesioned caudagle nuclei were prepared and

assayed for_cAMP-depéndent protein kinase activity as described in Methods.
Representative autoradiographs from control and lesioned caudates from each of
the four experimental groups are shown in Figure 26. Rats in Groups 1 and 2 (see

above) showed small but significant decreases in the basal and cAMP-stimulated
» o
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Scheme 2
- Male Wistar Rats .
Day O _ 6—0OHDA lesion in sham lesion in -
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phosphorylatio:} of proteins [a and Ib, and 57k on the operated relative to coutz.'ol
side. This effect was thdught to be the result of tissue damage induced during
surgery since it was observed in rats whose caudates had been stereotactically
implanted but not lesioned.

Kainic acid the caudate nucleus, on the other hand, substan-

tially decreased basal ar —dependent phosphorylation activity in confirma-
tion-of previous findings. Changes in the level of phosphorylation of Protein I and.
57k, the major substrates for the Type II cAMP-dependent protein kinase in
synaptic ‘membranes, were quantified using densitometry, and the numerical val-

\../l ' . - .
ues obtained were then subjected to-statistical apalysis. A quantitative summary

of changes in the phosphorylation of Protein I and 57k in each of the four experi-

mental groups is presented in Figure 27, As shqm/i:g this figure, rats lesioned

with kainic acid alone or in combination with 6~-OHDA showed significantly less

phosphorylation of Protein I and 57k when compared to rats given either 6-OI-IDA/

or sham lesions (p <.001). 'Ifhé"pattern of phosphorylation in kainic acid-treated
)

rats, however, was not significantly different from rats treated with both kainic

f / -

o : ~ '
‘acid and 6-OHDA7 indicating that the major effect on protein kinase activity was

due to kainic acid.

These results demonstrated_, in .agreement with published observations
{Walter-et al., i??)), that the Type I cAMP-dependent protein kinase and its
majpx:- phosphoﬁlated substrates, proteins Ia and Ib, are found almost exclusively
in postsym—iptic Jnembranes. Destruction’ of presynaptic nerve terminals had no
effect on the cAMl?-dependent phosphorylation of symaptic membraﬁe proteins,
indicating thét the Type II protein kinase probably does not play a role in the reg-

ulation of presynaptic membrane function.

L

/L -
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Figure 26. Phosphorylation of Synaptic Membrane Proteins in
Lesioned Rats. The right substantia nigra (SN) and right caudate
nucleus (CN) were lesioned with 6-OHDA and kainic' acid
respectively following the experimental protocol outlined in Scheme
I (see text). Synaptic membranes from (a) intact left caudate and (b)
lesioned (sham or kainic acid) right caudate nuclei were prepared
and assayed for protein kinase activity in the absence (-) or
presence (+) of 5 UM cAMP as described in Methods. Major
phosphorylated substrates for cAMP-dependent protein kinase are
labelled as shown.

b
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Figure 27. Quantification of cAMP-Dependent Phosphorylation
in Lesioned Rats.
A. Turning behaviour in response to apomorphine.
B. cAMP-dependent phosphorylation of Proteins Ia,Ib.
C. cAMP-dependent phosphorylation of protein 57k.
Turning behaviour was quantified in rats injected with apomorphme
(2 mg/kg/i.p) following the protocol of Scheme I (see text). Rats .
were monitored for 15 min and results represent the mean + SEM of
cumulative scores for individual groups. Autoradiograms from
experiments as shown in Figure 26 were scanned with a Joyce-Loebl
Densitometer and S%P incorporation in the absence (open bars) or
presence (closed bars) of cAMP was measured as OD units as
described in Methods. Rats were lesioned as described in the text.
Cont: unlesioned left caudates (N=30); Group 1: sham (N=6); Group’

. 2 6-OHDA (N=7); Group 3: kainic acid (N=8); Group 4: 6~OHDA plus

kainic acid (N=9). Results represent the mean + SEM for individual

' groups. Differences between groups were measured using a :epeated

measures ANOVA followed by contra.st studies.

oo

ANOVA
Phosphorylation Turns
Source F3, 26 P F3,25 P
Between rats 7.2 <.005  19.8  <.001
Within rats F1,26 Fy,25
Lesion 417.4 <.001 12.79 <.005
Ia,Ib (B) 371.1 <.001
57K {C) 101.6 <.001
Contrasts
Phosphorylation Turns
Groups F1,26 |2 F1,2%6 P
284 vs 1&3 2.1 ns 64.2 <.001
182 vs 3&4 18.9 <.001 0.02 ns
0.7 ns

283 vs 1&4
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Separate measures of cAMP-dependent protein kinase activity using /)
histone as an exogenous substrate conﬁrmed__that 6-OHDA lesions had no effect
én the activity of this enzyme (data not shown). Simce adenylate cyclase is also
localized postsynaptically (Minneman et al., 1978; Schwartz et al., 1978; Rechardt
and Harkonén, 1977; Garau et al., 1978), these results are consistent with the

postsynaptic regulation of protein kinase activity by cAMP.

B. Behavioural Effects of 6-OHDA and Kainic Acid Lesions.

The increase in rotational behaviour seen in 6-OHDA-lesioned animals injected
with apomorphine is thought to be ‘due to excessive stimulation of supersensitive
dopamine receptors on the denervated side, causing a.nimals to circle in a direc-
tion contralateral to the lesion. The direction of rotation, however, appears to
have more to do with the si‘te than the side of the lesion. Thus lesitns placed
more medially inthe substantia nigra tend to produce contralateral turning
responses, while lesions placed more laterally produce ipsilateral turning respon-
ses (-Mishra et al., 1980; Thal et al., 1979).

In support of this, stereotactic co-ordinates used in the present study
corresponded to the lateral part of the substantia nigra, and 6-OHDA lesions pro-
duced consistent ipsil‘ateral turning behaviour in response to apomorphine. In
contrast, in previcus studies in which 6-0HDA lesions were placed more medially,
rats showed couﬁeralat:aral turning in response to apomorphine (data not :-;ho;q).

The effects of 6-OHDA lesions, 6-OHDA and kainic acid lesions, and
kainic acid lesions on apomorphine-induced rotational behaviour are summarized
in‘Figure 27. Rats lesioned initially with 6-OHDA exhibited marked turning

behaviour in response to apomorphine, whereas rats given sham lesions did' not

show this effect. Kainic acid lesions of the caudate nucleus did not modify the

-
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turning behaviour of rats previously lesioned with 6-OHDA. Although kainic acid
lesions alone mcreased tui-ning behaviour in 4 out of 8 rats, this response was not
étatisti‘ca&/éignif icant. | << |

The results of the present stu;iy demonstrate that the incre;ELsed
behavioural responsiveness of 6-OHDA lesioned rats to apomorphine can not be
abblished by kainic acid, a neurotoxin that causes destruction of postsynaptic
membranes. As discussed previously, an increase in the activity of the dopamine-
sensitive adenylate cyclase has been proposed to be one biochemical correlate of
dopamine receptor supersensitivity, altho;.lgh the effects of deu.ervation ori this

enzyme system are controversial. .
N
o 1

' Since kainic acid produces a 70-90% decrease in the activities of
dopamine-sensitive adenylate cyclase and cAMP-dependelnt protein kinase, the
bebavioural supersensitivity that accompanies striatal denervation is unlikely to
be mediated by these enzyme systems. Since at least 40% of dopamine receptors
in the caudate are localized on striatal affereﬁts that are unaffected by kainic

acid treatment (Murrin et al., 1979; Minneman et al., 1978} Sthwartz et al., 1978;

Y

Garau et al., 1978), it is conceivable \tleat this population of receptors may medi-
ate the apomorphine-induced increase in rotational behaviour seen folowing stri-
atal denervation. This interpretation would also be consistent with the high affin-

ity of apomorphine for presynaptic D-3 receptors (Seeman, 1980).

137 Effects of Drug-induced Dopamine Receptor Supersensitivity on
cAMP-dependent Protain Kinase Activity

The previous investigations revealed that the majority of cAMP-dependent pro-

tein kinase activity in rat caudate nucleus was localized postsynaptically. In

addition, it was found that denervation of striatal tibs.sue, a procedure that is
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known to produce an increase in the number of dopamibecept-ors and in behav-

joural sensitivity to apo:‘horphine, was not accompanied by a change in cAMP-de-
pendent protein kinase activity. This indicated that experimental denervation of
striatal tissue did not lead to a change in the activity of cAMP-dependent protein
kinase or in the ﬁum_ber or amount of phosphorylated protein subs.trates. Since
dopamine-sensitive adenylate cyclase activity was not measured in these experi-
ments, the relationship between endogenous CAMP levels and protein kinase
activity in denervated_.striata could not be determined.

As discussed in the Introduction, and Section 1 of this chapter, dopa-
mine receptor supersensitivity,can also be induced through the chronic adminiﬁ—
tration of neuroleptic d.rugs. ’It was therefore of interest to de':';ermi?e whether
long—terﬁ_: administration of haloperidol would lead to cha:nges in the phosphoryla-
tion of endogenous substrates of the Type I membrane-bound protein kinase.
Since dopamil@id not affect the activity of cAMP-dependent protein kinadys in
homogenates of caudate nuclei under the experimental conditions used m the
present study (Figure 11) phosphorylation of membrane proteins in ha.loéeﬁdol—
treated rats could not be assessed directly.

However, since dopamine did elevate cAMP in homogenates and

synaptic membrane preparations of ‘rat caudate nucleus, an effect that was anta-
o

gonized. by haloperidol (Figure 6), it was hypothesized that long-term blockade of

dopamine receptors by haloperidol might lead to.a significant reduction in
endogenous cAMP levels, an event that might be accompanied by compensatory

changes in the activity of cAMP-dependent protein kinase. It was anticipated that

this change in protein kinase activity might manifest itself as an increase in the-

level of phosphorylation of endogenous substrates in the presence of cAMP due to

’ \ // either an increase in the amount of protein kinase or its phosphorylated  subs-

trates.



3

133

Previous studies described in Section 1 demonstrated that the caudate
nuclei of rats treated for 3 weeks with increasing doses of hz;loperidol showed an
increase in the number of dopamine receptors (Figure 9), and in apomorphine_—in—
duced stereotyped behaviour (Figure 10). The activity of dopamine-sensitive ade-
nylate cyclase was inconsistently ‘ affected by chronic haloperidol (Table II).
Autoradiograms showing protein phosphoﬁhtion in synaptic membranes of vehi-
cle-injected and haloperidol-injected rats are shown in Fig;.u-e 28. No differences
in .basal and cAMP-stimulated phosphorylation were detected between the two
groups. This result is probably not surprising, since haloperidol-treated rats also
failed to show reliable increases in basal and dopamine-stimulated adenylate cyc-
lase activity. ‘ »

4 Bioch.;mical Charactariiation of Ca*""—depandent Protein Kinase Activity

_ in Rat Caudate Nucleus

| )
341 Iafroduction

The objecti'{re of the previous s'tudies was to characterjze cAMP-dependent pro-
tein kinase activity in membrane preparations of rat caudate nucleus. This work
was based on the hypothesis that dopamine stimulation of postsynaptic receptors
might be accompanied by changes in the phosphorylation of specific.::i?e‘mbrane
proteins ‘Secondary to dopamine activation of adenylate cyclase. Attempts to
demonstrate an effect of dopamine on c AMP-dependent phosphorylation in crude
homogenates or synaptic membrane preparations, however, were unsuccessful, in
line with the results of previous investigators (Hullihan et al., 1977).

As discussed in the Introduction, and as demonstrated in Section 2,

Ca'" regulates the endogenous phosphorylation of several neuronal proteins (Fig-
¥ F



Figure 28. Effect of Chronic Haloperidol on cAMP-Dependent
Protein Phosphorylation in Rat Caudate Nucleus. Rats were given
Lp. injections of haloperidol for 2) days as described in Methods.
Control rats received vehicle injections. Synaptic membranes were
assayed for endogenous protein phosphorylation in the absence (-) or
presence (+) of 5 UM cAMP as described in Methods. Phosphorylated
substrates are identified by molecular weight.
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ure 13). Although Ca*™ has not been directly implicated in the regulation of
dopamine receptor function,‘ there is increasing evidence that Ca'H'—dependent
protein kinases may mediate many aspects of synaptic function (Greengard, 1978).
The object'i\;e of the present study was to investigate some of the properties of
Ca*"-dependent protein kinases and their- endogenous substrates in synaptic
membrane preparations of: “rat caudate nucleus as a prelude to studies of the

effects of dopamine on phosphorylation in slices.
. - )

P ———

342 Solubilizatiop' of Ca**-dependent PhoSptl'c;rylation Activity from
Synaptic Men\yhranés of Rat Caudate Nucleus '
f’revious studies had. de[:monstrated that the Type hﬂcﬁ;tMPﬁ:iependent protein
kinase and its major phosphorylated subsirate pro‘teins could be solubilized from
synaptic membranes using NaCl or .Triton X-100 indicating ‘that these proteins
were integral membrane proteins ac\f:oz:ding to the criteria set ft;rth by Singer
(1974). Since CaH'-deEndent protein.ldnasés héve'also heen implicated in the
regulation of neuronal.funct-ion, it was of interest to compare the solubilization
properties of the Ca.H' and cAMP-dependent enzymes.
As shown in Figure 29, particulate fractions from membranes preincu-'-\\ \

.

bated under control conditions contained proteins of Mp=50k, 20k and 16k whose ~
phosphorylation wasoincrease;;l. in the presence of Ca**, and a protein of hldr=43k

who_.‘se phosphorylation was Ca**-inhibited. These results are consistent with pre-

vious obsen'rations (Figure 13). Supernatant fractions contained a protein of

M,= 63k w;c;se phosphorylation was Ca.++-s_timu.lated.‘ In earlier studies, this pro-

tein was shown to be highly i:hosphoryla.ted' in cytosol preparations (Figuré 13).

When synaptic membranes were incubated either in the presence of 0.5

M NaCl, or 1% Triton X-100, pr‘oteig 50k, 43k, 20k and 16k rémained bound to
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i"igure 29. - Distribution of Ca**-Dependent Protein Kinase
Activity in Soluble and Particulate Fractions from Rat Caudate
Nucleus. Synaptic membrane fractions were incubated at 0°C for
30 min in the absence (lanes 1,2,4,5) or.preses@ce {lanes 3,6) of 10 uM
cAMP. Soluble and particulate fractions were obtained as described
in the legend to Figure 15, and assayed for protein kinase activity
with [32P] ATP in the absence (lanes 1,3,4,6) or presence (lanes 2,5)
of 1 mM ca*t, ’
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the pa.rtmulate fraction, and~continued to be phosphorylated in a Ca* —dependent
mam;er (Flgure 30). Extraction of membranes in the presence of NaCl and Triton
led to an increase in the amount of 20k and 16k measuied in the soluble fracti‘on )
but these pt‘:otei.ns were no longer phosphorylated in a Ca++—dependent manner
(Figure 30).

Proteins 50k, 43k and much of 20k and 16k remained associated with

the particulate fraction under these conditions, and their phosphorylation contin-

ued to be regulated by Ca**. These data indicated that the Ca**dependeént pro-

‘tein kinase and its phosphorylated substrates were integral components of synap-

tic membranes since they could not be solubilized by the use of salt and/or
detergent, procedures that were effective in releasing cAMP-dependent phospho—

rylation activity from synaptic membranes.

343 Inhibition of Ca*;"'-dependent Protein Kinase Activity by EG;!'A and
Neuroleptic Drugs

Neuroleptic drugs, by -virtue of their capacity to bind calmodulin (Levin and

Weiss, 1979) have been shown to inhibit calmodulin-dependent protein kinase

(Wrenn et al., ‘1981; Kuo et al., 1980). These agents also antagonize the phospho-

- lipid-sensitive protein kinase (Kuo et al., 1980; Schatzman et al., 1981; Wrenn et

al, 1981), presumably as a result of their ability to interact with mem®rane phos-

-
-

As discussed prev;'ously (Section 1, and Introduction), the neuroleptic

pholipids.

trifluoperazine has a high affinity for calmodulin, and it seemed reasonable to use
this drug as a probe for calmodulin-dependent protein kinase activity in synéiptic
membranes from rat caudate nucleus. Haloperidol, on the other hand, has a lower

affinity for calmodulin {Levin and Weiss, 1979), but like all neuroleptics has

- N
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Figure 30. Effect of P{aCI and Triton Xf100 aon Ca++-Dependent
Protein Kinase Activity in Rat Caudate Nucleus. Synaptic
membrane Fractions were incubated for 30 min at 0°C with : 0.5 M
NaCl (left panel); 1% Triton X-10Q (middle panel); 0.5 M NaCl plus
1% Triton X-100 (right panel) in the absence (lanes 1,2,4,5) or
presence (lanes 3,6) of 10 uM cAMP. Soluble and particulate
fractions were prepared as described in the legend to Figure 16, and
assayed for protein kinase activity with [3%P] ATP in the absence
(lanes 1,3,4,6) or presence (lanes 2,5) of 1 mM Ca**.
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rﬁembrane fluidizing effects, particularly at higher di:ug concentrations (Seemap,!
1972).

