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The nonphysiologic stimulation of striatal dopaminer-
gic receptors, as a result of disease- or drug-related den-
ervation or intermittent excitation, triggers adaptive
responses in the basal ganglia which contribute to the
appearance of parkinsonian symptoms and later to the
dyskinesias and other alterations in motor response
associated with dopaminergic therapy. Current evidence
suggests that these altered responses involve activation
of signal transduction cascades in striatal medium spiny
neurons linking dopaminergic to coexpressed ionotrop-
ic glutamatergic receptors of the N-methyl-D-aspartate
(NMDA) and o-amino-3-hydroxy-5-methyl-4-isoxa-
zole proprionic acid (AMPA) classes. These intraneu-
ronal signaling pathways appear capable of modifying
the phosphorylation state of NMDA and AMPA recep-
tor subunits; resultant sensitization enhances cortical
glutamatergic input which in turn modifies striatal out-
put in ways that compromise motor behavior. The reg-
ulation of these spiny neuron glutamate receptors can
also be affected by the activation state of coexpressed
nondopaminergic receptors as well as by changes associ-
ated with Huntington’s disease. These observations lend
new insight into molecular mechanisms contributing to
the integration of synaptic inputs to spiny neurons.
They also suggest novel approaches to the pharma-
cotherapy of extrapyramidal motor dysfunction.
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INTRODUCTION

The striatum plays a central role in the regulation of
human motor function. Within this structure, the vast
preponderance of nerve cells are medium-sized spiny
neurons. These GABAergic cells receive glutamatergic
input from all areas of cerebral cortex and project, both
directly and indirectly, to the two major output nuclei of

basal ganglia, the internal segment of globus pallidus and
pars reticulata of substantia nigra (Kotter, 1994; Parent
and Cicchetti, 1998; Graybiel, 2000). Medium spiny
neurons are also host to dopaminergic terminals arising
from pars compacta of substantia nigra as well as those of
numerous other transmitter systems both intrinsic and
extrinsic to the striatum. In view of their strategic loca-
tion, it is hardly surprising that medium spiny neuron
injury or loss substantially affects motor behavior.

MOTOR EFFECTS OF NONPHYSIOLOGIC
DOPAMINERGIC STIMULATION

Either hyperkinetic and hypokinetic disorders can result
from medium spiny neuron dysfunction. Clinically, the
most common basis for either state is the nonphysiologic
stimulation of their dopamine (DA) receptors (Chase and
Oh, 2000a). The nigrostriatal dopaminergic system gen-
erally operates tonically, firing off at a rate of about 4 - 5
Hz, except when occasionally interrupted by phasic
bursts related to sensory rather than motor events
(Schultz, 1994). The characteristic hypokinetic features
of parkinsonism arise when these receptors become den-
ervated either as a consequence of a progressive neurode-
generative disorder such as Parkinson’s disease (PD) or
acute pharmacologic blockade due to the administration
of a DA receptor antagonist (Hornykiewicz, 1998;
Wirshing 2001). In contrast, hyperkinetic disorders can
result from the intermittent high intensity stimulation
associated either with dopaminomimetic PD therapy or
from chronic DA antagonist blockade such as occurs in
neuroleptic-induced tardive dyskinesia (Sachdev 2000;
Chase and Oh 2000b; Ahlskog and Muenter, 2001). In
either case, choreiform movements commonly result.
Essentially identical abnormal involuntary movements
also characterize the degeneration of medium spiny neu-
rons in Huntington’s disease (HD).
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ANIMAL MODELS
OF STRIATAL DYSFUNCTION

Recent research has begun to elucidate pathogenic mech-
anisms contributing to the appearance of these disorders.
Much of this evolving insight derives from studies con-
ducted in rodent and primate models of PD. For
instance, rats develop parkinsonian features following
injection of 6-hydroxydopamine and then elements of
the motor response alterations occurring in parkinsonian
patients when the rodents are subsequently treated with
levodopa or a DA agonist (Papa ez 4/, 1994). Similarly,
monkeys lesioned with MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) develop parkinsonism and
after a few weeks of dopaminomimetic therapy begin to
manifest choreiform dyskinesias (Clarke ez al, 1987;
Papa ez al., 1996; Blanchet er al., 1998). In both cases,
motor phenomenology closely resembles that manifested
by parkinsonian patients. Observations in these models
indicate that changes in the operational state of medium
spiny neurons may serve as a critical determinant of the
pathogenesis of these hypo- and hyperkinetic disorders
(Chase and Oh, 2000a).

