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Introduction: 

The purpose of this research is to investigate the sequence of events 
leading from activation of specific dopamine receptors to modulation of 
apoptosis.  Neurotoxin-induced apoptosis represents a signaling 
cascade leading from initial insult to the irrevocable commitment to 
execute the cell-death program.  Data from our group and others have 
shown that DA receptor activation can decrease the probability of a 
cell entering apoptosis. The investigation of the underlying 
mechanisms for this effect may lead to improvements in the ability to 
modulate this process and protect neurons against neurotoxin- 
mediated cell death.  In neurotoxin-mediated cell death, apoptosis 
represents a stochastic two-state outcome resulting from an initial 
stimulus.  In other words, whatever the level of neurotoxin exposure, 
the result is limited to two states—an individual cell either survives or 
executes the cell death program. This binary decision making occurs 
as a result of the activity in a network of signaling mediators. Thus in 
order to begin to understand neurotoxin-induced apoptosis and its 
modulation by dopamine agonists in a deterministic fashion, we need 
to develop ways to monitor the overall perturbation of the cell's 
signaling network. A major focus of this grant is to develop the 
capability of monitoring the overall physiological state of the cell by 
following changes in gene transcription. This approach will represent a 
fundamental advance in the field and has been the primary focus for 
the first year of work on the project. 

Body: 

Following in italics is the statement of work from June 1999.  Work 
during the first year focused on objective IB and objective 2A.  We 
undertook monitoring of gene changes in primary neuronal cultures in 
response to dopamine agonists and in PC12 cells in response to trophic 
factors.  We developed microarray technology and explored its 
limitations and developed quantitative PCR assays to allow precise 
monitoring of gene changes in response to graded stimuli.  One review 
article and one abstract based in part on the work performed under 
support from this grant have been published (see appendix).    Details 
of our progress are presented below. 

Objective 1: Determine the locus at which dopamine receptor 
activation interferes with the concatenated events mediating 
neurotoxin -initiated apoptosis 

A.   The neuroprotective effects of DA agonists on DA neuron 
survival in primary culture will be determined. 
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B. The effects of DA agonists on gene program changes in primary 
culture will be determined 
C. The neuroprotective effects of dopamine agonists in PC12 cells 
will be characterized pharmacologically. 
D. The effects of DA agonists on mitochondria! function in PCI 2 
cells in the presence and absence of apoptosis-initiators will be 
determined. 
E. The effects of DA agonists on other changes leading to apoptosis 
will be determined, including: Glyceraldehyde-3-phosphate 
dehydrogenase translocation and NF-kB activation 

Objective 2:  Determine the sequence of events leading from 
activation of a specific dopamine receptor to modulation of apoptosis. 

A. The specific DA receptor mediating neuroprotection will be 
investigated by antisense experiments in PC12 cell and primary 
culture. 
B. The second messenger systems involved in DA agonist mediated 
neuroprotection in PC12 cells will be investigated. These include: 

i. heterotrimeric G-proteins 
ii.  low molecular weight G-proteins 
Hi. calcium 
iv.  cAMP 
v. tyrosine kinase activation 
vi.  serine/threonine kinase activation 
vii.  alterations of actin cytoskeletin 
viii.  alterations in gene expression pattern 

I.  Investigation of overall gene changes in primary cultures in 
response to dopamine agonist. 

Objective:   Determine the pattern of gene changes in response to 
dopamine agonist in primary neuronal cultures using gene 
microarrays. 

Experimental design:  These experiments utilized the filter-based 
microarray provided commercially by Research Genetics. This array 
has >5000 cDNAs for which the relative level of expression can be 
determined by comparative hybridization.  A series of experiments 
were performed to examine the different filters available and to 
evaluate changes of genes over time and at different concentrations of 
the dopamine agonist pramipexole. 
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Experimental Results: _..   . 

1. human gene filter, time course of response. 

In this study, 5000 genes were assayed using RNA samples from 
vehicle and luM pramipexole (a Da agonist), with exposure for 1, 3, 6, 
9 and 24 h. The hybridizations were very clean. The dataset 
generated was very large (>50,000 points).  However regression 
analysis of the expression level of the genes in control and treated 
samples suggested that there was an unfavorable signal to noise in the 
assay. 