It therefore seemed’ important to examine the effects of these drugs
on CaH-depeﬁdent protein kinase activity in synaptic membranes. The effects of
EGTA, a ca** chelator, were evaluated for compari:son.:Membra.nes used in these
studies were prepared boti: in the presence and absence.of the protease inhibitor
PMSF, since calmoduljn-dependent phosphorylation, in particular, has been shown-
to be sensitive to proteclysis (Burke and De I;orenzo,1931).

The effects of EGTA and trifluoperazine (TFP) on Ca''-dependent
protein phosphorylation are shown in Figure 31. As described previously, ca**
enhanced the phosphorylation of 50k, 20k and, 16k, and inhibited the phosphoryla-
tion of 43k. These effects were observed at Ca‘H' concentrations of 5 UM and
1 mM, which indicates that the phosphorylation of these proteins occurs at con—
centrations within the physiological range. When synaptic membranes were pre-
pared in the presence of 2 mM EGTA, the Ca''-dependent phosphorylation of
50k, 20k and lék was inhii:ited, this effect being moré pronounced when assays
were conducted in the presence of 5 uM than in the presence of 1 mM CaH', indi-
cating that not all the added Ga*t was chelated by EGTA. Consistent with this,

;inhibition of 43k phosphor}lation was prevented by EGTA when assays wrere con-
ducteci in the presence of 5 yM bhut not‘ l. mM Ca**. ' /

Interestingly, EGTA alone appeared to decrease the basal phosphoryla-
tion o/ﬁ 43k which_ suggested that the effects of Ca'" on the phosphorylation of
i this protein might be biphasic, with stimulation of phosphorylation occurring at

low levels of Ca'" and inhibition at higher concentrat'ions. In support of this,
membranes'p‘kepared fn the absence of EGTA cont-ain sufficient levels of bound

|
Ca* to stimulate th:e basal phosphorylation of proteins 50k, 43k, 20k and 16k .



Figu.re 31. Effects of EGTA and Trifluoperazine on
Ca* -Dependent Protein Kinase Activity in Rat Caudate Nucleus.
Synaptic membranes were prepared as described in Methods either
in the absence (panels 1,3) or presence (panels 2,4) of 2 mM EGTA.
Assays of protein kinase activity were carried out in the absence
(panels 1,2) or presence (panels 3 4) of 100 uM trifluoperazine (TFP)
Additions: (a) none (b} 5 uM Ca*™" (¢) 1 mM Ca't™.
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(Figure 31, compare panels 1 and 2, lane a). Assay of these membranes in the
presence of’CaH' may therefore lead to inhibition of 43k phosphorylation.

The- CaH—dependent phosphorylation of a protein in this molecular
weight range has been shown to be altered by a number of procedures that affect
neuronal function. This protein has been identified as the alpha subunit of pyru-
vate déhydrogenase (Morgan and Routtenberg, 1980; Browning et z;l.,1981a; Sieg-
hart, 1981; Magilen et al.,19812. Since the 43k prote;in described in the present
study. is enriched in mitochondrial subfractions, exhibits Ca.H'—dependent phos-
phorylation, and.migrates on SDS—PAGEE with an -apparent molecular weight of
43,000 daltonms, it appears that this protein - probably cé.:rresponds to the alpha
subunit of pyruvate dehydrogenase, although biochemical analyses of the two pro-
teins would be required to confirm that they are in fact identical.

Trifluoperazine (TFP, 100 uM) decreased the basal phosphorylation of
50k, 20k and 16k but had no effect on the phosphorylation of these proteins
assayed in the presence of 5 UM or 1 mM Cat™* (Figure 31, panel 3, lane a). Lower
concentrati?ns of TFP (10 uM) did not affect basal or Ca**-stimulated phosphory-
lation (dat?’ not shown?. . _ |

TFP and EGTA together produced effects on phosphorylation tht were
equivalent to those observed with EGTA alone (Figure 31, pﬁnel 4). The phospho-
rylation of 43k, however, was increased to a greater extent in the presence of
both agents, indicating as suggested previo.usly, that enhanced phosphorylation of
43k occurs only with very low levels of free Cat™. | |

The effect of haloperidol on Ca++-d.ependent phosphorylation is showﬁ
in Figure 32. The phosphorylation. of proteins 50k, 20k and 16k was partially
'mhibite;d by haloperidol c‘oncen-trations of 100 uM, and completely inhibited by
drug concentrations of 1.3 .mM. In addition, the basal phosphorylation of 43k was

increased by 1.3 mM haloperidol, an effect that was reversed by 1 mM Qa++.
. ) - .



Figure 32. Effect of Haloperidol on Ca**-Dependent Protein
Phosphorylation in Rat Caudate Nucleus: Synaptic membranes were
0.3 mM PMSF and 2 mM EGTA. Assays of protein kinase aciﬁx ‘

{b

were carried out in the absence or presence of Ca'’ aad vario
concentrations\of haloperidol. Additions: (a) drug vehicle
100 uM haloperidol (c) 1.3 mM halogeridol.
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When these exﬁerimén,ts were repeated usmg membranes prepared in

‘ the presence of PMSF and EGTA, the same results were obtained, indicating that
the observed patterns of phosphorylation probably were not due to artifactual

' cleavage of men;i:rane proteins (Figﬁré 33). PMSF, however, did decrease basalv

but not Ca*'-stimulated phosphorylation of 50k, 43k, 20k and 16k

oy

A reduction in the phosphorylation of these proteins was also observed

in independent studies in which the effect of preincubating tissues prior to assay

of ptx_-otein kinase activity was investigated. Other investigators have shown “Qt,_/

preincubation o es favou.rs/deph‘.gﬁphorylatmn of endogenous substratesNead-

ing to an enhancement) of éAMP-dependent phosphorylation (Weller and Rodnight,
1973; Ueda et al., 943 Routtenberg and Ehrlich, 1975). Although preincul;ation
slightly reduced{the basal phosphorylation of substrates for the cAMP-dependent
protein kinase, it had a much more marked effect on the basal phosphqrylation of
.substrates for the CaH'-dependent protein kinase (Figure 34). .
Synaptic membranes that were assayed directiy with 32p{ATP) in the
absence of added CaH showed high levels of 50k, 43 k and 16k phosphoryla-
tion: Preincubation of these tissues for 1 min at 37°C prior to the addition of

32p{ATP] 1ed to a mapked decreasq in the phosphorylation of these proteins. Sim-

ilar results have ‘been reported by others (Dunkley and Robinson, 1981). These

data indicate tﬂat synaptic. membranes contain a phosphatase that rapidly

++

dephosph:grylates substrates for Ca’  -dependent protein kinase. This view is con- ¢

" sistent with earlier experiments in crude homogenates demonstrating a ra*pid\J_
. —‘, ' ey
.4
. § . , S

-\ o~ \
/:.\
s

"decrease in Ca'H'—dependent phosphorylation over time (Figure li).

Se——



Figﬁre 33. ' Effect of "EGTA and Trifluoperazine- on
CaH-Dependent Protein Phosphorylation in Rat Caudate Nucleus:
Addition of PMSF. Synaptic membranes were prepared as described
in Methdds using buffer containing 0.3 mM PMSF with (panels 2,4)
or without (lanes panels 1,3) 2 mM EGTA. Assays of pro;eiﬁ kinase
activity were carried out in the absence .(panels 1,2) or presence
{panels 3,4) of*100 uM trifluoperazine (TFP). Additions: (a) none (b}
5 uM GCa*t (¢) 1 mMecatt. cat?t 1eva~1§<efer to the final

concentration of Ca*t corrected for the amo of EGTA present in
the komogenizing buffer.
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Figure 34 Effect of Preincubation on Protein Kinase Activity
in Rat Caudate Nucleus. Synaptic membranes were either

preincubated at 37 C for 1 min (A) or not preincubated (B) prior to -
the addition of [32P] ATP in the absence (-) or presence (+) of 5 uM
cAMP.
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344 Calmodulin-sensitive Protein Kinase Activity in Synaptic‘Membranes
—d { =
of Rat Caudate Nucleus
The ous studies demonstrated that the Ca't —dependent phosphorylatlon of/
]

synapuc membrane proteins could be inhibited by EGTA, TFP, and halopendol.

Smce haloperidol appeared to be a more potént inhibitor of Ca‘ —dependent

, phosphoryla&l;_wn th.an TFP, it was hypothesmeé that these drugs might be workmg

through dlfferent mechamsms.
T .

One possibility was that TFP, which-is known to $ind calmodulix with a
high affinity (Levin and Weiss, 1979), might preferentially inhibit. calmodulin-de-
pendent protein. ﬁinas'e; whereas haloperidol might be a better antagonist of the

- ,

-
phospholipid-sensitive ldnase. Therefore the effects of haloperidel, TFP and ™~

EGTA on ca.lmoduhn—dependent protem kinase activity were mvestlgated. Smce

'most of the\fartlculate—bound calmodulin is released into the soluble fraction

following the isolation of synaptic membranes from synaptosomes (Schulman and

Greengard, 1978a, 1978b), assays-were conducted in the presence of purified cal-

€

modulin. )
. , . )
As shown in Figure 35, Ca** plus calmodulin stimulated the endoge-

n—;:s phosphorylatlon of two proteins with apparent moleculir weights of 63k and
53k. These proteins have been described in synaptosome preparatxons/kDe Loren-
zo, 1976), their phosphorylation has been shown. to be regulated calmodulin
(Schu.‘lmaﬁ a'nd Greengard, 1978a, 1978b'; De Lorenzo et al., 1979), and increases
in their phosphorylation have been correlated Wi.th the release of neurotransmit-
ters from synaptic vesicles (De Lorenzo and Freedman, 1978; De Lorenzo et al.; -
1979). More recently, these p.roteins have been identified a.'i the alpha and beta

subunits of neurétubulin (Burke and De Lorenzo, 1981; 1982). Ca*" or calmodulin

alone, did not increase the phosphorylation of these proteins. Ca++, however,
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increased the phosphorylation of 50k, 20k and 16k, and inhibited the phosphoryla-
tion of 43k as previously described.

Hal_operidol (100 pM) inhibited calmodulin and Ca++~dependent phos-
phorylation but stimulated the phosphorylation o;‘. 43k as shown previously. As
expected, this latter effect was much more pronounced in the at;sence of Ca*t,
TFP (100 uM) on the other hand did not inhibit the phosphorylation of 50k, 20k or .
16k, but completely antagonized’the phosphtlarylation of 63k and 53k by calmodu- |
lin, | ' ;

Since proteins 63k and 53k are also foynd in soluble fractionsrof rat‘
brain (Figure 13), it was of interest to examine the effects of haloperidol and TFP
on the phosphorylatic;n of these proteins in rat caudate nucleus cytosol. The phos-
phorylation of 63k and 53“51111111:“43(1 by 1(00 #M TFP and by 1.3 mM HAL (data
not shown). Lower concentrations of TFP (10 uM) and HAL (100 uM) did not inhibit
the phosphory].ation of these . proteins. These results are consistent with the
observation that haloperidol binds ca.lrsodulm with a lower affinity than trifluo-
perazine (Levin and Weiss, 1979), and agree with earlier observations of inhibition
of 'Ca‘"':-dependent phosphorylation in membrane fractions at these drug doses
(Figures 31 and 32). )

The .inhibition of czilmoﬂulin-dependent phosphorylation in soluble and
- particulate fractions by neuroleptics represents a pharmacblogical effect of these .
agents that is independent of their capacity to b*nd\gopamme receptors. In sup—
" port of this, it has been demonstrated that bmdmg of peuroleptics to calmodulin
is a structurally nonspecific interaction. that reflects the h"rdrophobxcxty o?these
agents, not their specific antipsychotic properties (Roufogahs, 1981).

\EGTA (2 mM) completely inhibited the ca* ~dependent phosphoryla-

tion of 50k, and decreased the phosphory}éit;ioi of 20k and 16k (Figure 35). The



~

Qe

Figure 35. Ca'*-Calmodulin-Dependent Protein Kinase
Activity in Rat Caudate Nucleus: Effect of EGTA and Neuroleptic
Drugs. Synaptic membranes were prepared as described in Methods
using sucrose-phosphate buffer alone (panels 1,2,3) or in the
presence of 2 mM EGTA (panel 4), then assayed for endogenous
protein kinase activity as described in Methods. Additions: (a)
none (b) 5 uM Ca** (c) 2 ug calmodulin (d) 5 uM Ca'’ plus 2 ug
calmodulin. Haloperidol {panel 2) and trifluoperazine (panel 3) were
added to assay mixtures to a final concentration of 100 pM.
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phosphorylation of 43k was inhibited in the absence of Ca'™, and slightly
inlcxjeased in the presence of Ca*?. These effe:::ts of EGTA are in agreement with
the results reported earlier. The activity of calmodu-lin—dependent protein kinase,
on the other hand, was not inhii:ited at this concentration of EGTA, indicating
that the phosphorylation of 53k and 63k requires much lower'levels of Ca'? than

the phosphorylation of 50k, 20k and 16k. This is compatible with the hypothesized .
role of proteins. 53l‘§rand 63k‘in mediating the ca™ -dependent release of neurc—
transmitters. The difffarentia; regulation of 43;1-: phosphorylation by neuroleptics
and EGTA suggests th;Lt this protein may not. be a substra;e‘for the same enzyme
that phospi;oi-ylates"SOk, 20k and lék. Since EGTA inhibits the basal phosphory-
lation of 43k but enhances the Ca™" stimulation of this protein, it abpeﬁ that

43k is probably phosphorylated in a Ca'H'—dependent magner in vivo.

35 Dopamine-Sensitive Adenylate chlasi)l Activity in Slices of Rat Caudate
Nucleus
G4
351 Introduction

\ .
As shown previously, rat caudate nucleus contains a number of proteins whose

phosphorylation is cAMP—:eéulated. Dopamine, however, did not increase cAMP-
dependent protein phosphorylation in homogenates of caudate nucleus (Fig-
ures 11, 12), although it did stimulate adenylate cyclase activity. Since these
negative resulté with dopamine may have been dud in part to disruption and dilu-
tion of the tissue during the homogenizatiog procedure, the effects of dopamine
on cAMP accumulation and protein pghbs;ﬁorylation were re-investigated using

striatal slices as it was felt that this preparation might provide a more appropri-

ate model of dopamine function in vivo.
- — _7‘\\
AN

(—/T\-\\ - -
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3.5.2 Etfect ot Incubation Conditions on Dopamine-sensitive Adenylate
Cyclase A_ctivity in Rat Striatal Slices ' .

Initial studies of dopamine stimulation of adenylate cyclase in rat striatal slices
"were conducted acbording to the procedures c;f Wilkening and Makman (1975) and
Forn et al. (1974). Since adenosine has been shown to stimulate adenylate cyclase
in striatal slices through-a mechanism that does not involve dopamine receptors
(Wilkening and Makman, 1975), the eifects of this agent on adenylate cyclase
activity were simultaneously investigated to i:rovide an independent measure of
cAMP accumulation, . . N

As shqwn in F1gure 36 2-chloro-adenosine caused a 2.5 fold increase in
cAMP levels in striatal shces (p< 001), consistent with the results of Wilkening
and Makman (1975). Equivalent concgntration&i of dopamine were without effect.
It a péared from these studies that the incubation conditions were compatilble
with adenqsi::.te‘but not dopamine activation of adenylate cyclase.