STRIATAL MEDIUM SPINY NEURONS

Evidence of striatal medium spiny neuron dysfunction in
these disorders arises from biochemical, histochemical
and pharmacologic observations. In rats, denervation as
well as subsequent dopaminergic treatment produces
characteristic changes in spiny neuron peptide cotrans-
mitters such as enkephalin, dynorphin and neurotensin
(Gerfen ez al., 1990; Engber ez al., 1991; 1992; Parent et
al., 1996). Histochemical observations of receptor
(Anglade ez al., 1996; Meshul and Allen, 2000) and sig-
naling molecule changes (Oh ez 4l., 1997; 1998; 1999) as
well as pharmacologic studies involving the direct intras-
triatal injection of drugs affecting motor function in
parkinsonian rats (Papa ez al., 1995) provide additional
support for striatal involvement. Medium spiny neurons
express DA receptors along the necks and shafts of their
dendritic spines and ionotropic glutamateric receptors
within the post synaptic density at the distal tips (Freund
et al., 1984; Smith er al, 1994). Nonphysiologic
dopaminergic stimulation leads to characeristic changes
in the phosphorylation pattern of both N-methyl-D-
aspartate (NMDA) and amino-3-hydroxy-5-methyl-4-
isoxazole proprionic acid (AMPA) subunits (Oh ez al,
19975 1998; 1999). Conceivably, these receptors undergo
a resultant increase in synaptic efficacy that enhances cor-
tical glutamatergic input in ways that favor chronic
motor dysfunction. In some ways this process appears to

resemble a form of long term potentiation (Calabresi ez

al., 2000; Chase and Oh 2000a; Centonze et al., 2001).

STRIATAL NMDA RECEPTOR REGULATION

Observations from studies in parkinsonian rats seem con-
sistent with this possibility, since NMDA receptor antag-
onists, such as MK801 and CPP, have been found to act
both palliatively and prophylactically to decrease response
alterations (Engber ez al., 1994; Papa et al., 1995; Marin
et al., 1996; 2000; Cepeda and Levine, 1998). Later find-
ings in parkinsonian primates provide additional support
for this hypothesis. Co-administration of various NMDA
antagonists to monkeys substantially reduce the dyskine-
siogenic effects of levodopa (Gomez-Mancilla and
Bedard, 1993; Papa ez al., 1995; Papa and Chase, 1996;
Blanchet ez al., 1997; 1998). Similarly, studies in parkin-
sonian patients given noncompetitive NMDA receptor
antagonists, including dextrorphan and amantadine,
indicate that certain drugs of this type can alleviate
parkinsonism as well as dyskinesias and other response
modifications produced by dopaminergic therapy
(Blanchet et al., 1996; Danysz et al., 1997; Mitchell and
Caroll, 1997; Karcz-Kubicha et 2/, 1998; Metman et al.,
1998a,b,c; Merello ez al., 1999; Del Dotto et al., 2001).

STRIATAL AMPA RECEPTOR REGULATION

Functional alterations in glutamate receptors of the
AMPA subtype also appear to contribute to levodopa-
induced motor dysfunction. For example, administration
of the competitive AMPA receptor antagonist, NBQX, to
parkinsonian rats or monkeys reportedly has little or no
effect on motor function, but can potentiate the
antiparkinsonian action of levodopa (Klockgether ez al.,
1991; Luquin e al., 1993). In rats, NBQX also acts to
reverse levodopa-associated motor response alterations
(Marin ez al., 2000). In primates, a selective, noncompet-
itive antagonist at the AMPA allosteric modulation site
(LY 300164) alone did not modify the severity of parkin-
sonian signs, but did attenuate levodopa-induced dyski-
nesias. Conversely, a selective AMPA agonist (CX516) by
itself had no antiparkinsonian activity, but potentiated
levodopa-associated dyskinesias (Konitsiotis ez al., 2000).
Taken together, these data suggest that upregulation of
ionotropic glutamatergic receptors participates in the
pathogenesis of the motor disorder.