Conclusion:  Signal:noise was unfavorable using the human gene 
filters for rat samples.  We then undertook a second experiment using 
the rat cDNA filter, which had just then become available. 

2. rat gene filter, time course and concentration-dependence of 
response. 

Samples were obtained at 0, 1 and 6 h from vehicle and cultures 
treated with 5 concentrations of pramipexole (1 nM to 10 uM). 
Triplicate samples were included for analysis to allow evaluation of 
internal consistency. The samples were assayed using the Research 
Genetics rat filter microarrays. The labeling and hybridizations were 
superb, with the raw data looking very clean. Again a large dataset of 
measurements were obtained.  However regression analysis showed 
considerable measurement scatter and meaurements of independent 
samples in the same experimental groups were variable. 

Conclusion:   Despite meticulous and rigorous experimental technique, 
assay scatter remained significant. There were two possibilities for 
these results a)  the commercial microarray assay system being used 
was inherently unreliable or b) the heterogenous nature of the primary 
culture system and/or the relatively subtle nature of the stimulus 
(dopamine receptor stimulation) did not lead to a discernable signal 
over background variation.  We decided to investigate these two 
possibilities by establishing a rapid, reliable and independent assay of 
gene expression levels and by testing an experimental paradigm with 
known robust gene changes, NGF exposure to PC12 cells. 

3. Establishment of real-time PCR. 

Real-time PCR was not available at Mount Sinai. This technique allows 
the rapid and highly quantitative measurement of specific genes.  We 
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established a collaboration with Dr. Sanjay Tyagi at NYU to establish a 
real time PCR assay.  We selected as our experimental protocol NGF 
treatment of PC12 cells, as this was reported to cause significant up- 
regulation of a variety of genes.  PC12 cells were treated with NGF or 
vehicle and RNA extracted at various time points from 30 minutes to 6 
h.  Real time PCR was established using SYBR green incorporation for 
Actin, Arc and EGR1. 

An example of the results is shown below: 

Fold change (relative to vehicle) 
Gene 30 minutes NGF 90 minutes NGF 
Actin 1.5 0.6 
Eqr 254 613 
Arc 2.7 39 

Conclusions:   Real time PCR will allow rapid and precise quantitation of 
specific gene products. The NGF treated PC12 samples show expected 
changes in Egr and Arc gene expression and are suitable samples for 
testing the microarray system. 

4. Validation of microarray system using NGF treated PC12 cells. 

The samples generated in experiment #3 were assayed using the 
Research Genetics rat microarray filters.  10 genes that showed 
regulation on the filter were selected for analysis by real time PCR. 
The microarray results for the Egr gene, which is present on the filter, 
were also determined. The Egr gene, which had been demonstrated in 
the experiment above to be highly regulated, was seen to have only a 
small and not-significant 1.3 fold increase in the microarray assay. 
Ten genes which were carefully selected as being regulated on the 
microarrays were tested by real-time PCR were not in fact found to 
show any regulation. 

Conclusion:  The Research Genetics microarray system does not 
generate an acceptable signahnoise ratio in experiments designed to 
determine global gene expression, even in a well-characterized 
paradigm in which highly significant gene regulation is known to occur. 

In order to complete the objectives of the proposal, it is necessary to 
develop another approach to studying global gene expression.   Based 
on the published experience of the Brown laboratory at Stanford and 
other institutions, developing the capacity to assay custom printed 
glass microarrays appears to be the most accurate and cost-effective 
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approach.  In order to have the instrumentation necessary for these 
studies, I assembled a consortium of departments at Mount Sinai and 
we have purchased a robotic microarray printer and reader (the 
Affymetrix/GMS system) and a PE7700 real-time PCR instrument, all of 
which is presently housed in my laboratory. I have also recruited a 
fellow from the EMBL microarray facility in Heidelberg who has worked 
extensively with microarray printing and analysis, who will arrive this 
fall.  I have also developed a school-wide microarray facility, to 
provide a focal point to share the necessary expertise and experience 
to develop this laboratory approach.  We plan to continue to work on 
genome-wide profiling using both microarray and informatics 
approaches to identify candidates and to assay the gene changes using 
real time PCR.  We believe we are well poised to make significant and 
important progress on this research objective over the next two years. 