Subs.equent investigations revealed that. tht'e,following moedifications in
. the assay procedure were required t& detect reliable dopag}iixé stimulation of
adenylate cyclase in striatal slices : (1) the reémoval of ascorbic acid from the
incubaiion mg-djum, since this agent apparently inhibits the binding of dopamine
to its receptor (Kayaalp et al., 1981‘; Heikkila et al,, 1981). Instead, dopamine was
dissolved in KRB 30 s before it was added to the slices. (2} The inclusion of a
phosphodiesfeiase inhibitor to prevent degradation of accumulated c_AMP. (3)
Elevation of the dopamine concentration to 1 mM (Table VI). It was of interest in
this re ' d that 100 M norepinephrine but not 100 uM crébamine caused a 2.5 fold
inc:_re@ in cAMP in rat striatal slices (Table VI). These results are consistent
with meﬁom reports of stimulation of adenylate cyclase by norepinephrine in
slices of rat caudate nucleus (Forn gt al., 1974)..For a detailed description of the

-

preparation and incubation of striatal slices, refer to Methods

~)
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Figure 36, Effect of 2-Chloro-Adenosine and Dopamine on
cAMP Accumulation in Striatal Slices. Slices, prepared as described

. in Methods were preincubated for 90 min in Krebs Ringer Buffer

(KRB), and then incubated for 5 min in 0.25 ml of KRB containing
0.6 mM ascorbic acid (Forn et al.,, 1974), and various test
substances. Additions: KRB (control); 100 uM 2-chloro-adenosine
(2-C1-ADO); 100 uM dopamine (DA). Intracellular cAMP levels were
determined as described in Methods. Protein concentrations were
measured using the method of Lowry et al, (1951). Results
represent the mean + SEM of 15 slices assayed in duplicate.
Statistical significance was assessed using a one-way ANOVA
followed by Dunnett's t-test (Dunnett 1955) to contrast the
dopamine and adencsine effects. .

ANOVA

‘Main effects Fz 2¢= 25.12 p<.001

Contrast Studies

Control vs ado tgg = 6.64 p<.001

L4

Control vs DA  tjg = l.44gs
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TABLE VI

f-d

Effect of Dopamine on c¢AMP Accunulation in HRat Striatal Slices.

pmol cAMP per mg protzin per 5 min -

Experiment (=) (+)
1 21.6 - u7.0 .
2 ’ - 20.2 3¢ 4 )
3 ' 22.0 45.8
4 18.2 52.2

Yean 20.5 43.8

SEM +0.9 +4.7

~ .
Adenylate cyclase activity in striatal slices was assayed as described in
Methods 'in the absence (=) or presence (+) of 1 mM dopamine plus 3 mM IBMX.



TABLE VII . h

Increases in ¢AMP in~“Rat Striatal Slices: Effects of
norepinephrine and dopamine. '

.
pmol cAMP per mg protein per 5 min

Experiment : Control 100uM DA 100 um NE
1 _ ooo2u.2 : 39.0 , 54,0
2 - 21.0 32.4 49.0
3 24.0 28.6 58.4
mean 23.0 33.4 53.8
SEM - +0.1 +1.0 +0.8

Adenylate cyclase activity in striatal slices was asséyed a3 described’ in
Methods in the presence of 3 mM IBMX plus either 100 uM dopamine (DA} or 100
uM norepinephrine (NE).

N
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353 Effect of IBMX Concentration on Dopamine-sensitive Adenylate
. Cyclase Activity in Rat Striatal Slices -
As mentioned above, preliuf}mﬁ-y studies had indicated that dopamine stimulaticn
of -adfnylate cyclase depenc;ed on the presence of a phosphodiesterase inhibitor in-
("the incubation medium. Initial experiments had been conducted in the preserce of
3 mM IBMX. Sincg methylxanthines may interf‘ere with other cellular pyocesses
independently of their effects on phosphodiesterase, a dose response cui-vejf_or the
" effects of IBMX on ciopamine stimulation of adenylate cyclase was constructed.
As shown in Figure”?‘:'?, IBMX alone 'signiﬁﬂa.ntly increased cAMP levels in rat
striatal slices (p<.001)..’I'his effect was goncentrationkpendent, the greatest |
3 : effect being 'ot;sene& at 3 diM IBMX, the highest level of IBMX tested. IBMX
could not be tested at concentrations higher than 3 mM because of solui:ility lim-

A

ces Pl

itations. : =

. The magnitude of dopamine stm:ulatlon was also dependent on IBMX.

/ 7-/'11\1e largest increases in dopamme—stxmtﬂated adenylate cyclase activity were
observed in the presence of 0.75 mM and 3 mM IBMX, these concentrations pro—

"ducing a 75% and 100% increase in cAMP accumulation respectively.

s

354 Time Course and Dopamine Concentration Curve ‘ A
As shown in Figure 38, the effects of dogamine on cAMP accumulation were con-
~ centration and time-dependent. Dopamine concentrations of 10 uM and IOO’EM did
not increase cAMP above basal levels at any of the incubation times tested. This
presumably reflected poor tissug permeability to dopamine, since these concen- . -
trations of dopamine stimulated adenylate cyclase in broken cell preparations.
_Dopamine Concentrations of 1 mM, 2 mM, and 4 mM produced 2-2.5

fold increases in cAMP with half-maximal stimulation occurring at about 2.5 min L

v
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Figure 37. Effect of IBMX on Dopamine-Stimulated cAMP
Accumulation in Rat Striatal Slices. Slices, prepared as described
in Methods, -were preincubated for 90 min in KRB and then
incubated for 5 min in 0.25 m! of KRB containing various
concentrations of IBMX in the absence (open triangles) or presence
(closed triangles) of 1 mM dopamine. IBMX was routinely dissolved
in warm KRB (37°C) and dopamine was added to this solution
immedjately prior to assay. cAMP was assayed as described in
Met/hods, and results are expressed as % increlse relative to
controls representing the mean + SEM of 9-14 individual
determinations assayed in duplicate. Statistical significance was
assessed using a 2-way ANOVA followed by contrast studies.

~)

/ ANOVA .
Source Faq 612 P value
IBMX 40.42 <,001
DA 41.19 +-<.01
DA x IBMX 3.84 =.05
\.
s -
Contrasts
Sourggo .+~ - Fi1,12 P value
Control \_}-E""IBMX 67.8 <.001
- 4 '
75 and 300 gM IBMX . .86.43 <.001
vs-750 and 3000 uM
f ,
750 vs 3000 uM ‘ 0.03 ns .
75 vs 300 uM 0.32 ns
ot
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Figure 38. Increases in cAMP in Striatal Slices:. Effect of

Dopamine Concentration and Length of Incubation. Striatal slices, -

prepared as described in Methods, were preincubated for 90 min in
KRB, and then incubated in 0.25 ml of KRB containing 0.75 mM
IBMX and different concentrations of dopamine. Incubations were¢
carried out for various time periods, and cAMP accumulation was
measured as described in Methods. Results represent the mean of
4-7 individual slices. Standard error bars have been omitted for
clarity. Statistical significance was assessed using a repeated
measures ANOVA with 2 trial factors.

0 0DA - 010 uM DA ® 100 uMDJ

I 1 mMDA A2 mM DA 4 4 mM DA

‘-L,‘ :

ANOVA
6 [ 4
Source F value | Ry value '

Liffe - 276 ' 15 df)

DA, . 3.39-\‘3 5.\43\4;%(_5—,_55 daf)
time x DA 1.72 \_ ns (7,15 df)
» ' : @ - p— ‘
7 —
/k—‘) ,./ v # ‘~ N g&
= . rd :._‘! 3" f‘( 3 AY s
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of incubation. The effect o{/ﬁdopamine at these concentrations was statistically-~
significant (p<.01). Stimulation of adenylate cyéia‘f.e by dopamine was maximalm
10 min and thereafter began to decline, the most rapid decrease occurring with -

AN

355 Inhibition of Dopamine-stimuiatad cAMP Accumulation by

dopaqine concentrations of 1 mM.

Neuroleptics S N
To determine the specificity of dopamine stimv.‘xlation of- adenylate cyclase in
~ striatal slices, the effects of dopamine réceptorg antagonistson this system were
investigélted. Previocus studies demonstrated that the neuroleptics trifluopéi‘azine
(TFP) and haloperidol inhibited dopamine-sensitive adenylate cyclase in homogen-

ates and membrane fractions o-f rat caudate nucleus (Figure 6). :
— As shown in Figure 39, haloperidol significantly inhibited dopamine-
stimula..ted cAMP accumulation (p<.001), but had no effect on basal cAMP levels.
This effect was dose-dependent, mfl;f;;&:mal inhibition occurring at haloperidol

concentrations of 1.3 mM.

TFP, on the gther band, did not alter cAMP lgvels either in the
\ absence or presenf;'—e of dopamine at any of the Ed.rug concent.gatipns tested (Fig-
‘S  ure 39). This was in contrast to résu,lts obtainkd in homogenates where TFP inhib-
ited basal and dopamine-stimulated enzyme activity. | , " \)

! ’

3.5.6 Etfects of K+ on Adenylate Cyclase Activity in Rat Striatal Slices
Depolarization of nerve membranes by electrical stimulation or glevated K* has

been shown to increase cAMP levels in slice prepafations from guinea pig cere-

] - /
bral cortex (Shimuzu and Daly, 1972; Shimuzu et al., 1970a, 1970b), and from rat

caudate nircleus (Mishra et al., 1980). It was hypothesized that K* might elevate

— I

L\__'s cAMP levels in striatal sﬁéé‘s;hy enhancing the release of dopamine from eud:(oge-
T | .
- ' ‘ nous catecholamine stores. / .

N : N
w : i} o o0
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Figure 39. Inhibition of Dopamine-Stimulated cAMP
Accumulation by Neuroleptics. Slices, prepared as described in
Mathods, were incubated for 10 min in KRB containing 0.75 mM
IBMX in the absence (open bars) or presence (closed bars) of 1 mM
dopamine, and increasing concentrations™ of haloperidol or

 trifluoperazine. cAMP, measured as described in Methods, is

Y Ed
&3 . ANOVA
P
S\ HAL S T
source'’s, F P value _
NI . ‘ . %,
/| Drug 13,59 <.001 (4,10 af) ‘
/ - . ’
K ) DA 206.5 <.001 (1,5 df)
* ‘__//' -
Drug x DA 14.06 <.001 (4,10 df) \/
TFP . S - v
Source F - °~ P value
. ‘ e o . o
Drug 0.28 ns (4,14 df)
. N S
<,001 (1,9 df) “
Insj (4,14 df)
' !

expressed as % increase relative to controls, and represents the
mean +SEM of 4-12 individual slices. Statistical significance was
assessed using a repeated measures ANOVA with 2 trial factors.
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As shown in Figure 40, Ki'égignm@y increased cAMP levels in slices
é_f rat caudate nucleus (p<.005)\. Equivalent increases were produced by dopamine
alone, or in the presence of 60 mM K*. These results in:dicat@ that éndogenous
SbLLECES of neurotransmitter i:robably-do not contribute significantly to cAMP

levels in striatal slices. ~_

3.6 Protein Phosphorylation in Rat Striatal Slices

3.6.1 Introduction
The results of the previous studies demonstrated that dopamine caused a 2-fold

‘increase in cAMP levels in slices of rat caudate aucleus. This effect was depen-

\

dent on IBMX, and was inhibited by the dopamine antagonist, haloperidol. The .

next objective was to determine the effects of dopamine on phosphorylation in

striatal slices. ‘ , \
.

i

\ : '
" 3.6.2 / Time Course for 32p Uptake
- Y .

4

It was anticipated that incubation of rat caudate nucieus\sﬁces with [32P] would
result in the equilibration of label with intracellular phosphate pools. To deter-

mine the time course for 32’? incorporatlion into protein, slices were pre‘fej' as
pr.;viouSly desm/-i/;ed and incubated with 32P; for various lengths of time. Phos-
phorylaféd pi‘ol:j were visualized by autoradiography, and the intensity of
1abg_llin was qtdntified using den\s\iﬁon:netry. The time course for phosphorﬂatign

is shown in Figure 41. It is clear from th figure that optimal levels of 2P incor-
r

. , ‘ 8 ,
"‘Q, _poration were achieved by 30-60 min indicating that exogenous 32p had equili-
4 » .

7

4 Q;d with intracellular mothoré, slices were rou%’ely
\
¥ Jincubated for 30-60 min with 32p r to the addition of test agents.

4
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Figure 40. Effect of Dopamine and KCI on cAMP Accumulation
in Rat Striatal Slices. Striatal slices were prepared as described in
Methods and incubated for 5 min under ome of the following
conditions: Control: (KRB); KCL: (KRB plus 60 mM KCl); DA:

(KRB plus 1 mM dopamineli"KEl+DA: (KRB plus 60 mM KCl, and

1 mM DA). KRB containing 60 mM KCl contained the same

electrolyte composition as normal KRB except that NaCl was

replaced by KCI in equimolar concentrations. cAMP was measured
as described in Methods. Results represent the mean + SEM of
4-12 individual’slices assayed in duplicate. Statistical significance
was assessed using a repeated measures ANOVA with 2 trial factors.

.
A

3
ANOVA -
_.........._.g -
/
Source F1,5 P value h \
KCl  47.75 <.005
"EX%J(, . 7.67 '<.05
KCl x DA 1.39 ns "
i
5
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Figure 41. Incorporation of 3%P into Phosphoproteins in Rat
Striatal Slices.- Slices from rat caudate nucleus were incubated in
KRB containing 250 uCi 32P; as described in Methods. After 30, 60,
. or 90 min proteins were solubilized in SDS, mparatec{ by
electrophoresis, and phosphoproteins were visualized by
autoradiography as described in. Methods. Proteins were identified
by molecular weight using known standards.as described in the
legend to Figure 5. s : '
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The pattern of phosphorylation in rat striatal sl.ice‘s(. was comparable to
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that previously observed in synaptic membrane fractions. As shown in Figure 42,

. ‘ : J
many of the endogenous substrates for cAMP and CaH-.{:lependent-pfotein kinases

in synaptic membrane fractions were also identified in striatal slices, including

proteins of M,=86k and 80k (Proteins Ia and Ib), 57k, 50k, 43k, 20k and 16k.. 2

363 Effects of Dapamine anid cAMP on Protein Phosphoryllati’n in R%
Striatal Slices ,

As shown in Figure 43, incubation of striatal slices in the presehce of dopamine

enhanced the phosphorylatio:; of two proteins with approximate molecular weights:

of 62-64,000 daltons, and 43k daltons. (p<.85. and p<.005 respectively). The phos-

_phorylation -of a 50k, 20k, and 16k protein were also increased by dopamine; but

these effects were not consMtently observed. A quantitative summary of these
data is p;reénted in Figure 44. . , |
” The addition of IBMX to the mcubatxon medium did not alter the phos-
pho.r.'y/lé.tzon pattern seen in the absence or presence of dopamine” (Figure 43)..
Although IBMX ap;Tgared to enhance the phosphorylation of Proteins Ia, Ib, and
57k in this experime:;t, this was not a consistent finding. These\data suggested.
that changes ln the ph.osphor;'lation oif striatal proteins Sbserved in the presence
of dopamine might be mediated through cAMP-independent prot'ein'kinases.
The ‘effect ot 8-{0:1:0—(:.&1%? on phosphorylation in stri.ata._l-alices' was
next investigated. -Relatively high concentrations of 8-bromo-cAMP wgré used in
these experiments (5 mM), since plasma membranes are relatively impeﬁne eto

&

cyclic nucleotides, and high levels are generally required to observe effikcts on

”y

pD phosphorylatlon in intact reparatmns (Fo%d Greengard 1978). As

shown in Figure 45, %—br

) mcreased tl?e\)osphorylatmn of a protem

‘E - L
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Figure 42. Patterns of Protein Pho.v;phorylation in Synapti;:
Membrane and Slice Preparations from Rat Caudate Nucleus.
Synaptic membranes were prepared as described in Methods, and

incubated with [3°P] ATP under standard assay conditions (see’

Methods). Additions: none; 5 pM cAMP; 1 mM Ca't. Slices from

rat- caudate nucleus were preincubated -in KRB for 90 min, then

incubated for 30 min in KRB containing 250 uCi 32P;. Slices were
rinsed in KRB to remove extracellular S2P, then incubated for a

further 5 min in KRB (0); KRB plus 60 mM KCl {KC1); or KRB plus
1 mM dopamine -(DA). Proteins’ were solubilized in SDS and

s-eparated by electrophoresis. Phosphoproteins were visualized by,

autoradiography, and protein concentration in solubilized slices was
estimated using the method of Zaman and Verwilghen, (1979) (see
Methods). Proteins were identified by molecular weight using
-known standards as described in the legend to Figufe 3.
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Figure 43. Effect of Dopamine on Protein Phosphorylation in
Rat Striatal Slices. Rat)striatal slices were prepared and incubated
with ‘“Pi as descri od-i the legend to Figure 42. Slices were rinsed
in KRB to removelextracellular 32P, then incubated for a further
5 min in KRB in the absence (A) or presence (B) of 0.75 mM IBMX
with (+) or without (-) | mM dopamine. Proteins were solubilized in
SDS, separated by electrophoresis, and autoradiographed as
described in Methods. , '
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Figure 44. Dopamine-Stimulated Protein Phosphorylation in
Rat Striatal Slices. Slices from rat caudate nucleus were
preincubated for 30 min with 32P;, rinsed with KRB to. remove
extracellular 32Pi, then incubated for a further 5 min in the
absence (open bars) or presence (closed bars) of 1 mM dopamine.
IBMX was not included in the incubation medium, as it did not
appear to influence results obtained with dopamine (see text).
Phosphorylated proteins were separated by electrophoresis, and
autoradiograms were scanned with a Joyce-Loebl Densitometer as
described in Methods. Incorporation of 32p - jnto proteins is
expressed as OD units. Results represent the mean + SEM of 12
individual experiments. Major phosphorylated substrates are
- identified by molecular weight. Data were analyzed using paired t-
tests. -

T-tests
Proteins t {11 4af) P value
62~-64k 2.64 <.05

43k 3.88 . <.005
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with an apparent molecular weight of 5Tk. As is apparent frot;1 this figure, the
- phosphorylation of Proteins Ia and Ib was also increased in the presence of
8-bromo—cAMP, but this effect was less reproducible, possibly due to the high
level of backgrm:md phosphorylation in these proteins.