Ionotropic glutamate receptors are ligand-gated ion
channels that function as the primary mediators of fast
excitatory transmission within the mammalian CNS.

NMDA and AMPA class receptors have been differenti-
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ated on the basis of their physiological and pharmacolog-
ic characteristics: NMDA receptors are highly permeabil-
ity to calcium and other divalent cations and act as coin-
cidence detectors, since activation only occurs in the pres-
ence of concurrent membrane depolarization (Mayer and
Westbrook, 1987). AMPA receptors, on the other hand,
activate and desensitize quickly in response to glutamate
and are permeable mainly to sodium and other monova-
lent cations (Westbrook, 1994). Both receptors are com-
posed of oliogomeric complexes, most likely tetramers or
pentamers of homologous subunits (Hollmann and
Heinemann, 1994). NMDA receptors are assembled
from one or two NRI1 subunits, expressed in eight cur-
rently recognized splice variants (a—h), and two or three
NR2 subunits composed of four homologous isoforms
(A-D) (Wollmuth et al., 1996; Ozawa et al., 1998). In rat
striatum, medium spiny neurons express NR1 variants
along with NR2B and, to a lesser extent, NR2A subunits
(Chen and Reiner, 1996). AMPA receptors are combina-
tions of four subunits, GluR1-4(A-D) that can exist as
either a flip or a flop splice variant (Sommer ez 4l., 1990).
Membrane topology models currently suggest two ago-
nist binding domains (one within the extracellular M3-
M4 loop, the other just N terminal to M1) as well as a
large intracellular C-terminus that contains consensus
sites for a variety of protein kinases (Swope ¢z al., 1999).

GLUTAMATE RECEPTOR PHOSPHORYLATION

Protein phosphorylation serves as a major regulatory
mechanism for NMDA and AMPA receptors (Gurd ez
al., 1997; Yu et al., 1997; Suen ez al., 1998; Swope et al.,
1999). By this mechanism, receptor expression, mobility
and localization as well as channel function are tightly
controlled (Ulas and Cotman, 1996; Dunah and
Standaert, 2001). For example, the phosphorylation of
tyrosine residues reportedly modulates channel opening
probability (Yu ez al., 1997) and receptor trafficking to
the postsynaptic membrane (Dunah and Standaert,
2001), while serine / threonine phosphorylation by calci-
um / phospholipid-stimulated or cAMP-stimulated pro-
tein kinases appears to affect their subcellular distribu-
tion, plasma membranes anchoring (Tingley ez al., 1997)
and synaptic clustering (Crump ez al., 2001). Recently,
PKC has also been shown to influence NMDA currents
by direct serine phosphorylation of the NR2B subunits
C-terminus at residues S1303 and S1323 (Liao ez al,
2001) or by direct tyrosine phosphorylation of the NR2A
and NR2B subunits (Grosshans ez al, 2001). AMPA
receptor GluR1 subunts can be phosphorylated by PKA
at S 845 and by PKA or CaMKII at S 831 (Snyder ez al.,
2000), while GluR2 subunits are phosphoryated by PKC

at S 863 and S 880 (McDonald ez 4/, 2001). It now
appears that alterations in the phosphorylation state of
striatal ionotropic glutamate receptors may reflect the
aberrant activation of signaling cascades linking coex-
pressed DA and glutamate receptors (Chase ez /., 2000).
More specifically, nonphysiological dopaminergic stimu-
lation of medium spiny neurons can alter the balance
between specific kinase and phosphatase activity, thus
affecting the degree and pattern of glutamate receptor

subunit phosphorylation (Oh ez 4/, 1997; 1998).