Objective:   Determine the DA receptor expression pattern in PC12 
cells. 

5.  Analysis of DA receptors in PC12 cells. 

We performed radioligand binding studies on PC12 cell membranes 
and D2 receptor transfected control membranes.  The binding assay 
worked well, but the level of receptor expression was below the limits 
of detection of the binding assay.  We are presently developing real- 
time PCR assays to quantify the level of D2,D3 and D4 receptor in 
PC12 cells before and after differentiation. 

Key Research Accomplishments: 

1. Validation of commercial Research Genetics microarray system and 
determination that the system is inadequate to meet the research 
objectives. 

2. Establishment of quantitative real-time PCR technology. 

3. Determination that D2 receptor binding sites are below detection 
limit in PC12 cells. 

4. Establishment of in laboratory capability for real time PCR and glass 
custom microarray printing and reading. 

Reportable Outcomes: 

Publications: 
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Soussis IA, Mytilineou C, Olanow CW, Sealfon SC. Pattern of gene 
induction by dopamine agonists in rat midbrain cultures studied by 
microarray analysis.  Soc. Neurosci. Abstr.  25:331, 1999. 

Sealfon SC and Olanow CW.  Dopamine receptors:  from structure to 
behavior. Trends Neurosci.  23:S34-40, 2000. 

Conclusions: 

1. Signalmoise was unfavorable using the Research Genetics human 
gene microarray filters for rat samples in dopamine agonist treatment 
experiments. 

2. Signal:noise was unfavorable using the Research Genetics rat gene 
microarray filters for rat samples in dopamine agonist treatment 
experiments. 

3. Signal:noise was unfavorable using the Research Genetics rat gene 
microarray filters for PC12 cells studied with NGF induced 
differentiation. 

4. The filter microarray system does not have the measurement 
accuracy required for the proposed studies. 

5. Real time PCR will allow rapid and precise quantitation of specific 
gene products. 

6. Based on published literature (eg. [1, 2], fluorescent-based custom 
printed microarrays are a better approach to meet the objectives of 
this proposal. 
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REVIEW 

Dopamine receptors: 
from structure to behavior 
Stuart C. Sealfon and C. Warren Olanow 

The responses obtained with drugs that act at dopamine receptors depend on the spectrum of 

receptors stimulated, the pattern of stimulation and the neuronal signai-transduction pathways 

that are activated. In the absence of drugs that reliably discriminate between the various j 

receptors, elucidating the role of these receptors has largely relied on molecular genetic apr, 

that include expression of genes for receptors in cell lines and manipulation of this expr 

animal models. Connecting molecular events that occur consequent to receptor stimulate 

the resulting physiological effects entails bridging a complex network of interactions.Thii 

reviews the current understanding of the molecular, cellular and systeroJdSHfeauenci 

activation of the different dopamine receptors. 
Trends Neurosd. (2000) 23, S34-S40 

THE EVIDENCE that lack of dopamine (DA)-receptor 
stimulation contributes to Parkinson disease (PD) 

symptoms, and that receptor activation has a beneficial 
effect on these symptoms appears incontrovertible. 
The principal effects of L-dopa occur after its 
to DA via stimulation of various DA n 
acting DA-receptor agonjsfejhat do 
bolic conversion 
have simila 
Howevei^i 
clirudfiif^ 
not idettÖcaili'or example,! 
with L-dopi|le DA-i 
to induce^notC*!      "* 
motor flue 

at 
ovidi 

irofile} 
eceptoi 
benefits 

Tgonists are 
such as dyskiro 

to understand better how 
L-dopa and dtt^^^'OA-receptor agonists modulate 
behavioral res^^^pämfferentially, the results of their 
actions on specfflf^T receptors must be understood. 

Considerable progresses been made in elucidating 
the anatomy, neurocherhistry, physiology, pharmacol- 
ogy and molecular bfotogy of the dopaminergic system 
and its receptors1"3. DA receptors are members of a large 
family of structurally related receptors, the rhodopsin- 
like G-protein-coupIed-receptor (GPCR) superfamily. 