In line with this, a number of agents that were observed to increase
cAMP levels ! in striatal slices, including dopamine, norepi.nt;pbrine, and
2-chloro~adenosine, also failed to produce increases in the 'i:hosphorylation of
these prote;n.s {(data not shown). This may indicate that cAMP-dependent protein
kinase exhibits a rela\tive preference for Proteins la and Ib iz vivo, leading to

optimal phosphorylation of these substrates in the presence of low levels of

p

endogencus cAMP. Earlier experiments (Figure 24), demonstrating that the phos-

phorylation of Proteins Ia and Ib was maintained in the presence of exogenous
i

histone, whereas_the phosphorylation of other substrates Jor the Type I kinase

was decreased, support the concept that the phosphorylated form of Proteins Ia

e

and Ib may predominate ;19_‘“5{'{:0. '

36.4 Effects of Ca** on Phosphorylation in Striatal Slices

Since many of the proteins that were phosphorylated in striatal slices corre-
sponded in molecular weight to pre'vious.ly identified substrates for'
CaH'—dependent protein kinases in synaptic membrane fractic;ns (Figure 42}, it

was of interest to examine the effect of Ca*™ on phosphorylation in striatal slic-

es. Figure 46 demonstrates that incubation of striaftlices in KRB in the pres-

ence of Ca*™ significantly enhanced the phosphorylatiomnof proteins with approxi-

A ]

mate molecular weights of 62-64k, 50k, 43k, 20k and 16k relativé to slices

incubated in a Ca**-free medium.



Figure 45. Effect of 8-Bromo-cAMP on Protein Phosphorylation
in Rat Striatal Slices. Slices from rat caudate nucleus were
preincubated for 30 min with 32Pi, rinsed with KRB to remove
extracellular 32Pi, then incubated for a further 5 min in the
absence or presence of 5 mM 8-bromo-cAMP, Phosphoproteins were
separated by electrophoresis and autoradiographed as described in
Methods.

[
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Figure 46. Effect of Ca'" on Protein Phosphorylation in Rat
Striatal Slices. Slices from rat caudate nucleus were preincubated
in Ca**-free KRB (0.1 mM EGTA), or KRB in the presence of
increasing concentrations of Ca'’. Levels of Ca'* refer to free
Ca*" not chelated by EGTA. Slices were equilibrated with 3ZPi for
30 min, rinsed, then incubated for a further 5 min in the absence (-)
or presence {+) of 1 mM dopamine using KRB containing the same
concentrations of Ca'*¥, Phosphoproteins were identified by
autoradiography as described in Methods.
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The stimulatory effect of Ca*" on the phosphorylation of these pro-
teins was concentration-dependent, with optimal levels of phosphorylation occur-
ring with 1 mM Ca*™*. A slight decrease in phosphorylation was observed with
2 mM CaH, while in the presence of 10 mM CaH', phosphorylation was reduced
to control levels. Inhibition of phosphorylation by high Ca*™ concentrations was
also observed in synaptic membrane preparations (data not shown). Similar effects
of high Ca** have been rer:\orted by others (Hofstein et al., 1980). In view of these
results, subsequent experiments were conducted in the presence of 1 mM Ca'?,
the standard concentration of Ca** in KRB. .

Figure 46 also shows that dopamine enhanced the Ca**-stimulated
phosphorylation of proteins 62-64k and 43k consistent with previous observations
(Figure 44). The dopamine effect was inhibited by 10 mM Ca** (Figure 46). The
phosphorylation of proteins 20k and 16k was also increased by dopamine in these
experiments, although this was not a constant finding.

It should be noted that the degree of phosphate incorporation into pro-
tein 16k in the absence or presence of various stimulating agents was highly vari-
able. Although this was not investigated rigorously, staining of gels with Coomas-
sie Blue did not reveal any obvious changes in the amount of phosphorylated
substrates following different incubation conditions. It was therefore unlikely that
variation in the ;;attern of 16k phosphorylation was due to differences in the
quantity of this protein. An alternative possibility was that labelling of this pro-
tein had not reached a steady-state by the time of assay, leading to variable

incorporation of 3 2P during the incubation procedure.
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365 Etfects of Depola-rizing Agents an Phosphorylation in Striatal Slices
Two depolarizing agents, K and veratridine were tested for their effects on
phosphorylation in rat striatal slices. As shown in F igures 47 and 48, when striatal
slices were incubated for 5 min in the presence of 60 mMr‘K*', there was a marked
decrease in the phosphorylation of 2 90,000 dalton protein (p<.001). K* also sig-
nificantly increased &e phosphorylation of a protein with an approximate molec-
ular weight of 62-64,000 daltons (p<.025), and inhibited the phosphorylation of a
20,000 dalton pro‘tein (p<.05). Similar effects of Kt have b;n observed in intact
synaptosomes (Kreuger et al,,1977), dmough the reduced phosphorylation of a
20,000 dalton protein has not been reported previously. ? h

K* also reproducibly altered the pattern of phosphborylation of Proteins
Ia and Ib. These two proteins appeared as a closely spaced doublet in autoradio-
grams from slices incubated with 32P under standard assay conditions (Figure 47,
lane 1). However, in the presence of K* these
rated, apparently as a result of increased mi
(Figure 47, lane 3). '

Detailed biochemical analyses of Proteifis [a and Ib have demonstrated
that they exhibit similar bi;achemical properties, and an identical primary struc-
ture in the region of the phosphorylated serine residues (Ueda and Greengard,
1977). It therefore seemed unlikely that K was differentially altering the phos-
phorylation of Protein Ib.

An alternative explanation for these results is that K* selectively
increases the phosphorylation of a protein with a molecular weight almost identi-
cal to that of Protein Ib. Consistent with this, Burke and De Lorenzo (1982) have

shown that Ca*™™" stimulates the phosphorylation of an 80,000 dalton acidic protein

in synaptic vesicles. This protein was clearly distinguished from Greengard's Pro-

1b
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Figure 47. Effects of KCl on 3°P Incorporation into Rat
Striatal Proteins. Slices from rat caudate nucleus were

preincubated for 90 min in Cat*-free KRB (0.1 mM EGTA), or in
KRB coutamiq.g/rmM Ca'™. Slices were equilibrated with 3éPi for
30 min, then incubated for a further 5 min in KRB with and without
Ca*™ in the absence (-) or presence (+) of 60 mM KCIL
Phosphoproteins  were  separated by = electrophoresis and
autoradiographed as described in Methods.

N
-,






Figure 48. Effect of KCl on Protein Phosphorylation in Rat
Striatal Slices. Slices from rat caudate nucleus were preincubated
in KRB for 90 min, then equilibrated with 32P; for 30 min, rinsed in
KRB, and incubated for 5 min in KRB (open bars), or KRB
containing 60 mM KCl (closed bars). Phosphoproteins were
separated electrophoresis and autoradiographed as described in'
Methods. ““P incorporation was quantified using densitofmetry as
described in Methods. Results are expressed as OD units, and
represent the mean + SEM of 14 individual slices. Major
phosphoproteins are identified by their molecular weights. Data
were analyzed using paired t-tests.

T-tasts
Proteins t (13 df) P'value
. 90k -9.91 <.001

62-64k  2.63 cos —

. 20k ‘ -2.56 <.05
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tein [ on the basis of its isoelectric_properties and pattem:; of phosphorylation fol-
lowing tryptic digestion. ‘ -

Greengard's group, on the other hand, has recently demonstrated that
incubation of brain sysnaptosomes in the presence of K¥ or veratridine increases
the CaH'-dependent phosphorylation of an 87k acidic protein (Wu et al., 1982).
This protein is phosphorylated by the phospholipid-sensitive protein kinase, and
althougt; it co-migrates with Protein Ia on SDS-PAGE, the two proteins; can be
separated tisigxg biochemical techniques. Therefore, it is conceivable that the
78,000 dalton protein described in the present study corresponds to one of the
proteins described by these other investigators, and does: not represent a shift in
the migratio.n of Protein [b. Tryptic mapping of the phosphoproteins in this
molecular weight range will be required to determine which of these interpreta-
tions is correct.

As shown in Figure 47, when striatal slices were incubated in

,
Ca*"-free KRB, the effect of K on the phosphorylation of 90k and on the migra-
‘tion of Protein Ib was abolished. This is compatible-wit'h the results of other
workers who have demonstrated that K*-mediated changes in phosphorylation in
synaptosomes and slices require extr;cellular CaH; (Kreuger et al., 1977; Forn .
and Greengard, 1978).

Although both dopamine and K" appeared to alter the phosphorylation
of proteins that weré previously shown to be s-ubstrates for CaH'—dependent pro-
tein kinases in both synaptic membrane (Figure 13) and slice preparations (Fig-
ure 46), the stimulafory effect of these agents seemed to be confined to specific
proteins in this 'group (compare Figures 44 and 48). 'I'hus the dopamine-mediated
increase in the phosphorylation of 43k was not observed in the prefence of K*,

and the effects of K* on 90k phosphorylation and on the differential migration of
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Proteins .Ja and Ib were not mimicked by dopamine. This indicated that the
effects of dopamine and K* on protein phosphorylation probably occurred through
separate mechanisms. N

Veratridine (100 uM) significantly inhibited the phosphorylation of pro-
teins 90k {p<.001), Ia,Ib (p<.005),y(/(p<.01) and 43k (p<.001). The phosphorylation
of protein 20k was also decreased, but this did not reach statistical significance.
In addition to these effects, veratridine increased the phosphorylation of a 62-64
dalton protein (Figure 49). Greengard's group has reported that veratridine stimu-
lates the phosphorylation of Proteins Ia and Ib in addition to proteins of 50-60,000
daltons (Forn and Greengard, 1978; Kreuger et al., 1977; Nestler and Greengard,
1980). The reason for these discrepancies in veratridine-stimulated protein phos-
phorylation is not clear at the present time.

As shown in Table VII, the inhibitory effect of veratridine on the
phosphorylation of 90k was antagonized by tetrodotoxin (TTX), an agent that spe-
cifically blocks Na® channels in nerve membranes. TTX did not alter the phos-
pborylétionoﬂ‘/&hﬁ-?mteins that were previously shown to be inhibited by vera-
tridine. It is therefore unlikely that the inhibitory effects of veratridine on the
phosphorylation of these was mediated through opening of Na* channels. As might
be expected, TTX did not affect the inhib;ﬁon of 90k phosphorylation by K+,
since this drug prevents neijher K* depolarization nor the subsequent entry of
Ca** through voltage-dependent channels (Forn and Greengard, 1978). .These
results, however, musi be interpreted with caution in view of the small sample

e
size on which these conclusions were based (n=3).



Figure 49. Effect of Veratridine on Protein Phosphorylation in
Rat Striatal Slices. Slices were prepared and incubated with ‘M_i
"as described in the legend to Figure 42. After removal of
extracellular 32Pi, slices were incubated for 5 min in the absence
(open bars) or presence (closed bars) of 100 uM veratridine.
Phosphoproteins were identified using SDS-PAGE  aod
autoradiography, and 32p incorporation was measured by
densitometry as described in Methods. Results are expressed as OD
units and represent the mean + SEM of 12 individual slices. Major
phosphoproteins are identified by their molecular we1ghts. Data
were analyzedlnnng;rnred t-tests.

T-tests

L4 -

Proteins t (11 df) P Aalue

90k ~10.2 <.001
Ia Ib ~3.7 <.005
62-64k 2. <.05
50k 3.2 <.01

43k -4.3 <.001
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TA3LE VIII

Effest of TTX oa Veratridine and XCl{sdizted Protein
Pnospnorylatlon in Rat Stristal Slices.

?'hc:spno'pre:elns
90k la/lb 52754 ST 50 47 2%
Control 1,49 2.0 1.13 .49 .75 .91 .84
. 12 £.17 x. 5 . 04
Var 0. 45 1.7 1.8 1.29 1.58 3.12 2.3
. r. 02 %.33 t.13 ». 01 ~. 02 «. 10 =13
| o] 0.50 2.03 1.E4 1.53 1. 87 2,81 2.68
1 .06 w13 2. C2 x. 10 2. 02 2. 71
Vir - 1.23 1.73 1.87 1.23 1.60 3.57 2.17
X £ 11 =, 11 e 20 x. 11 .x. 05 £. 19 2.27
1l - 1. 2.03 1.97 .17 1.59 3.3 2.85
X x.C3 x. 19 £. 13 15 - 229 P
TTX 1.23 1.5 1.23 t. 43 .79 J.uy 2,65
. x. 07 +. 02 - 07 .03 +. 19 £. 44 £, U5

Striatal slices uere prepared and incubated aith Ja‘P‘. as describsd in
dethoda, Slizes Jere rinsed in KRB, and then incuwataed a further 5 min in
{38 containtng 100 uM veratridine (Ver) or 50 mM XCl in “he absence .or
presenc2 of 102 uM TTX. Reactions wer® terainated with 305 3nd solwilized
agoteins wer? =lzctropnoresed and autoradlographsi as dascribed (n dathodas.
“-p lncdrmr:bion 433 memsursd by densitometry, Results are 2xpressed a3 @D
u3lts 2nd repcrsent the nean » SE4 of 2 axperiments. "

‘a
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3.6.6 Eﬂeds of Haloperidol and Trifluoperazine on Phosphorylation in
 Striatat Slices

Previous experiments in synaptic membrane fractions had demonstrated an inhib-
ition of Ca*'-dependent phosphorylation by neurcleptic drugs (Figure 31). Since
striatal slices appeared to contain a number of i:roteins whose phosphorylation
was also. Ca++—regulated, it was of intere;t to determine whether their phospho-
rylation could be manipulated through pharmacological means. As shown in Fig-
ure 50, when striatal slices were incubated in the presence of 1.3 mM haloperidol,
therg was a large decrease in the phosphorylation of proteins 90k, Ia and Ib,
62-64k, S‘Ok, 43k and 20k.

Incubation of striatal slices with 100 uM tri.iluoperazine led to a
decrease in the phosphorylation of proteins 50k and 16k (Figure 50). ! Smaller
decreases in the phosphoryl;;ticn of proteins 43k and 20k were also observed,
although the limited number of samples used in these studies precluded statistical
analysis. The data are consistent, nevertheless, with previous results demonstrat-
ing an inhibition of CdH—dependent phosphorylation by neuroleptics in synaptic
membrane fractions (Figures 32 and 35), and are compatible with published
observations using broken cell preparations (Schatzman et al., 1981; Wrenn et al.,
1980).
‘ In view of these‘resu.lts, the eifect of haloperidel on dopamine-depen-
dent phosphorylation was investigated. In confirmation of previous findings, dopa-
mine increased the phosphorylation of protein 43k (Table IX). In the presence of
haloperidol, dopamine-stimulated phosph liion of 43k was markedly inhil;ited,
as was the phosphorylation of other striatal proteins. These results indicated tha‘t
the inhibitory effects of haloperidol on protein phosphorylation were probably

mediated independently of dopamine receptors.



Figure 50. Effect of Neuroleptics on Protein Phosphorylation in
Rat Striatal Slices. Slices were prepared and incubated with “¢P;.

as described in.the legend to Figure 42. Slices were, rinsed in KRB,
and incubated for 5 min in KRB containing 1.3 mM haloperidol (open
bars) or 1.3 mM trifluoperazine {closed bars). Control slices
received the appropriate drug vehicles. Phosphoproteins were
identified using SDS-PAGE and auteradiography, and S32P
incorporation was measured by densitometry as described in
Methods. Results are expressed as OD units (% control), and-
represent the mean + SEM of 3-5 slices. Major phosphoproteins are
identified by their molecular weights. Data were analyzed using
paired t-tests.