SIGNAL TRANSDUCTION IN SPINY NEURONS

With respect to NMDA receptors, increasing evidence
suggests that the chronic nonphysiological stimulation of
rat DA receptors activates various kinases responsible for
direct subunit phosphorylation (Oh ez al., 1997; 1998;
1999; Dunah and Standaert, 2001). These include serine
kinases, such as cyclic AMP-protein kinase A (PKA), cal-
cium/ calmodulin-dependent protein kinase II
(CaMKII), and calcium-activated protein kinase (PKC),
as well as src family tyrosine kinases (Menegoz er al.,
1995; Oh et al, 1997; 1998; 1999; Suen ez al., 1998;
Greengard et al., 1999; Bayer ez al., 2001; Lan ez al,
2001; Liao ez al, 2001). The intrastriatal administration
of inhibitors of certain of these serine and tyrosine kinas-
es can mitigate parkinsonian dysfunction as well as the
response alterations produced by dopaminomimetic ther-
apy (Oh ez al., 1997; 1998; 1999).

In the case of striatal AMPA receptor subunits,
changes in the phosphorylation state of serine residues by
a PKC signaling cascade may also affect motor function.
Preliminary results indicate that an abundance of consti-
tutively active PKC as a consequence of striatal
pCMVpkcA gene transfer may be sufficient to promote
the initial appearance of levodopa-induced motor
response alterations, in part, by the phosphorylation of
AMPA receptor subunits and consequent modification of
the strength of corticostriatal glutamatergic input (Snyder
et al., 2001; Oh, unpublished observations). Taken
together, differential activation of signal transduction
pathways within striatal spiny neurons lead to character-
istic changes in the phosphorylation state of NMDA and
AMPA glutamate receptors and thus in their sensitivity to
corticostriatal synaptic input. As a result of these molec-
ular events, striatal output changes in ways that con-
tribute to the motor complications associated with lev-
odopa therapy.
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STRIATAL MOTOR MEMORY

In animal models of learning and memory (Oh ez al,
1998), a rise in the sensitivity of glutamatergic receptors,
especially those of the NMDA class, appears to con-
tribute to the persisting, activity-dependent changes in
neuronal responses (Nicoll and Malenka, 1995; Cain,
1997). Similarly, mechanisms underlying the develop-
ment, expression, and maintenance of long-lasting motor
response alterations induced by dopaminomimetic thera-
py may also involve changes in the balance between stri-
atal kinase and phosphatase activity that affect receptor
phosphorylation (Oh ez al, 1997; Khan ez al, 1999).
Onset of levodopa-induced response changes can take
only a few weeks in parkinsonian animals and PD
patients (Mouradian ez al., 1990). Offset time also is sim-
ilar in animal models and in patients with motor compli-
cations: in either case, the altered responses to dopamin-
ergic challenge persist for weeks following withdrawal of
intermittent dopaminomimetic treatment or conversion
physiologic continuous administration
(Mouradian ez al, 1990). Levodopa-induced motor
response complications thus possess features characteris-
tic of long term memory, ie, longevity and reversibility.
A striatal transcriptional factor, cAMP response ele-
ment-binding protein (CREB), has been linked to DA
receptor mediated mechanisms and implicated in the
long-term maintenance of synaptic plasticity elsewhere in
the CNS (Cervo et al., 1996; Gurd, 1997; Bartsch ez. al.,
1998; Cenci ez al., 1998; 1999; Graybiel ez al., 1998;
Huang and Stevens, 1998; Impey ez. al., 1998; Silva e al.,
1998; Ahn et al., 1999; Khan ez al., 1999). Since the late
phase of memory appears to depend on new transcription
and translation (Pittenger and Kandel, 1998), CREB
might act by regulating the synthesis of proteins involved
in these consolidation processes. CREB is a member of a
large family of structurally related transcription factors
that binds to cAMP-response-element (CRE) promoter
sites on target genes (Ginty, 1997). CREB protein, which
can exist in multiple alternatively spliced isoforms in rat
CNS, has been implicated in the transcriptional regula-
tion of a number of genes, especially those which are rap-
idly expressed in response to elevations in cytoplasmic
cAMP and Ca?+ (Quinn, 1993; Hu ez al., 1999; Pietruck
etal., 1999). Similar to such other inducible transcription
factors as Jun and Fos, CREB protein has several func-
tional domains — a leucine zipper domain which medi-
ates dimerization, a DNA binding domain, and a tran-
scriptional activation domain which contains crucial
phosphorylation sites (Pietruck ez al, 1999). The tran-
scriptional activation of CREB depends on its phospho-