Stuart C. Sealfon    With the recognition that there are multiple DA recep- 
and C. Warren    tors, it has become evident that the response to a DA- 

Olanoware at the    receptor agonist is likely to depend on its relative activ- 
Dept of Neurology,    ity at these molecularly identified receptors. However, 

Mount Sinai    determining the relationship between receptor activation 
School of   and physiological response is difficult. The responses that 

Medicine,    ultimately occur after receptor activation result from 
New York,    modulation of a complex network of signaling molecules 

NY 10029, USA.    and neuronal circuits. Resolving these issues is compli- 
Stuart c. Sealfon is    cated by a lack of drugs that are selective for the cloned 

also at Die    receptor subtypes, and by the existence of both imme- 
Fishberg Center for    diate and long-lasting effects in response to receptor 

Neurobioiogy,    stimulation. For example, treatment with L-dopa is associ- 
Mount Sinai   ated with immediate motor benefits and with late- 

Schoolof   onset motor complications that presumably reflect 
Medicine,    drug-induced plastic changes in the response network. 

New York,       The ultimate response to an agonist is determined by 
NY 10029, USA.    the specific receptors that are selected and by the degree 

ated. 
implex: 

receptors 
one sigrMPWafficluction path- 
its acting at the same receptor 
iese signaling pathways. Thus, 

t are determined not merely by 
«ceptors activated and the degree 

lso by the specific pattern of signal 
at is elicited. 

Doparnine-receptor subtypes 

Dl and D2 receptors were initially characterized based 
on differences in ligand selectivity, and positive (Dl) or 
negative (D2) coupling to adenylate cyclase4. Molecular 
cloning revealed the existence of five (D1-D5) DA- 
receptor subtypes. The cloned Dl and D5 receptors are 
pharmacologically Dl-like, and the genes for the D2-D4 
receptors encode a D2-like family of receptors2. The rat 
D2 receptor was the first dopamine receptor to be cloned, 
being isolated by its homology to the ß2-adrenergic 
receptor5. Like all DA receptors cloned to date, it has 
seven hydrophobic domains that constitute predomi- 
nantly o-helical membrane-spanning segments. The 
distribution of D2 receptor mRNA has been studied by 
in situ hybridization. Highest levels are observed in the 
striatum, nucleus accumbens and olfactory tubercle, as 
well as in dopaminergic neurons in the midbrain, where 
they presumably generate autoreceptors. The gene for 
the D2 receptor also gives rise to two receptor isoforms, 
through alternative exon splicing, that differ in the 
presence (D2L) or absence (D^ of a 29 amino-acid seg- 
ment in the third cytoplasmic loop2. These isoforms 
show differences in G-protein coupling, regional distri- 
bution and sequestration rate6"*. In contrast to cloned 
D2-like receptors, cloned Dl receptors have a short 
third cytoplasmic loop. Highest levels of Dl receptor 
mRNA are found in the striatum, nucleus accumbens 
and olfactory tubercle. 

The D3 receptor has about 75% homology to the D2 
receptor in the transmembrane domains, but differs in 
its pharmacological profile, signai-transduction coupling 

S34      TINS Vol. 23, No. 9 (Suppl.l, 2000 0166-2236/00/$ - see front nutter C 2000 Elsevier Science Ltd. All rights reserved.     HI: S1471-1931(UO)OO025-2 
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and distribution'. D3-receptor mRNA levels are lower 
In the striatum and higher In nucleus accumbens than 
D2-receptor mRNA. Alternative transcripts of the D3 
receptor have been identified, but only mouse alternative 
transcripts encode functional receptor isoforms. 

The sequence of the D4 receptor has approximately 
50% homology to D2 receptors In transmembrane 
domains10. Levels of mRNA are highest in frontal cortex, 
amygdala, olfactory bulb and hypothalamus. The human 
D4 receptor is highly polymorphic, with a 16 amino- 
acid-repeat segment (two to ten times) in the third 
cytoplasmlc loop domain. A specific repeat number has 
been correlated with novelty-seeking personality traits11, 
and increased delusions in psychotic individuals are 
associated with a high number of repeat segments12. 
In rodents, D5 receptor mRNA is primarily located in 
the olfactory tubercle, hippocampus and mammlUary 
nucleus, and not in the striatum. 