T-tests ( -
Proteins t (4 df) P value-

90k ~7.0 <.005

Ia Ib -9.3 <.001
62-64k -5.0 <.01
50k -9.2 <.001
43k 5.2 <.01

20k -3.4 <.05
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TABLE IX

Effect of Haloparidol on Dopamine-Mediated Procein Phosphorylation in Slices

Coutrol

DA HAL DA + HAL §:)]
90k 1.21%.06 1.30%.07 0.57%.06 0.58%.07
(.64)a (55.37)* (.67) .00t
1a/Ib 2.17+.26 2.30 .14 1.23%17 “1.18%7
(.1n (117.1)» (.76). .001
62/64k 1.36+.10 1.69%10 0.97%12 0.93%08
(2.84) (76.49) % - (5.11) .001
57% 1.2a+ 14 1.41%13 0.77%22 0.76 %21
(l.21) (23.94)~ (7.68) .005
50k 1.63%E24 1.90%19 0.50%13 0.67%17
(10.66)* {50.55)ww (.26) .05, .00L
43k 4.30+19 5.30%21 2.03t12 2.36 %19
(16.68)* (887.25) %= (1.51) .01, .00l
20k 2.47%17 2.56 £09 1.20% 18 l.o7 %13
* (.06) (53.78) (.67) .00t
16k 3.40 £43 3.80 X34 1.84 %21 1.79 %16
1 (130.3) .3 .001

\

Striatal slices vera panred and incubated vith 2Py as dascribed in Methods.

Slices waram ringed in KRB, and then incubated a furcher 10 min in KBB in the

absance or pressnce of 1| oM dopazmine {DA), with or without 1.3 mM haloperidol

(HAL) . Control samples received the appropriate drug vehicle. Reactions wera
terminated uith SDS and solubilized prote
autoradfiographed as described in Mathods.

ware alectrophoressd and
P incorporation vis maasured as

describad in Methods. Results are expressad as OD units and reprasanc the
maan YSEM of 7 expreiments. Data vare analyzed using z repeaced messures ANOVA.

r valua for each observation (df=l,6)

b

leval of significanca for indicated P valua (*)
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“Chapter IV
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Discussion - —..— -
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.
4.1 ldentification of Dopamine-sensitive Adenylate éyclasé‘g@tivify in Rat
Caudate Nucleus

As discussed in the Introduction, biochemical stuciies from several laboratories
bave shown that dopamine increases cAMP levels in preparations from rat cau-
date nucleus (Forn et al., 1974; Wilkening?and Mak_ga.n,/l‘q-ﬁ:-; Kebabian et al.,
1972; Clement-Cormier et al., 1974). These results were confirmed in the present
study using homggenates (Figure 6) and slices (Table VI) of rat caudate tissue. The
average increase in adenylate cyclase activity or in t.issue cAMP produced by
optimal concentrations of dopamine was 2.5 fold. This is consistent with pub-
lished observations. This effect was dependent on the inclusion of phosphodiest-
erase inhibitors in the assay mixture.

Stimula.tion of cAMP accumulation in striatal slices required dopamine
concentrations of at least 1 mM. This can be attributed to the relaﬁve imperme-
ability of intact slices to dopamine since stimulation of adenylate cyclase in
homogenates was observed with dopamine concentrations between 10 and 100 uM
(Figures 6 and 7). These values correlate reasonably well with the expected con-
centration of dopamine in the synaptic cleft (1 to 100 uM Seeman, 1977 Titeler
et al.,, 1978), and are comsistent with the low affinity of postsynaptic D-1 recep-
tor sites for dopamine (Seeman, 1980).

The neurolept1c drugs, halopendol and trifluoperazine (TFP), inhibited

dopamine-sensitive adenylate cyclase actvnty in homogenates and synaptic mem-
¢
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brane fractions from rat caudate nucleus (Figu::e 6), but high concentrations
(100 uM) of these drugs w_ere/reciuired for this effect to be observed. As explained

in the Introductic_\m, the. ;nceq.ratio;xs of neurcleptics required -to inhibit the |
dopamine receptor site that is linked to adenylate cyclase (the so-called D-1 site)
are over 100 times higher than the therapeutic concentrations detected in the
plasma of patients treated clinically with these drugs. Furthermore, there is no
correlation between the clinical doses of the neuroleptics and the neuroleptic
IC50 values at the D-1 site (Seeman, 1980). Although inhibition of dopamine-sen-
sitive adenylateﬂcy;rclase was obtained with both of t.l;ese agénts,rthis' effect is not
likely to be clin.ically relevant .SinC? it is only observed at high drug concentra—j
tions. ' -
It was of interest that TFP inhibited basal and dopamine-stimulated
adenylate cyclase aétivity in homogenates but had no effect on enzyr;le activity
in slices. Phenothiazines are known lto be more effective antagonists of ;;he dopa-
mine-sensitive adenylate cyclase than the butyrophenones (Creese et‘a_l., 1976;
Iversen, 1975), and this has been attributed to differences in their lipid solubili-
ties {Seeman, 1972, 1977; Seeman ;et al., 1974, 1973).

The fact that haloperidol inhibited the effects of dopamix;e in striajal
slices while TFP did not, suggested either that TFP does not produce its main
pharmacologic:'al effects through blockade of dopamine receptors, or that the
population of receptors TFP interacts with is not linked to adenylate cyclase.
Thé fact that TFP displaces dopamine competitively in receptor binding studies
and that it is a potent antipsychotic agent (Seeman, 19é0), tend to discount the
first hypothesis.

The second possibility implies prgferential binding of TFP to other

dopamine receptors. As discussed in the Introduction, neurcleptics - bind D-2
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receptors with a high affinity (in the nanomolar range) and D-1 receptors (those

linked to adenylate cyclase) with a low affimjty (micromolar range). Since the

amounts of TFP used in the present study were ifSthe micromolar to millimolar
range, it was surprising that no inhibition of D-1 receptor activity was observed.
Haloperidol, on the other hand, which has a recognized low affinity for

D-1 receptors (Creese and Snyder, 1976a; 1977b; Seeman, 1980; Cross and Owen,

1980; Hyttel, 1980), inhibited dopamine-sensitive adenylate cyclase at millimolar.

drug concentrations. The capacity of TFP to inhibit adenylate\cyclase activity in

homogenates may be related in part to its ability to bind calmodulin, a required.

cofactor for the enzyme in brain (Cheung et al., 1975; Goegy and Treisman,
1981). TFP, however, may not gain access to calmodulin in intact preparations.

It is important to emphasize at this point that the results described in
the present study were obtained at concentx:ations o;’ TFP in ‘excess of the range
associated with specific binding of this drug to calmedulin (Levin and Weiss, 1977,
1979). Therefore these results can probébly be attributed to the hydrophobic
properties of the drug rather than a specific inhibition of caihoduﬁn—me&iated
processes. However, since tissue lgvels of TFP were not measured either in slices
or homc;genates, this conclusion remains tentative.

In confirmationrof previous studies, lesions of striatal neurons with
kainic acid caused a marked reduction in striatal dopamine-sensitive adenylate
cyclase activity (Figure 8), indicating that the D-1 sites are localized on neuro;tls
post;;ynaptic to the dopamine containing cells.

As detailed in the Intro.duction, denervation of striatai neurons with
6-OHDA, or long-term administragion of neurc;leptic drugs result in an increase in
the dopamine sensitivity of postsynaptic neurons. This enhanced sensitivity can be

measured beha{riourally as an increase in stereotypy produced in response to

/

e
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dopamine-mimetic drugs (Tarsy and Baldessarini, 1974; Gianutsos et al., 1974
Gregy et al., 1977a, 1977b; Tye et al., 1977) or biochemically as an increase in
the number of specific dopamine receptors (Burt et al., 1976; Muller and Seeman,
1977, 1978' Creese and Sayder, 1979). Dopamme—senmnve. adenylate cyclase
activity is inconsistently affected by these manipulations, some authors reporting
an increase {(Gnegy et al., 1977a, 1977b; Iwatsubo and Clouet, 1975; Marshall and
Mishra, 1980), and others no change {Von Voigtlander et al., 1975; Heal et al.,
1976; Rotrosen et a:l., 1975; Roﬁi’fogqlis et al., 1976b; Hyttel, 1978) in the activity
of this enzyme system.
In the presént study chronic blockade of postsynaptic dopamine recep-
‘tors using haloperidol prdduced an increase in the number of [SH] spiroperidol
binding sites and in apomorphine-induced stereotyped behaviour (Figures 9 and
10).?Although' the effect of haloperidol on dopamine—sensitivé adenylate_ gyclase
~ was examiped in thr:eé separate experiments, a éfatisticauy significant difference
in enzyme activity between hanloperidol and vehicle-injected rats was only dem-
onstrated in one case in which assays were condu‘cted in the presence 'of 100uM
dopamine (Table H). In view of the fact that changes in enzyme é.ctivity were not
detected when enzyme activity was measured thh lower dopatnme concentra-
tions (Table II), and that results obtamed with 100 uM dopamme were marginally
significant (p<.05), the bulk of the expenmental data indicate that chronic halo~-
peridol administration does not increase the activity of the dopamine-sensitive
adenylate cyclase. '
The phatmacolégy of fhe dopamine-sensitive adenylate cyclase, how-
ever, is considerably different from that of the dopaminergic binding sites
labelled by [3H] spiroperidol (Marchais and Bockaert, 1980; Hyttel, 1978; Cross

and Owen, 1980; Cross and Waddington, 1981). These binding sites are character-
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ized by their high affinity for neurcleptics (Seeman, 1980). Moreover, the~aTfini-
ties of these drugs for the D-2 site correlate closely with their abi.lit'yl to anta-
. gonize a variety of dopamine-mediated events. These drugs, however, have little
or no affinity for receptors lmked to dopamine—sensitive adenylate cyclase.

In addition, the affinity of the dopamine-s_ensitive adenylate cy@\
for spiroperidol is very.low (Ki=h100nM). Thus it is unlikely that [31-1] spiroperidol
can label the D-1 site in binding experiments where the concentration of labelled
ligand is betwaen 0.01 and 5 nM. Moreover, under conditions in which [2H] spiro-
peridol binding sites are blocked completely with phenoxybenzamine, dopamine-
sensitive adenylate cyclase activity is maintained (Marchais and Bockaert, 1980),
indicating that the receptor sites associated with 3H] spiroperidol binding and
adenylate cyclase activity are different.

Some neurcleptics, pa;-ticularly of the thioxanthene class, do have a
high affinity for the dopamine-sensitive adenylate cyclase. For example, cis-flu-
"phenthi.xol and piflutixol ha|ve K; values of 1 to 2 oM for inhibition of the dopa-
mine-sensitive adenylate cyclase. The distribution of binding sites for these
agents and their affinities for neuroleptic drugs correlate closely with the phar-
macology of dopamine-sensitive adenylate cyclase (Hyttel, 1978, 1980; Cross a.nd
Owen, 1980; Cross and Waddington, 1981). For example, butyrophenones such as
haloperidol are weak inhibitors of dopamine-sensitive adenylaf/ e cyclase as well as
[3I-I] fluphenthixol binding (Cross and Owen, 1980). Interestingly, the number of
striatal binding sites for [3H] fluphenthixol has been reported to be_three times
higher than for {3H] baloperidol (Hyttel, 1980). This .value may be misleading,
however, since the affinity of [3H] haloperidol for CNS dopamine receptors is
relatively low compared with other ligands such as [3H] spiroperidol (Quik and

Iversen, 1979).
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The interpretation of these data is complicated by the fact that there
appears to be some cross reactivity between the thioxanthenes and the D-2 class
of receptors. At least 20% of receptors labelled by 3] flupbenthixol are of the
D-2 class {(Cross and Waddington, 1981). Thus, flupheathixol is a potent competi-
tive inhibitor of sulpiride, a drug with a recognized high affinity for D-2 recep-
tors {Woodruff and Freedman, 1981). Sulpiricie, bowever, has no effect on the
dopamine-sensitive adenylate cyclase (Roufogalis et al., 197éb; Jenner et al.,
1980). These data indicate that classes of dopamine receptors labelled by these
agents may aot. be as homogeneous as previously supposed. Given these limita-
tions, it may be inappropriate to draw conclusions about the physiology of dopa-~
mine receptors solely on th; basis of receptor bind'mg'data'. Clearly more infor-
mation is needed about the intracellular mechanisms by which oti:er dopamine
receptors exert their effects, before the role of the dopamine-sensitive adenylate
cyclase can be 1;laced in its proper context.

- Denervation of caudate nucleus neurons using 6-OHDA induced an
increase in behavioura.l sc;nsitivity in re;'.ponse to apomorp}iix;;: as has been report-

| ed by others (Mishr;a et al.,, 1974, 1980; UngErstedt, 19713:; Zigmond and Stricker,
1977; Figure 27). One of the biochemical correlates of this increased sensitivity-
is thought to be an increase in the activity of dopar;:ine-sensitive adenylate cyc-
lase (Mishra et al., 1974, 1978, 1980), although other investigators have been una-
ble to demonstrate an increase in the activity of this enzyme following denerva-
tion (Freedman et al., 1981; Kreuger et al., 1976; Von Voigtlandér et al., 1975).

) | In the' })resent study, the behavioural response to apomorphine in
lesioned animals was not abolished by destruction of postsynaptic neuro‘ng with

kainic acid, a procedure that resulted in a 70-90% decrease in dopamine-sensitive

adenylate cyclase activity. It therefore seems unlikely that this population of
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receptors is involved in the development of behavioural supersensitivity secondary

" to 6-OHDA lesions.

' Stn'a’ta.l denervation has also been associated with an increase in thev
numbeerf D-2 receptors (Thal et al., 1979; Creese et al., 1977b; Waddington et
al, 1979; Mishra et al., 1980). These have also been shown to be postsynaptically
localized (Garau et al., 1978; Murrin et al., 1979), though a substantial number of
these neuroleptic binding sites appear to be found on cortical afferents as well
{Schwartz et al., 1978; Minneman et al_., 1978; Garau et al., 1978). These data
indicate that rotational behaviour secondary to unilateral destruction of striatal
neurons m mediated independently of post#ynaptié dopamine receptors.
Alternatiyely, a small number of postsynaptic dopamine receptors that were
unaffected by the lesion procedure may have been responsible for the increase in
behavioural sensitivity.

Studies by Marshall and Ungerstedt (1977) have attempted to deter- -

mine the neuroanatomical basis of turning behaviour in 6-OHDA lesioned rats.

‘These investigators used electrocoagulation or knife cuts to sever striatal effe-

rent pathways, and they concluded that near total destructioln of the neostriatum
and parts of the internal capsule was required to abolish‘\a‘}Somorphine-induced
rotational behaviour in these rats. Since kainic acid destroys neuronal perikarya
bﬁt leaves axons intact, the results of the present study provide additional evi-
dence that pathways extrinsic 'to the striatum are involved in the mediation of
rotational behaviour. Since the extent of kainic acid les_ior.ls was not assessed
using histeologic procedures, the relationship between the decline in dopamine-
sensitive adenylate cyclase activity and the magnitude of striatal damage can not
be determined. Other i.nvéstigatgrs have demoustratled however, ghat the lesioning
procedure l{.fsefi in the present study is associated with large losses of glutamic

acid“decarboxylase and choline acetyltransferase, and extensive neuronal degen-
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eration (McGeer and McGeer, 1376). The large 'decrease in cAMP-dependent pro-
tein kinase activity observed in these rats (Figures 26 and 27) is also consistent
with significant destruction of postsynaptic sites. These data tend to exclude
CcAMP as a potential mediator of apomorphine-induced turning behaviour.

. Recent studies have demonstrated that there may be some danger in
correlating changes in rota\tiona.l behaviour with biochemical parameters of dopa-
mine function. For example, ipsilateral rotation and contralateral rotation in
response to apomorphine can both be induced following 6-OHDA lesions, And
both of these behavioural syndromes are associated with an increase in dopam'me;
_ sensitive adenylate cyclase and in the number of [SH] haloperidol binding sites-
(Thal et al., 1979; Mishra et al., 1980). This coatradicts the classical view that
rotational behaviour is the p:_-oduct of an imbalance of striatal postsynaptic dopa-
mine receptor function (Anden et al., 1966; Ungex;sfedt, 1371a) such that animals
turn in a directi?n opposite -to the caudate showing the highest dopamine activity.