rylation at Ser-133 either directly or indirectly by such
kinases as PKA and CaMK (Gonzalez ez al., 1991; Sheng

to more

et al, 1991; Das et al, 1997; Hu et al, 1999).
Preliminary results suggest that striatal DA receptor-acti-
vated PKA/ CREB-mediated mechanisms contribute to
the development and maintenance of the motor response
changes associated with levodopa treatment of parkin-
sonian rats (Oh, unpublished observation).

The effects of the nonphysiologic stimulation of stri-
atal dompaminergic receptors on motor function may
also involve compensatory neural and behavioural adap-
tations similar to those occurring with psychoactive drug
addiction. Delta FosB is a transcription factor that has
been implicated in compensatory neural and behavioral
adaptations associated with repeated drug treatment. Its
elevated expression in the striatum has been linked to
chronic cocaine-induced alterations (Hope ez al., 1994;
Kelz et al, 1999; Bibb ez al., 2001) as well as to chronic
levodopa-induced striatal dysregulation (Andersson ez al.,
1999). A recent study identified Cdk5 as a downstream
target gene of AFosB; upon activation, Cdk5 influences
the efficacy of dopaminergic PKA signaling via positive
feedback mechanisms in a mutually antagonistic manner
(Lew et al., 1994; Nishi ez al., 2000). Preliminary obser-
vations indicate that chronic nonphysiological stimula-
tion of striatal DA receptors in parkinsonian rats aug-
ments striatal Cdk5/ p35 immune complex formation,
Cdk5 activation, and DARPP-32-Thr-75 phosphoryla-
tion (Oh, unpublished observation). These results sup-
port the possibility that striatal DA receptor-activated
Cdk5 may be involved in adaptive mechanisms occurring
when repeated nonphysiological DA receptor stimulation
leads to dyskinesias and other motor response complica-
tions.

NMDA RECEPTOR UPREGULATION IN
HUNTINGTON’S DISEASE (HD)

The choreatic movements associated with HD can be
essentially indistinquishable from those occurring in
parkinsonian patients with dopaminomimetic induced
dyskinesia or schizophrenic patients with neuroleptic-
induced tardive dyskinesia. Striatal medium-sized spiny
neurons are the primary target of the selective neurode-
generative process in HD and presumably the source of
choreatic movements (Vonsattel and DiFiglia, 1998).
Recently amantadine has been found to reduce the sever-
ity of these dyskinesias (Verhagen ez al., 2001). While it
is not know whether antagonistic effects at striatal
NMDA receptors account for the this clinical response,
our results seem consistent with the hypothesis that
NMDA receptor sensitization can contribute to the pro-

duction of choreiform dyskinesias in HD just as appears
to be the case in PD (Chase, 2000b). In HD, the same
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spiny neurons are preferentially targeted for degeneration
(Reiner, 1988; Goto, 1989). Conceivably, NMDA recep-
tor upregulation may also occur in residual spiny neurons
due to the presence of mutant huntingtin protein.
Indeed, recent 77 vitro evidence suggests that a polygluta-
mine expansion blocks the ability of wild type huntingtin
to bind to a scaffolding protein that normally prevents
NMDA receptor upregulation (Sun ez 4., 2001). Thus it
is tempting to speculate that medium spiny neurons
expressing hypersensitive NMDA-receptors may indeed
relate to the pathogenesis of huntingtin-induced chorea
in HD as well as of levodopa-induced chorea in PD.
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