Dl and D2 receptors in the striatum are primarily 
found on medium spiny neurons where they serve to 
modulate glutamate-mediated activity". Dl-receptor- 
bearing neurons contain substance P and dynorphln, 
and give rise to neurons comprising the direct striato- 
pallidal pathway. D2-receptor-bearing neurons contain 
enkephalln and give rise to neurons that influence the 
pallidum by way of the indirect pathway. Recent 
observations suggest that this model might be overly 
simplistic. There is evidence for extensive collateraliz- 
ation of striatofugal axons14, the presence of D2 receptors 
on striatal interneurons that is increased after a lesion 
of dopaminergic neuronsls, and co-localization of Dl 
and D2 receptors on striatal medium soüwMieurons" 
Furthermore, there is evidence oj#m fflK that 
provide anatomical conm 
striatal neurons, and these aft öttr*eory in 
conditions of dopamiDijjSrjiKSIraervation 
with DA-like agents17* 
accounted for in the pn 

Molecular mechanisms of; 

de DA recep- 
;ous proteins 

tracellular 
ta-helical 

ice of a series 

The rhodopsin-like GPCRs, 
tors, comprise several hundred^ 
that transduce an extracellular sigrji 
G-protein activation. Members oflj 
protein family are identified by the 
of conserved amino-acid motifs within their trans- 
membrane segments'9. Activation of GPCRs leads to 
altered receptor conformation. The activated receptor 
induces GDP-GTP exchange in the a subunit of a hetero- 
trimeric G protein, which causes dissociation of the o 
and ß-y G-protein subunits and subsequent modulation 
of various intracellular effector proteins. The simplest 
model for receptor activity presupposes that GPCRs exist 
in either an active or inactive conformational state. 
Agonists exert their effects by preferentially binding to 
and stabilizing the active conformation. However, there 
is no a priori reason why there should be only a single 
active receptor conformation. Proteins are capable of 
assuming a number of different conformations that are 
distributed according to an 'energy landscape'™. It is 
probable that there are several different active receptor 
conformational states, with some being more stable 
than others. Agonists stabilize active conformations, and 
different agonists might stabilize different populations 
of active conformations. Many receptors are known to 
activate multiple G proteins, and different G proteins 
might recognize and interact with different active 

conformations of the receptor. As DA-receptor agonists 
stabilize different active conformations, they might direct 
the receptor stimulus to different G proteins. This has 
been termed 'stimulus trafficking'20. Alterations In the 
normal pattern of tonic and phasic DA-receptor acti- 
vation21, as might occur with dopamlne depletion and 
with stimulation of the denervated receptor by therapy 
with exogenous DA-like agents, might also alter lead 
to altered signaling and behavioral patterns. 

Evidence for stimulus trafficking arises from the 
reversal of the relative efficacies of agonists in stimu- 
lating different signaling pathways via the same recep- 
tor. Reversal of potency or efficacy has been identified 
with several GPCRs. For example, PACAP-27 Is more 
potent than PACAP-38 in stimulating cAMP production 
via the PACAP receptor, but less potent in stimulating 
Inositol phosphate accumulation22. The efficacies of the 
5-HTIA-receptor agonists rauwolscine and ipsaplrone 
are reversed for activation of G^ compared with G,^ 
(Ref. 23). Differential stimulation of the Inositoj 
phate and arachidonlc-acid second-messi 
has also been demonstrated for a series of 
at the human 5-HT^ and 5-HT,,. receptoi 
signal trafficking has not yet been des* 
receptor agonists, the presence of this phi 
structurally related 
likely to have slm 
effects obtained 
the conformatii   

ptor and the 
 action re SHiat are elicited 

Snforri ^____ 
ffal groups^W      tejrf    ^^conformational 
Lthat occur dtHH Hrcation. Site-directed 

ling has beennSwrto measure the relative 
of helix 3 and helix 6 side chains of 

rig activation25. The results demonstrate 
activation is associated with displacement 

Sasmic ends of the two helices and a coun- 
terclockwise rotation of helix 6. In support of the idea 
that movements of these helices contribute to receptor 
activation, rhodopsin activation is blocked when the 
movement of helices 3 and 6 is restricted by either 
disulfide crosslinking25 or engineered Zn2* binding 
sites26. Similarly, a constitutively active ß2-adrenergic 
receptor has been shown to manifest increased acces- 
sibility of a helix-6 cysteine for chemical modification. 
This finding is consistent with counterclockwise rotation 
of this helix during activation. Site-specific environ- 
ment-sensitive fluorescent labeling studies also suggest 
that agonists induce conformational changes of helix 
3 and helix 6, consistent with a model of GPCR acti- 
vation in which helix 6 rotates and displaces from 
helix 3 (Fig. I)25. 