Although the initiation of circling behaviour is undoubtedly a conse-
quence of di;ruption of the striato-nigral pathway (Di Chiara et al., 1977¢; Tulech
et al.;"1978) the coordination and maintenance of this behaviour probably involves
other neuronal s}stems. Studies by other investigators have emphasized the
importance of the nucleus accumbens in the mecliati“ou of the locomotor comi:o—
gent of this behaviour (Kelly and Moore, 1976; Pycock et al., 1978) as well as the
contribution of other transmitters such as 5-HT and GABA (Baldessarini et al.,
1975; Olpe et al.,, 1977). Since dopamine receptors were not measured in the
present study, no conclusions can be drawn as to the types and number of dopa-
mine receptors remaining after various lesion procedures. Finally; there is some
danger in overinterpreting the results of lesion studies, since these procedures

can also lead to transynaptic degeneration (Hattori and Fibiger, 1982)., Thus the

o
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us;e of 6-OHDA and kainic acid as selective probes of pre and postsynaptic func-
tion must be re-evaluated.

The results présented here strongly indicate that changes in dopamine
receptor sensitivity or in dopamine-mediated behaviour are regulated indepen-
dently of D-1 receptors. One interpretation of the present findings is that the ‘
dopamine—se‘nsitive adenylate cyclase may already be functioning at optimal lev-
els under c.ontro‘l condit;ons so that procedures that increase the sensitivity of
postsynaptic neurons to dopamine may have little additional effect on enzyme
activity. As will be discussed in more detail later, the failure to detect an
increase in cAMP-dependent phosphorylation following incubation of striatal slic-
es with dopamine may indicate that basal levels of cAMP are already sufficiently
high to fully activate endogenous protein kinases. Since the only mechanism by
which cAMP exerts its effects is through activation of cAMP-dependent protein
kinases, these data supgest that increases in cAMP produced by dopamine may
have little physiclogical relevance.

Dopamine receptors linked to adenylate cyclase, nevertheless, exhibit
a number of properties that are consistent with dopamine function in vivo. Thus,
these receptors are localized‘postsynaptic;ally (Minneman et al., 1978; Garau et
al., 1978; Creese et al., 1977a; Schwartz et al,, 1978), can be\specifically labelled
by ligands such as cis-fluphenthixol (Hyttel, 1978, 1980; Cross and Owen, 1980;
Cross and Waddington, 1981) are distributed in dopaminergic regions of the brain
(McCune )et al., 1971; Kebabian et al., 1972; Clement-Cormier et al., 1974; Iver-
sen, 1975) anci‘g aré antagonized by dopamine receptor blocking agents (Kebabian
et al., 1972; Clement-Cormier et al., 1974; Miller et al., 1974).

Although the caudate nucleus has been used extensively as a mode! for

investigating the characteristics of D-1 receptors, evaluation of the role of the
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dopamine-sensitive adenylate cyclase is complicated by the heterogeneity of the
tissue. This makes it ionssible to experimentally isolate D-1 receptors and

examine their responses independently of the modulating influences of other

dopaminergic and non-dopaminergic neurons. Examination of the literature in - -

which increases in dopamine-sensitive adenylate cyclase have been correlated
with measures of postsynaptic dopamine receptor sensitivity reveals that the
changes in the activity of this enzyme are comparatively small (see Muller and
Seeman, 1978). This effect, however, wmay .be physiolagically very significa;:t if it
is confined to a discrete population of neurons. ;

One str.:ateg'y for assessing the role of D-1 receptors in supersensitivity
would be to examine the effects of denervation and chronic haloperidol on [BH]
cis-fluphenthixol binding as this ligand has been shown to have a high affinity for
D-1 sites, and its pharmacological properties parallel those of the dopamine-sen-
sitive adenylate cyclase (Hyttel, 1978, 1980). If D-1 receptors are involved in the
mediation of supersensitivity, one would expect to see an increase in the number
and/or affinity of fluphenthixol binding sites, although this has not been demon-
strated as yet. This might provide a more sensitive index of D-1 receptor function
and assist in resolving the present discrepancies in the literature regarding the
role of the dopamine-sensitive adenylate cyclase in vivo.

Some support for the role of dopamine-sensitive adenylate cyclase in
the mediation of dopamine receptor supersensitivityl has come from studies dem-
onstrating an increase in the calmodulin content of membranes of rats treated
chronically with haloperidol {Gnegy, 1982). Since calmodulin is required for the
activation of striatal dopamine-sensitive adenylate cyclase (Gnegy and Treisman,
1981}, this could provide a mes:hanism for the increase in the ac'tivity of this

enzyme in supersensitive animals. This increase in striatal adenylate cyclase
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activity has been attributed to a change in the affinity of the enzyme for dopa-
mine rather than an increase in catalytic activity or In the number of enzyme
molecules (Goegy et al.,, 1977a, 1977b). This is reflected as a decrease in the
concentration of dopamine required to stimulate adenylate cyclase in haloperidol-
'treated rats. Such an effect was not observed in the present study. In coﬁtrast to
the results of Gnegy's group, differences between haloperidol and vehicle—-injectéd
rats were detected when adenylate cyclase activity was assayed in the presence

of high (100 uM) but not low (0.1-50 uM) dopamine concentrations (Table OI).

4.1.1 cAMP-Dependent Protein Kinase Activity in Rat Caudate Nucleus

As described in the Introduction, e is now abundant evidence that most, if
not all of the effec{\s of cAMP in varibus tissues are mediated through protein
kinases (Bloom et al, 1975; Bartfai, 1980; Nathanson, 1977; Daly, 1975; Green-
gard, 1976, 1979, 1980), and since synaptic membranes contain a number of pro—

2

teins whose phosphorylation is enhanced in the presence of cAMP (Ueda et al.,
1973; Ueda and Greengard, 1977; Berman et al., 1980; Weller, 1979; Reddington
and Mehl, 1979; Kelly et al., 1979; Ehrlich et al,, 1977; Dunkley et al., 1976), it
has been hypothesized that some of these proteins may be involved in the regula-
tion of neuronal membrane permeability (Greengard, 1976; see Figure 1).

As discussed in the previous section, dopamine increases cAMP levels
in homogenate and slice preparations from rat caudate nucleus. Therefore, the
next dbjective was to investigate the effects of dopamine on the phosphorylation
of synaptic membrane proteins from rat caudate nucleus and to determine
whether the phosphorylation of these proteins was due to activation of cAMP-de-

pendent protein kinases.
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cAMP-dependent protein kinases have been found in both soluble and
particulate fractions of mammalian tissues (reviewed by Rubin and Rosen, 1975;
Nimmo and Cohen, 1977; Glass and Krebs, 1980; Krebs and Beavo, 1979). Soluble
Type I kinases can be distinguished from soluble Type I protein kinases on the
basis of a number of biochemical properties (Corbin and Keely, 1977), and it now
appears that these properties are shared by the membrane-bound enzymes from
brain (Rubin et al.., 1979; Walter et al., 1978; Lohmann et al., 1980} as well as-
from other tissues. ‘

Brain tissue is of particular interest since it contains both Type I and
Type I cAMP-dependent protein kinases in soluble and particulate fra.etions, and
in contrast to many other tissues, a substantial portion of the total protein kinase
activity is membrane-bound (Hofmann et al., 1977; Walter et al., 1978; Maeno et
al., 1971; Uno et al, 1976). The phosphorylation of synaptic membrane proteins
from brain has been shown to be mediated by a Type II protein kinase (Walter et
al., 197%; Lohmann et al,, 1980). Although this enzyme has been extensively
purified and characterized (Rubin et al., 1979; Uno et al., 1977), as have some of
its protein substrates (Ueda and Greengard, 1977), there have been no detailed
studies of the physiological regulation of the particulate enzyme from brain or
the nature of its binding to particulate material. Since cAMP-dependent proq;ein |
kinases are thought to be involved in the regulation of symaptic function, the
response of these enzymes to neui:otransmitter-mediated increases in cAMP is
therefore of some interest.

Corbin and coworkers have demonstrated tl:lat\L epinephrine stimulates
cAMP production and activates protein kinase activity in adipose tissue {Corbin

et al., 1973b) and heart tissue {(Corbin and Keely, 1977; Corbin et al; 1977). They

have further shown that in the case of the particulate enzyme from heart, hor-
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monally-induced increases in cAMP are associated with translocation of a large
percentage of the catalytic subunit activity from the particulate to the superna-
tant fraction. Since catalytic activity could be readily dissociated from the
membrane following activation of the enzyme by cAMP, these investigators have
suggested that Type II regulatory subunits may specifically interact with mem-
brane components to strategically position the catalytic subunit near particulate
or otherwise compartmentalized substrates: In addition, the release of catalytic
subunits from the membrane would facilitate the phosphorylation of soluble as
well as membrane-associated substrates.

Although cAMP-dependent protein kinases from cerebral cortex have
been shown to possess many of the characteristics of TYpe’I'I enzymes from other
tissues, the brain enzyme appears to be immunologically distinct from the Type I
kinase from bovine heart and skeletal muscle (Lohmann et al., 1980; Rubin et al.,
1979; Erlichman et al., 1980). It was therefore of interest to determine whether
cAMP-dependent protein kinase frgm brain would exhibit__t,h;e dissociation and
solubilization properties previously established by Corbin and coworkers iér the
heart enzyme. It was also hoped that these studies might provide some insight
into the possible mechanisms by which dopamine mediated increases; in cAMP
might lead to activation of synaptic membrane protein kinases. ‘

The studies presented here fndicate that the phos'phorylationuof several
substrate proteins (Proteins Ia, Ib, and 57K) in synaptic membrane fractions from
rat caudate nucleus is catalyzed by a cAMP—dependént protein kinase com'patible
with the results of others (Walter et al., 1979; Lohmann et al.,.1980). Studies with
kainic acid showed that the enzyme and its substrates are localized postsynapti-
cally, consister;i“with published reports {(Walter et al., 1979), é.nd the previously

established postsynaptic localization of cAMP (Rechax.-dt and Harkonen, 1977;
\
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Minneman et al., 1978; Garau et é.l., 1978; Figure 8). Destruction of presynaptic
dopaminergic neurons, on the other hand, had no effect on cAMP-dependent pro-
tein kinase activity (Figures 26 and 2‘7), indicating that this enzyme system may
be particularly involved in the regulation of postsynaptic membrane function.

The addition of dopamine to homogenates or synaptic membrane frac-
tions' did not increase the phosphorylation of any of the identified substrates for
the cAMP—depen.dent proéein kinase. Similar results have; been obtained by others
{Hullihan et al;, 1977), and this has been attributed in part to differences in the
concentration of substrate required for the kinase and cyclase reactions (Hullihan
et al., 1979). _

Another possibility is that the concentration of cAMP required for half
mgximal stimulation of the brain kinase is in excess of the amount of cAMP gen-
erated as a result of dopamine stimulation. Studies by other investigators have
shown that the K, value for cAMP (concentration required for half maximal
Increase in enzyme activity) is between 0.1 and 0.2 uM (Uno et al., 1977; Beavo et
al., 1974}, whiﬁiin/grees reasonably well with the concentration of cAMP produced
in homogenates of caudate tissue in the presence of dopamine (0.15 to 0.2 uM)"
under standard assay conditions. 'waever, as pointed out by Beavo et al. (1974)
the affinity of the kinase for cAMP in vivo is probably considerably Ies-s than the
K3 values obtained for the purified enzyme E vitro, since in the latter case
enzyme activity is measured at high substrate to enzyme ratios. It is thus appar- -
ent that considerable differences may exist between the contro) of enzyme reac-
tion rates in vivo and in vitro.

Protein kirase activity in the present study was assayed routinely at a
concentration of cAMP which was two orders of magnitude higher than the

apparent K5 of the enzyme for cAMP. In view of the probable discrepancies
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between the substrate requirements of the enzyme in vivo and in vitro, it is not
surprising that dopamine failed to increase the activity of cAMP-dependent pro-
tein kinase under the present Elssay'conditn:,ons. An alterpative explanation for
these findings is that homogenization of the tissue disrupts the normal arrange-
ment of the dopamine—sensﬁtive adenylate cyclase and cAMP-dependent protein
kinase in the membrane leading to uncoupling of the two enzyme systems.

In view of these results, an alternative approach to the investigation
of dopamine-mediated effects on cAMP-dependent protein kinase activity was
adopted. This entailed modifying dopaminergic transmission through smE;.-gical or
pharmacological means, and monitoring the effects of these procedures on the
phosphorylation of synaptic membrane proteins. Destruction of presynaptic
dopamine neurons with 6-OHDA, a procedure that is associated with an increase
in the activity of dopamine-sensitive .adenylate cyclase and in the number of
postsynaptic dopamine receptors (Mishra et al., 1974, 1980; Wilkening and Mak-
man, 1975; Seeman, 1980), had no effect on the pattern of qAMP-dependent pro-
tein phosphol'ylatic;n (Figure 27). Chronic blockade of dopamine tec‘eptors with
haloperidel also failed to increase cAMP-dep‘endent protein phosphorylation in
synaptic membrane fractions from rat caudate nucleus (Figure 28). Since this
procedure had no significant effect on dopamine-stimulated adenylate cyclase
activity these results were not surprising. These findings, however, are important,
since they brcvide additional evidence that changes in dopamiﬁe receptor sensi-
tivity may not involve cAMP,

These results are at variance with recent studies by Lau and Gnegy
(1982), demonstrating Ehat rats treated chroﬁically with halope;-idol show an
increase in cAMP-dependent protein phosphorylation. This was characterized as

an increase in the protein kinase activity ratio (Corbin et al., 1973a) using histone
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as substra_te. The state of protein phosphorylatior in haloperidol and control rats,
however, was unaffected by exogenous cAMP consistent with the results reported
here. The reason for the discrepant observations obtained in the presence of
endogenous and exogenous substrate for the kinase is unknown. It is noteworthy
that even in control rats, assay of striatal tissue in the presence of cAMP and
histone increased cAMP-dependent phosphorylation by only Sb%. Since these
assays were conducted using ;:rurie p%.rticu.ﬂate fractions in which contamination’ -
by endogenous protein kinases is likely to be a significant factor, the interpreta-
tion of these results is not clear.

These authors also reported an increase in Ca++—dependent protein
phosphorylation in rats treated chronically ‘with haloperidol. These results were
based on the observation that EGTA inhibited Ca**~dependent phosphorylation to
a greater extent in haloperidol-injected rats relative to cc;ntrol rats. This was
attributed to ar increase in the calmodulin content in the membranes of ‘ha.loper—
idol-treated rats.

The effects of haloperidol on CaH'—dependent protein phosphorylation
were also examined in the present study. However, no alteratlions in basal or
Ca**-stimulated phosphorylatmn of endogenous’ substrates were detected (data
not shown). At present there is no explanation for the d:screpanc:es in reported
results between these stuches.