Although high-resolution data are not yet available on 
any GPCR, the integration of various experimental and 
computational approaches provides considerable insight 
into the function of these receptors. Cryo-electron 
microscopy studies of rhodopsin have identified the 
orientation of the transmembrane helix domain bundle 
of these receptors27. Various approaches have been used 
to map the binding site of DA receptors, including 
substituted cysteine-scanning mutagenesis, site-directed 
mutagenesis and receptor chimeras. The binding pocket 
of DA receptors, common to all neurorransmitter GPCRs, 
lies within the transmembrane helix domain (Fig. 2). 
There is evidence that GPCRs can form homo- and 

TINS Vol. 23, No.9(Suppl.), 2000      35 
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heterodimers^^^Mfelectropheresis provides evidence 
of DA-teceptor dtn^|t]f<rell lines and brain samples3031. 
GICRs can also aggfegate'fr; Wvo, and these aggregations 
can be functionaffi||ä^hificant. Using fluorescence 
resonance energy transfer assays, it can be shown that 
the somatostatin ssts receptor and the D2 receptor 
form heterodimers that modulate receptor signaling32. 
For example, signal transduction of a coupling-deficient 
mutant somatostatin receptor can be restored by co- 
expression of the gene for the mutant receptor with a 
D2 receptor, suggesting that the somatostatin receptor 
can signal through the D2 receptor. Functional inter- 
actions between DA receptors and ligand-gated chan- 
nels have also been reported. The C-terminal domain 
of the D5 receptor can interact with the second intra- 
cellular loop of the GABAA-receptor y2 subunit, so that 
each receptor inhibits the function of the other33. 

Molecular genetic approaches to understanding 
DA-receptor function 

DA-receptor agonists and antagonists might not 
reliably distinguish the various cloned DA receptors. 
As a result, several laboratories have turned to genetic 
manipulations to investigate the role of specific DA 
receptors. Mice with genetically induced lesions that 
target the Dl, D2, D3 and D4 receptors have been 

characterized. Antisense sequences for the receptor, 
using an oligonucleotide or expression vector, can also 
assess decreased function of a genetically identified 
receptor. Transgenic receptor oveiexpression mouse 
models can be used to assess the effects of gain of 
function. In this approach, additional copies of the gene 
of interest are introduced into the pronucleus of a fer- 
tilized egg, and the effects of the expression of the 
rransgene are studied. To date, an overexpression 
transgenic model has only been developed for the gene 
for the Dl receptor34. There are several caveats that must 
be considered when evaluating genetic approache 
the study of DA-receptor function. In gene 1 
transgenic approaches, animals develop with 
etic abnormality. Accordingly, the phenc 
be influenced by developmental adaptation 
perturbation as well as the background strain j 
the genetic alteration is studied. These have ( 
proposed to influence the phenotype of 1 
deficient mice35. The approach^Bfl^HQtroduce i 
genetic lesion can also Ii 
type. In some models, tl 
nated, whereas in othej 
produced that does n 
retain other nonrecepti 

Jlce, in fejexpresseg ntorpo- 
■ In -^tiMlBlilltBlBi^^HB^fder to 
' thatTHB HRvation of 

of incWpOHKron contributes 
necessary to study multiple, 

I lines. In addition, the location 
of the receptor gene is deter- 

Ifomoter sequence used for target- 
' transgene incorporation. The lack 

t predictably target DA receptors to the 
desired regions has limited this approach. Hybrid arrest 
approaches attempt to ablate the receptor through the 
introduction of antisense oligonucleotides or vectors. 
This approach allows the animal to develop normally, 
but the reduction in receptor level is incomplete. 
Furthermore, this approach is restricted by physical 
limitations in delivery of antisense into target cells. 
Although these limitations need to be borne in mind, 
genetic approaches have provided important insights 
into the role of DA receptors. 

Lesions in the gene for the Dl receptor have been 
reported to induce deficits in movement initiation and 
reaction to external stimuli in one model36-37, but not 
in another38. Mice with a genetically lesioned Dl 
receptor have altered sensitization to amphetamine 
and do not show the progressive increase in motor 
responses seen in control animals39. These results sug- 
gest that Dl is the predominant receptor involved in 
sensitization to amphetamine. Deficits in spatial learn- 
ing and reduced locomotor responses to repeat cocaine 
injections have also been reported in this model40'". 

Accompanying these behavioral changes, Dl-receptor 
null mice exhibit a reduction in substance P and 
enkephalin synthesis, increased immunostaining for the 
GluRl glutamate-receptor subunit, and decreased 
staining for the NR1 subunit of the NMDA receptor42. 
Induction of expression of Fos and Junb, and regulation 
of dynorphin by cocaine and amphetamine are absent. 
Interestingly, neurophysiological responses and cel- 
lular morphology in the neostriatum are normal in 
this mouse. However, dopamine does not potentiate 
NMDA-receptor-mediated electrophysiological responses 

of proi 
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in neostrlatal slices In Dl-teceptor-deflcient mice". In 
addition, dopamine-mediated inhibition of glutamate- 
Induced firing is lost in nucleus accumbens neurons. 
The effects of D2-receptor agonists on glutamate- 
induced activation in the nucleus accumbens are also 
absent, even though D2 receptors are functional In 
the Dl-receptor-deficient mice, as evidenced by the 
preserved induction of cataplexy and expression of 
striatal Fos and ]un by D2-receptor antagonists. 

The effects of overexpressing the gene for the Dl 
receptor have been Investigated in two lines of trans- 
genlc mice34. Increased Dl-receptor binding was most 
marked in cortical areas. A full Dl-receptor agonist 
caused a striking suppression of locomotion, In contrast 
to the dose-dependent Increase in locomotor activity 
seen in wild-type mice. Dl-receptor agonist-induced 
rearing and climbing behaviors were suppressed, but 
the transgenlc animals performed as well as control 
mice on rotarod testing, indicating that sensorimotor 
coordination was unaffected. These results show that 
altering the levels of Dl receptor can reverse the effects 
of Dl-receptor agonism on locomotor initiation and 
rearing. This raises the possibility that Dl receptors in 
different locations might contribute to both suppression 
and stimulation of movement initiation. 

Two lines of mice with genetically lesioned D2 
receptors have been developed35'43. Impaired locomotor 
function has been observed in each, although there was 
some disparity in the degree of deficit. D2-receptor- 
lesioned mice also showed an abnormal pattern of long- 
term depression, with synaptic depression being replaced 
by potentiation13. These findings imp!j£atfh£he loss of 
D2-receptor activation in the 
PD. Antisense approaches havi 
D2-receptor function in vivofjfij 
stnata of mice of an exptessjr- 
the antisense D2-receptp|; 
and inhibition of stereotjl 
agonist44. Depletion of 
rat striatum with antisense ol 
Stereotypie sniffing in respon: 
morphine. Vacuous chewing, w1 
dose apomorphine, was unaffei 
involvement of other receptors or pi 
tors in this response. Unilateral deplerJ^^Fp'resynaptic 
D2 receptors, using antisense oligonucieotides injected 
into rat substantia nigra, induced contralateral rotation 
in response to cocaine. These results suggest that 
presynaptic D2 receptors contribute to the locomotor 
responses observed with cocaine. 

Mice that lack D3 receptors show increased loco- 
motor activity and rearing behavior45,46. A similar 
increase in spontaneous locomotor activity was 
observed in rats depleted of D3 receptors by injection 
of antisense oligonucieotides47. Performance of the 
D3-receptor null mice in open-field and elevated-plus 
maze are characteristic of a reduced level of anxiety. 
The D3 receptor might also modify the response to 
activation of other DA receptors. These mice also show 
an increased sensitivity to cocaine in stimulated loco- 
motor activity and to amphetamine in the conditioned- 
cue preference test46. Locomotor stimulation induced 
by co-administration of Dl- and D2-receptor agonists 
is augmented in D3-receptor null mice, but there are 
no differences in electrophysiological responses. Genetic 
lesioning of both D2 and D3 receptors leads to a more 
severe motor phenotype than does D2-receptor lesion 