Since neither dopamine nor procedures that alter dopamine functiong:/
had any measurable effect on cAMP-dependent phosphorylation in synaptic mem—t '
brane fractions, the effécts of exogenous cAMP on protein Kinase activity were
investigated. An interesting observation that emerged from this work was the
finding that preincubation of synaptic membranes with cAMP subsequently

enhanced the phosphorylation of a 55,000 dalton phosphoprotein (Figure 15). In
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contrast, when synaptic membranes were assayed directly for protein kinase
activity without prior exposure to cAMP, cAMP increased the phosphorylation of
;‘1,\57,000 dalton protein (Figure 15).
- P'hotoa.(ffmity labelling of these membranes with 8—N3—[32P] cAMP
revealed a major band with a molecular weight of 55,000 and a minor polypeptide
with an apparent molecular weight of 57,000 that comigrated with® the
32p_Jabelled proteins. This confirmed that the two proteins probably correspond-
ed to the Type O .regulatory subunit (Rr). Similar patterns have been observed in
bovine brain {Rubin et al., 1979), whereas in rat brain only one protein of molecu-
lar weight 52-55,000 daltons has been detected using photodifinity labelling or
autophosphorylation with (32p] ATP (Walter et al., 1978; Lohmann et-al., 1980).
The 57k and 55k proteins are thought to correspend to the phospho and

dephospho forms of the enzymes respectively (Rubin et al., 1979; Zoller et al.,

1979; Walter and Greengard, 1978), the former subunit migrating more slowly on

Tris-glycine-SDS gels. Greengard and his colleagues, however, have identified
two proteins of 58,000 and 52,000 daltons in bovine brain that are autoph;sphory—
lated and photoaffinity labelled with 8-N3-{32P]_CAMP. These proteins apparent-
ly do not merely represent the phospho and dephospho forms of the regulatory
subunit as their mobility in SDS-PAGE is not altered when photoaffinity labelling
is carried out in the presence of catalytic subunit and ATP, a procedure that con-
verts all of the regulatory.' subu{:it to the ph?SphO form (Lohmann et al., 1980).
Although the 57k and 55k proteins identified in thé present study may
represent the phospho and dephospho forms of the regulatory sub@it, this possi-
bility s:agn;eq unlikely since no evidence of interconversion between the two
forms v;"as ob;erved under any of the experimental conditions used. Hov\:ever,
photoaffinity labelling in the presence of ATP would be required to exclude this |

possibility.
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The studies presented_here provide evidence that the 57k__aﬁd SS\I.t'
components of the regulatory subunit show different patterns of phosphorylation
-depending on the incubation conditions used. Prior exposure -of membranes to
CAMP results in an increase in the phosphorylation of 55k when assayed in the
presence or absence of cAMP. This increase 15 observed both in supermatant and -
partitulate fractions. Autophosphorylation of the regulatory subunit has been
characterized as_phosphorylation that occurs as an intramoleéular event in the
- absence of cAMP andjas an intermolecular event in the presence of cAMP (Ran-
gel-Aldao and Rosen; 1976)._‘The increase in phosphorylation of 55k following pre- .
vious exposure to cAMP is thérefore consistent with a mecﬁanism of autophos-
phorylation. Since the holoenzyme‘is devoid of phosphotrari;fexfase activity, and is
dependent on cAMP for Phosphorylation of free regulatory subunit or exogenous
éubstrates (Rangei;Aldao and Rosen,/1976), the abs:ence of phosphorylation of
other membrane proteins under similar assay cénditions confirm_s that the phos-
- phorylation of 55k répresents an intramolecular au_t.ophésphoryiation reaction,
Tﬁe Present results can be explained if, in the presence of cAMP, thle

>

55k protein {{ndergoes dephosphorylation. Sinée more sites would then be available
to incorporate labelled phosphate, the~55k protein would preferentially show an
increase in phosphorylation when subsequently assayed mth [329] ATP. It is pro-
posed t&lt -preincubation of synaptxc membranes with cAMP leads to dissociation
of the Type I kinase. Reassociation of catalytic and regulatory subunits is known
to occur raPidly following the removal of cAMP (Corbin and Keely, 19;'?7). This 15':
‘likely to 'hlave occurred in the present sdtudy' since incubations did not include
IBMX.. Although phosphodiesterase cannot metabolize cAMP bound to the regﬁla—

* tory subunit (Brostrom et al., 1971), considerable hydrolysis of cAMP occurs at

0°C in the absence of phosphodiefterase 1nh1b1tors {Corbin et al., 1973). Removal
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of free cAMP would tend to favour the formation of inactive holoenzyme accord-

[y

ing to the following equilibrium equation:

R2C3 + 4lcAMP] = Ry[cAMPl4 + 2C

Dephosphorylation of the regulatory subunit of the kinase is aiso s;r‘lw\.
ulated by cAMP (Uno et al., 1977; Ueda et al., 1975), and since the dephosphg
form ef the enzyme reassociates much more rapidly‘ than the phosphe form (R:an- ‘ -
gel-Aldao and Rosen, 1976), this would also promote reassociation of the enzyme

subunits under these\condxtmns. Dephosphorylated Ry would then be available as

a substrate for the | talytn: subunit in an intramolecular phosphorylation reaction -

following the addi:pu of [32P] ATP. This hypothesis assumes that the degradation

of cAMP at 0°C is s;.lfficiently slow ‘to enable the activation of endogenous
cAMP—dependent phosphatases. NaCl on the other hand is known to inhibi \S \__
reassociation of the Type II enzyme (Corbin et al., 1973) whzch explains the -
increase in catalytic activity in the’ supernate following incubation of symaptic
membranes with NaCl and cAMP (Figure 18). The increase in 55k phosphorylatian
in this case would therefore represe;t anintermolecular phos‘phorylation reactic; Y

Dephosphorylation of 55k probably does not occur substantiailly 1

apparent until after 2 min-of incubation W"Rh cAMP (Ueda et -

.y 1975). Consis- )
tent with this, incubation of homoge:tate;‘ or 10-30 min in the presence of cAMP

medium, as it is not obeerwfed in the absence of IBMX (Figure 11).

The data presented here indicate that the dephosphorylatmn of pro-

teins 57k and 55k appears to be d1fferent1ally regulated by cAMP. In view of the
i
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fact that both(.jfo_?eips appear to represent regulatory subunits of the Type I
kinase the significance of these results is difficult to ‘interpret. Similar results
were obtained when membranes were prei:ared in the presence of EGTA and
PMSF to inhibit protease activity. It is therefore unlikely that the 55k protein
arose from i-:rqteolytic degradation of the 57k pro.tein.

One of the 'major difficulties in evaluating the physiological signifi-
cance of autophosphorylation is that there is comparatively little information
available on the role of protein phosphatases in this process. Although the phos-
pho form of the protein kinasé appears to predofuina_t_e in vivo in some tissues
(Rangel—A.ldao and Ro'sen, 1;?76; Rangel-Aldao et al., 1979; Uno, 1980), following
dissociationy of the enzyme by CAMP, the phosphorylated regulatory subunit is
acted upon\ by a phosphoprotein phosphatase (Chou et al., 1977; Erlichman et al.,

/

1975). Si.ljle e deph‘ospho form of the regulatory subunit reassociates with the
fobunit much more readily than the phospho form (Rangel-}&ldao and

catzalytic
l}g;'.en, 5376), the regulation of protein kinase activity in vivo clearly involves the
participation of phosphoprotein phosphatases. .

Since protein phosphatase activity was not directly measured in these
stl;:ﬁes, the possible role of this enzyme in mediating soﬁze of the observed
effects on 55k phosphorylation remains speculative and the interpretatiou. of
these results is based solely on differences in the incorporation of labelled phos-
phate into the 55k protein relative to other memﬁrane substrates for the Type I
kinase. As Bar et al. .(1981) hz;ve pointed out, it is impossible to distinguiﬁil

between an effect that is mediated by protein kinases or f}rotein phosphatases

using endogencus "post hoc" phosphorylation. For example, an increase in the

phosphorylation of a specific protein measured in vitro could be due to stimular"\_

tion of a particular protein kinase or an increased activation in vivo of the appro-

i

]
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~ priate phosphatase. The latter effect would increase the amount of dephospho-
protein and allow for more radioactive phosphate to be incorporated in vitro.

One of the limitations of research in the field of protein phosphoryla-
tion is t.he:,failure to demonstrate that changes in phosphorylation observed in
vitro also occur in théIntact system. The results of the present study demon-

- strate éhat phcsphorylatioh patte:_-n;z observed in broken cell preparations are not
equivalent to those seen under more physiological conditibns using brain slices.
Although most of the phosphoproteins seen in synaptic membrane fractions were
also seen in slices (Figure 42), the relative extent of stimulation by cAMP of 3P
incorporat’ion into’ various protéins differed considerably between the\two types of
preparations. Thus cAMP markedly enhanced the phosphorylation of Protein [ and
57k in synaptic membranes (Figure 13) but had little effect on the phosphoryla-
tion of these proteins in striatal slices (Figure 45). As described in Sectio)n 3.5.?&
of lResuIts a variety of agents that increased cAMP levels ‘in striat-al slices also
failed to iﬁcreasg cAMP—debenéent protein phosphorylation activity in thi.;. prepa-
ration. )

These results may be accounted for by differences in the nature of the |

tt.wo'_ experimental phosphorylation systems. Assay of protein kinase activity in.
homogenates inﬁoivg.-s a p;-eincuHation period in which substrates are dephospho-
rylated prior toﬁﬂing with [32p] ATP, whereas in slices, endogenous substrates

’ for the kinase may already be laBened to a high specific activity prior to the

addition ST stfmulating agents. ’I‘he:\-\et.'ore, differences in the turnover of‘. labelled
phosphate ‘may not be readily apparent. As Sieghart et al. (1980) have pointed out,
the relative incorporation of 32p into individual proteins upon incubation of
intact tissues with 32Pi "depends on many factors, including the specific activity

of various ATP pools in the tissue, the amount and state of phosphorylation of
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various phosphoproteins, and on the accessibility of substrates to various kinases
and 'phosphatases.

, The phosphorylatioﬁ pattern obtained in synaptic membranes, on the
other hand, may be the result of ‘a.rtificial juxtaposition_of enzymes and subs-
trates in the membrane during the preparation of the tissue. This might enhance

the phosphorylation of proteins that would not be accessible to kinases under

physiological conditions. An additional source o{error is the contamination of
- ~ T -

synaptic membrane fractions/by membrane elements (neuronal and non-neuronal)
originating outside synaptic material. For éxample, protein 43k, that is a promi-
nent subétrate for Ca++-dependent protein l_cinases in synaptic membranes and
slices, is thought to be the alpha subunit of pyruvate dehydrogenase, indicating
that some of the substrates identified in these preparations evidently derive from
mitqchondria. | & .

A comparison of the effects of cAMP on the phosphorylation of Pro-
tein I in sy"naptic membranes and slices provides an illustration of the contrasting
result's obtained. using different experimental procedures. As discussed above,
Protein I is readily phosphorylated by cAMP-dependent protein kinases in synaptic
membranes (Ueda and Greengard, 1"977;- Figure 13}, and changes in its state of
phosphorylaﬁon have also been demonstrated in brain slices using the "back phos-
phorylation” technique (Forn and Greengard, 1978). Howevé}-, none of the effects
of cAMP (Forn and Greengard, 1978) or neurotransmitters (glestler and Green—\
gard, 1980; Dolphin and Greenga.rd, 1981) on the phosphorylation of this protein
have been reproduced using direct labelling of intact tissues with 3ZPi. The
édvantage of the latter approach is that it probably simulates more closely the
situation in vivo, but, as alluded to previously, exchange incorporation of labei
due to endogenous. kinases a;;d phosphatases is a significant problem. Although

/\.

/
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Greengard's "back phosphorylation™ technique avoids this limitatien, it is not yvet
clear whether changes in phosphorylation detected by this method a{gcurately
reflect changes in phosphorylation that occur in vivo.

As described above, backgroi.:ﬁd labelling of ‘proteins in slices may be
sufficiently high to mask increases jn phosphorylation due to cAMP. ﬁe phospho-
rylation of Protein I is known to be regulated by cAMP as well as by
CaH'—dependent protein kinases (revieﬁed in Dolphin and Greengard, 1980). In the
present study, the phosphorylation of Protein I was maintained when slices were
incubated in Ca*™"-free mediurrn, whereas the phosphorylatio:{ of other proteins
that were substrapes for _CaH—dependent protein kinasAes‘ was decreased (Figure
46). This may indicate that the phosphorylation of Protein I.l{m']er these condi-
tions was mediated through cAMP—depenMdent protein kinases. Small increases in
the phosphorylation of this protein were also observed when slices were incubated
with 8-bromo-cAMP (Figure 45) or with IBMX (Figure 43), but these were not
consistent findings. These results indicate that Protein I may be a substrate for
cAMP—d;pendent protein kinase in striatal slié:es, although increases in :1ts state
of phosphorylation were not rfeadiiy demonstrate& due to'h,igh background levéb.
of phosphorylation. ‘ .

Consistent with the above, dopamine also failed t increase cAMP-de-
pendent phosphorylation in striatal slices\. More recently, using the back phospho-
rylation technique, Greengard's group has demonstrated that dopamine/increases
the phosphorylation of a 32,-000 dalton protein in rat striatai slices. This protein
was identified as a substrate for cAMP-dependent protéin kinases in striatal
homogenates (Walaa;s ‘et al., 1983). Based on comparison of pﬁblished autoradio-

grams with those obtained in the present study, it would appear that the 30k"pro—

. tein shown in Figures 11 and 13 is the same as the 32k protein described by
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Walaas et al. (1983). Although the phosphorylation of 30k appears to be cAMP-
regulated (Figures 11 and 13), dopamine did not increase its state of rhosphoryla-
tion either in homogenates (Figures 11 and 12) or in slices incubated with 32Pi
(Figure 43).

Interestingly, subfractionation of striatal homogenates demonstrated
that the 30k protein was preferenti.ﬁﬂy enriched in cytosol fractions (Figure 13);
and therefore the observation by Walaas et al. that 32k shows dopamine-depen-
dent phosphorylation is. Asomewhat surprising if dopamine acts through membrane
receptors. It is also noteworthy that no effects of dopamine on the phosphoryla-

tion of Protein I were reported in the study by Walaas et al.

\

4.1.2 Cat"-Dependent Protein Kinaég— Acfivity in Rat Caudate Nucleus
In contrast to the difficulties associated with demonstrating an effect of cAMP
on protein phosphorylation in intact preparations from rat brain, there have been
a number of stug.ies documenting an effect of Ca*™ on the phosphorylation of
specific proteins in brain slices and synaptosomes although the identity of these
phosphoproteins and their role in nz:;_u:;onal transmission has in mgff, cases
remained. elusive. In the present study an attempt was made to define the subs-
trates for CaH—dgpéndent protein kinases in synaptic membrane fractions and
slices from rat caudate nucleus. The results of this work demonstrate that Ca*t
regulates the phosphorylation of specific synaptic membrane proteins from rat
caudate nucleus compatible with the results of others (O'Callaghan et al., 1980a,
1980c; Schulman and Greengard, 1978a, 19‘f§b; Kennedy and Greengard, 1981;
De Lorenzo et al., 1977; Wrenn et al., 1980; Kuoet al., 1980). *

| Published studies hax;re shown that the Ca++—dependent phosphorylatioq

of synaptic membrane proteins is dependent on calmodulin (Schulman and Green-

e
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gard, 1978a, 1978b; O'Callaghan et al., 1980a, 1980c). This is indicated by the
fact that membranes prepared in the presence of EGTA to remove e;ncio_g-enous
calmodulin show a marked reducticn in Ca++'—dependent phosphorylation. Similar
results were obtained in the present study (Figure 31, panel 2). The addition of
purified calmodulin to the assay medium was shown to restore Ca**-dependent
phosphorylation in studies by Schulman and Greengard (1978a, b) and O'Callaghan
et al. (1980a, 1980c).

In contrast to the findings of these investigators, in the present study,
the phosphorylation of only two proteins of molecular weights %3,000 and 53,000
- daltons appeared to be markedly increased in the presence of Ca**-calihodulin
(Figure 35: panel 1, lane d}. The regulation of the phosphorylation of proteins 63k
and 53k by calmodulin‘ is well-established (De Lorenzo et al., 1979; Schulman and
Greengard, 1978a, 1978b). These proteins have been extensively investigated by
DelLorenzo and his colleagues, who have demonstrated that their phosphorylation
is associated with neurotransmilffer release in intact synaptosomes (De Lorenzo,
1976) and synaptic vesicles {De Lorenzo et al.,, 1979; De Lorenzo and Freedman,
1978). Recent studies have identified these proteins as the alpha and beta subu-
nits of neurotuﬁbulin {Burke and De Lorenzo, 1981).

The other ‘substrates.for Ca.'H'—dependent protein kinases in symaptic
membrax*es, x:amely proteins 50k, 20k, and 16k, did not show increases in their
phosphorylation in the presence of calmodulin (Figure 35: panel 1, lane 4},
although their phosphorylation was substantially decreased by p'r:eparing and
washing membranes in 2 mM EGTA (Figure 31). The molecular weights of these
proteins are similar to those reported by other authors for substrates of

CaH—dependent protein kinases in brain membranes.

2
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 The 20,000 dalton. protein may be myosin light chain, which has been,

\shj\jﬁ to be pﬁosphorylated by 'myos;in light chain kinase, an enzyme requiring

Ly .
both calmodulin and Ca** for activation (Dabrowska et al., 1978). Wrenn et al.

(1980) have also reported the phosphorylation of a 21,000 dalton protein in par-
ticulate fractions from guinea pig cerebral cortex that is specifically stimulated
by ca*t plus phospholipid. The fact that the phosphorylation of the 20k protein in
the present study did not require calmodulin, yet was inhibited by EGTA and hal-
operidol, suggests that it may in fact correspond to the 21,000 dalton pro;ein
described by Wrenn and coworkerff. ‘However, as myosin light chain kinase 1s
known to be particula;ly susceptible to proteolysis, this might a.l:;S\explain th'_e
failure to detect calmodulin-dependent phosphorylation of this protein in the
present study.
| The 16,000 dalton protein described‘in the present study probably cor-
responds to myelin basic protgin (Petrali et atl.3 1980; Sulakhe et al., 1980} that
has been identified as a substrate for phosphoﬁpid—ierniitive protein kinase {Mina-
kuchi et al., 1981). AN
A 50,000 dalton p}-otein has also been identified in studiés of
Ca**-dependent phosphorylation in brain (Schulman and Greengard) 1978; O'Cal-
laghan et al., 1980), although the properties of this substrate have not been
investigated. Protein B-50, a 48,000 dalton phosphoprotein, has been extensively
purified and characterized by Gispen's group (Zwiers et al., 1980), and may be
equivalent to the 50k protein described by other investigators. The phosphoryla-
tion of B-50 is stimulated by Ca** and inhibited by ACTH (Zwiers et al., 1980).
The latter process may have behavioural relevance since intramuscular adminis-
tration of ACTH-like peptides induces excessiv':‘e grooming and licking behaviour

in the rat (Gispen et al., 1975).
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The calmodulin and CaH—dependegt protein kinase activities could
further be distinguished using pharmacological apprba;:hes. The calmodulin-de-
pendent phésphorylation of proteins 63k and 53k was completely inhibited by
100 uM trifluoperazine (TFP), (Figure 35, panel 3), an antipsychotic agent-that
has been shown to bind calmodulin with high affinity in a Ca*"-dependent fashion
(Levin and Weiss, 1979). TFP, however, did not inhibit the Ca“—dependent phos-
phorylation of proteins 50k,7 20k, and 16k, although haloperidol at equivalent con-
centrations, blocked both calmodulin plus Ca** and Ca‘*-stimulated protein
kinase activity {Figure 35, panels 2 and 3) ‘

These resul:s raised the possibility that. the CaH'—depex;dent phospho-

rylation activity antagonized by haloperidol might be mediated through the phos-

pholipid-sensitive protein kinase (Taka.i et al., 1979; Kuo et al., 1980; Wrenn etQ\

al., 1980). Although published studies using partially purified protem kinase hav§
shown that TFP is a more potent inhibitor of the enzyme than )halopendol
(Schatzman et al., 1981), these drugs may interact differently with intact ‘mem-
brane preparations. As phospholipid—sensitivé proteiﬁ kinase activity was not
investigated in the present study, this interpretation remains speculative.

The results of the present investigations demonstrate that synaptic

membranes from rat caudate nucleus ‘ebntain calmodulm—dependent as well as

calquulin-independent protein kinase actnnty. This is indicated by the fact that

(1 substrates for Ca**-calmodulin and Ca**-dependent protein kinases do not
appear to overlap; (2) the phosphorylation of these substrates can be selectively

inhibited by TFP and haloperidol; (3} calmodulin and Ca*t*-dependent protein

kinase activities are distributed in different subcellular fractions: the former is

found in soluble and particulate fractions (Figure 13), whereas the latter appears

to be confined to membrane fractions (Figures 13, 29, 30).

=y
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It would appear fr::m these data that the phosphorylation of at least
some membrane proteins is probably regulated independently of calmodulin. Other
invétigators have maintained, on the other hand, that CaH-dependent phospho-
rylation in synaptic membranes is only observed in the presence of added calmo-

dulin (Schulman and Greengar;d, 1978a, 1978b; O'Callaghan et al., 1980a, 1980c).

The reason for the discrepancies between the results of the present study and ‘

other published accounts is not clear. The concentration of calmodulin used in
the present study does not appear to be a factor, since the amount used was com-
parable to published reports.

An alternative possibility ‘q‘that the membrane preparation used in the

present study was not fully depleted of endogenous calmodulin. In the paper by L

Schulman and Greengard (1978b) hypotomc lysis of synaptosomes was carried out
for 30 min on 1ce, .In contrast to the present study’ in which, membranes were iso—
TRted immediately following the lytic step. This could explain the higher levels of

eddogenous CaH'-dependent protein kinase in synaptic membranes observed in the

present study, but does not account for the fadt that the phosphorylation of 63k.

and 53k wﬁs only observeci in the presence of exogenous calmodulin, nor does it
" account for the fact that exogenous calmodulin was unable to restore phosphory-
lation of any .other membrane proteins except 63k and 53k follpwing preparation
. of membranes with EGTA.

One explanation for the differential phosphorylation of protein subs-
trates in the presence or absence of calmodulin is that these effects ma)\\!:é
mediated by different enzymes with differ‘ent susceptibilitiés to inhibition b}I(
EGTA and neurcleptic drugs. Studies by Yamauchi and Fujisawa (1980}, and Ken-
nedy and Greengard (1981), have shown that ::at brain contains at least three

; r
forms of scluble and one form of particle-associated calmodulin-dependent pro-

N
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tein kinase activity with different specificities for particular substrates. Since
proteins 63k and 53k are highly phosph.orylated in cytosollfractions of rat brain
(Burke and De Lorenzo, 1981; O'Callaghan et al 1980a, 1980b; Figuse 13), where-
as the other substrates for Ca’'-dependent protein kinases appear to be firmly
bound to synaptic membranes (Figures 29 and 30), it is possible that these two
gmui)s of proteins may be phosphorylated by different classes of calmodulin-reg-
ulated enzymes. Clearly further studies are required to resolve some of these
issues. |

L
Another interesting observation that emerged from this work was the

 finding that the phosphorylation of a 43,000 dalton protein was consistently

inhibited by Ca*t when syna'.ptié membranes werf§ prepared in the absence of
EGTA, and stimulated by Ca+:: when membranes were prepared in_the presence of
EGTA (Figure 31, panels 1 and 2). Ca**-mediated inhibition of 43k phosphoryla-
tion was also observed in a paper by Sieghart et al. (1980), although this effect
was 'not discussed by these authors.

The ueurol.eptic haloperidol étimulated_ the basal phosphorylation_of
this protein (Figure 35, panel 2). It is probahle that this is related to non-specific
membrane effects of this drug (Seeman, 1977). Since the basal phosphorylation of
this protein can be eliminated by EGTA (Figure 31, panel 2), ‘it appears that its
pho.sphorylation can be supported by endogenous Ca'' associated with synaptic
membranes. Haloperidol may* enhance the ph(:;s;phorylation of 43k by interacting
with hydrophobic regions in the membrane or on the protein thereby increasing
the number of phosphorylation sites available to the endogenous protein kinase.

Finn et al. (1980) have shown that the phosphorylation of a 40,000 dal-

" ton protein in hippocampus is stimulated by low concentrations of calmodulin and

inhibited by TFP. Although the molegular weight of the protein described by Finn
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and coworkers is not identical to that of the 43k protein described here, numerous

workers have shown chémges in the Ca**-dependent phosphorylation of a protein

in thi‘s‘\rﬂuolecular weight range (40-43,000 daltons). For example, the in vitro

r

phosphorylation of a 40-43,000 dalton protein has been shown to be affected by -

injections of pexitobarbitol (Conway and Routtenberg, 1979), chronic administra-
tion of opiates (Davis and Ehrlich, 1979; O'Callaghan et al., 1979), high frequency
* electrical stimulation of hippocampal slices (Browning et al,, 197§), glutamate
stimulation in synaptosomes (Sieghart, 1981), ::md the acquisition of avoidance
learning (Routtenberg, 1980).

) Although some‘researchers‘have claimed that this protein is equivalent
to neuronal actin (Hofstein et al., 1980; Hershkowitz, 1978), the bulk of the
receﬁt experimt_ental evidence appears to indicate that this protein corresponds to
the alpha subunit of pyruvate dehydrogenase (Kelly et al., 1979; DeBlas et al.,
1979; Sieghart, 1981; Magilen et al., 1981; Browning et aL, 1981a; Morgan and
- Routtenberg, 1980). Moreover, there is no good evidence that actin is a substrate
for protein kinases.

The enzyme pyruvate dehydrogenase occupies a pwotal role in brain
metabohsm It is localized in the mitochondrial matrix, and is regulated b‘y allos-
teric factors as well as the state of phosphorylaxo:::tf the a.lpha subunit. Dephos-
phorylation of the enzyme converts.the enzyme to it$ active form and is mediat-
ed by a Ca**-stimulated phosphoprotein phosphatése. This .enzyme may be
involved in the mitochondrial sequestratigu of CaH, since mitochondria accumu-
late Ca*" in the presence of inhibitors of pyruvate dehydrogenase kinase (Brownf
ing et al., 198la). Thus the state of phosphorylation of this enzyme may be

important in the regulation of intracellular Ca'™ levels secondary to neuronal

stimulation. Alternatively, the phosphorylation of this protein may be associated

NI
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with a general change in the metabolic activity of the neuron consistent with
altered levels of ssimu.lation. |
' \Many of the effects of Ca*t on protein phosphorylation in synaptic
membrane fractions were also observed in. striatal slice; Thus, Ca*" enhanced
the phosphorylation of proteins 50k, 43k, 20k and 16k (Figure 46) and these
effects were antagonized by néuroleptic drugs (Figure 50). A significant ‘observa-
tion that emerged from this wgfl;:, was the finding that dopamine inc;eased d _the
phosphoryl.‘a‘tion\‘of two protein:;. with moleculz;r weights of 43k and 62-64k’ in rat
striatal slices. It:gﬁ significant that protein 43k has been tentatively identified as
the alpha subunit of pyruvate dehydrogenase. ;'gis‘ may indicate that increases in
protein phc;.nsphorylation seen in the presence of dopamine are assoéiated with
metabolic changes in striatal neurons rather than. alterations in mermbrane
permeability. ~ - |
The phosphorylation of protein 50k was also enhanced by dopamine, but
lthis effect did not reach statistical significance. This represents the first demon-‘

stration of an effect of dopamine on protein phosphorylatmn following mcubanon

‘of striatal slices with 32P1. Recently Hofstem and Segal (1982) using a s\:\l.l;l/

expenmentalo approach have shown that norepmephnne increases the phosphory—»
lation of a number of proteiqs_ in rat .hippocampal slices, including proteins ﬁf
molécular weights 47, 43, and 17,000 daltons. These proteins appear to be the
same as those identified in the present studie51 . -
\\' Consisteﬁt with the results reported here, in the stqdy reported b.y.
Hofstein and Segal (1982), incuba;tion ot: hippocampal slices in the presence of
cAMP analogues or the phosphodiesterase inhibitor IBMX failed to increase- the

phosphorylation of any hippocampal proteins, despite the fact that norepiﬁephrine

is known to elevate cAMP in this preparation. As discussed in detail previously,

!

“
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pafterns of proteinr phosphorylation m brain slices incubated with 32Pi are not
equivalent to those seen in broken cell preparations,\ or in slices assayed by the
back phosphorylatmn techmque.

The mterpre;a\non of the present results is complicated by the fact
that the role of Ca** in dopamine receptor function is ill-defined. Although
Ca -dependent protein kinases have been implicated in the control of dopamine
synthesis (Yamauclu et al., 1981) and release (De Lorenzo et al., 1979), evidence
of posts'ynaptic regulation of dopamige function through Cadd is more limited.
Benardo and Prince (1982) have recently shown that dopé.mine enhances
Ca**’dependent conductance in hippocampal slices. This appears to be a postsy-
naptic event, and may either be due to increased entry of Ca*? into neurons, or
enhanced release of Ca** from 'ulztraceliular stores. - |

It is difficult to determine in th‘i present study whether the dopamine-
med.xated effects on protein phosphorylation occur presynaptically or postsynapti~ __
cally. Studies by other investigators (Sieghart et al., 1980) have shown that
Ca“—dependent phosphorylation in synaptosomal and synaptic membrane pro'teins.
from rat striatum is substanfially decreased following kainic acid lesions. This
indica.tels that many of these proteins ate localized postsynapticfa.lly. It would be

A

interesting to determine the effects of presynaptic membrane destruction using
-

6-OHDA on Ca++—depenclent phosphorylatxon in this preparation as well, since
many of the neuronal processes attributed to Ca appear to be presynaptic,

The effects of dopamine on protein phosphorylation in striatal slic

\

could be distinguished from the effects of depolarizing agents such as K* or ver-

atridine. Both K* and veratridine significantly decreased the phosphorylation of a y

®»

90,000 dalton protein in striatal slices (Figures 48 ajg 49). Similar findings have/
been reported by others (Kreuger et al., 1977). The veratridine-induced inhibition
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of phosphorylation of this protein was reversed by TTX indicating that this effect

may at least be partially dependent on Na™ influx through voltage-sensitive chan-

nels (Table VII).

Although the identity of this protein has not been established, recent

studies have shown that the [Ca** + Mg**] ATPase has a subunit of 92,000 daltons
that is phosphorylated in association with acetylcholine release {Michaelson and
Arissar, 1979; Gordon et al., 1977). The activity of the [Ca** + Mg**] ATPase
from brain has been shown to.be dependent on calmodulin (Sobﬁe et al., 1979; Kuo
et al., 1979).. It would be interesting to determine v;hether this protein bears any
similarity to the 90K protein described in the present study. |

The ran?ts of recent investigations indicate that ion channels are also

probable substrates for protein kinases in neuronal membranes. Thus there is evi-

dence that the Na¥ channel from rat brain cafjbe phosphorylated by the catalytic

subunit of cAMP-dependent protein kinase (Costa et al., 1982). Simjlarly in Aply- -

sia, 5-HT mediated increases in K' conductance are mimicked by the catalytic
subunit of cAMP-depende’:__:throtein kinase (Kaczmarek et al., 1980; Castellucci et
al., 1980) and antagonized by the protein kinase inhibitor (Adams and Cé;.'vjtan,
1982). The substrate for tt;e enzyme is thought to be a specific component of the
K .channel ora i)rotein rélated to it .

These studies point to_the -probable impo;tance of proteip kinases in
regulating ion fluxes in neuronal _membranés and emphasize t-he‘ necessity of cor-
relating these biochemical changes' with meaningful phys-iological parametqers. In

' th-e- case of dopamin.e, biochemicai-studies-- have .Jpl-e;:eded an adequate under-
stapding of the physiology of the system. Thus the current cont‘;:oversy as to

which population of dopamine receptors is physiologically relevant, those linked

to adenylate cyclase or not, is based predominantly on data from receptor binding

N
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studies, the methodology and interpretation of which are themselves subject to
: ) X
i

Although the results of the present series of investigations do not sup-
port: a role for cAMP-dependent p:;otein kinase in the meciiation of dopamine
function in rat caudate nucleus, one is still left with the burden of interpreting
the significance of the dopamine-mediated increases in cAMP. Giveﬁ that rat
caudate nucleus contains an active membrane proteig kinase that is responsive to
CAMP, one must assume that increases in intracellular cAMP pro;iuced by dopa‘-
mine must be accompanied by~ activation of this enzyme. The inability .c.nf several
investigators to detect such a phenomencn in homogenates or in inta;:t cell prep-
arations indicates that if such changés in phosphorflafion are ‘indeed occun-ing,.
they cannot I:;e detected by;conventiona.l techniques. Indeed the sophisticated bio-
chemical procedures emplo'yed by Greengard's‘grdup (Nestler and Greengard,
1980) to demonstrate cAMP-dependent and neurotfansmitter-dependent altera-
tions in protein phospflqrylation in intact brain preparations .attests to this pbi.nt.

Finally, one must address the significance of the dopamine-mediated

increase in CaH'-dependent protein phosphorylation. Since there is no information

" on the mechanism of actior\x\@f‘dofa?mine receptors not linked to adenylate cyc-

lase, it is difficult to determine whether the observed changes in protein phos-
phorylation are directly mediated through dopamine receptors. Pharmacological
approaches would normally be of some value in resolving this issue: However, as
previously shown, neuroleptics are potent antagonisfs of Ca”-dependent protein
phosphoryiation, and these effects are mediated independently of their capacity
to bind dopamine receptors. Also, since the concentration of neurcleptics used id
these studies was relatively high, it would be inappropriate to ascribe any of the

effects observed with these agents to a specific effect on dopamine receptors.
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4.2 Summary

The aim of\ this v/vork was to examine the effect of dopamine c:)n protein phospho-
rylation in \rat caudate nucleus. Endogenous sub;trates for cAMP and
Ca+';-dependen /protein kinases were identified as a prelude to studies of dopa-
mine-dependent teiﬁ phosphorylation. The results prg;sented here de%nonstrate
that do]/:amine incregses intracellular cAMP and stimulates” j:totein phosphoryla-
tion in rat striatal slices, although this latter effect was mediated i‘ndependentl‘y
of cAMP. It will be of interest in the future to determine the ‘function of the
phosphoproteins identified ’in this study, and to examine their roles d‘m dopaminer-

gic transmission. f ¢ ; .
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