Rg.lDopantehthebkKfysHeaefaofthe(k>pamk*D2naptor 
viewed from the extracellular side. Dopamme (given) is shown bind- 
ing between helices 3,5 and 6. Sites of interaction are shown in yellow. 
Adapted from Ref. 28, courtesy of I.A. BaBesteros andj.A lavitch. 

alone47. D3-receptor null mice have comparabl 
receptor activity to wild-type mice, indicati- ^ 
D3 receptor does not contribute to auto 
tion. Intraventricular injections of an 
nucleotides in rats  leads  to  reduced 
binding, reduced neurotensin and dyn 
levels, and decreased cin|WBBrtte^ex Fo: 
els49. These tesults^m ^Bcepto1 

modulate neurooffliotr ancrjaimwlmat 
expression.   

itor appear to 
activation of 

mice show 
'phetamine and 

4 receptor might 
iction, as D4-receptor 

lice have increased DA synthesis. A D5- 
receptt» |Hul mouse line has been developed but not 
yet fu^p^incterized3. Injection of a D5-receptor anti- 
sense oflfaRucleotide potentiates the rotatory response 
to SKF38393 in rats with unilateral lesions induced by 
6-hydroxydopamine. This contrasts with Dl-receptor 
antisense oligonucieotides, which prevent this response. 
These results suggest that D5-receptor activation inhibits 
locomotor behavior. 

Other components of the dopaminergic system 
have also been targeted for genetic study. Inactivating 
the gene for tyrosine hydroxylase produces dopamine- 
depleted mice that are profoundly hypoactive. Mice 
deficient in the gene for the DA transporter show 
marked hyperactivity and insensitivity to the locomotor 
effects of both amphetamine and cocaine. Interestingly, 
these mice still self-administer cocaine and the rewarding 
effects of morphine are augmented. 

The genetic approaches to the study of the function 
of the dopaminergic system reveal a complex role for 
the various DA receptors in the modulation of loco- 
motion. All subtypes studied by gene lesion or over- 
expression influence locomotor activity, either directly 
or via their modulation of other DA-receptor systems. 
In evaluating these models, it has become clear that 
current drugs might not differentiate between the 
various molecular DA-receptor subtypes in vivo. A 
recent study underscores this problem. Agonists and 
antagonists that were believed to be D3-receptor selec- 
tive were found to have identical effects in wild-type 
and D3-receptor null mice51. More-specific receptor 
agonists are required. 
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Possible role of ddppnine receptors in dyskinesia 
and neuroprotection in PD 

Dyskinesias complicate L-dopa treatment in the 
majority of individuals with PD. Recent studies suggest 
that dyskinesias result from abnormal pulsatile stimu- 
lation of DA receptors, which leads to dysregulation of 
downstream genes and proteins, and a consequent 
alteration in the firing pattern of basal-ganglia output 
neurons52. However, the precise molecular mechanism 
by which pulsatile stimulation of striatal dopamine 
receptors is translated Into altered firing patterns in 
paludal neurons has not yet been established. Some 
molecular changes associated with DA-receptor stimu- 
lation and denervation, as well as with the development 
of dyskinesia, are only now beginning to be revealed. 
DA-receptor stimulation is associated with upregulation 
of the expression of immediate-early genesS3. These 
gene changes can influence many aspects of neuronal 
function including regulation of neurotransmitters and 
ion channels, and thus might be crucial for long-term 
adaptive responses. The pattern of change in genes and 
G proteins is markedly altered by dopaminergic-neuron 

denervation. In the 6-hydroxydopamine-lesioned rat, 
there are increased levels of the a subunits of G„ G,,,, 
and G, in the striatum54". Dopaminergic-neuron de- 
nervation is also associated with increased levels of 
preproenkephalin (PPE) mRNA, and decreased levels 
of preprotachykinin In D2- and Dl-receptor-bearing 
striatal neurons, respectively5*37. These changes tend to 
be reversed with therapy that involves DA-like agents. 
However, increased PPE synthesis is not reversed by 
L-dopa or short-acting DA-receptor agonists that are 
associated with dyskinesia, but is reversed by long-acting 
DA-receptor agonists that do not induce dyskin 
Indeed, several studies have demonstrated 1 
tent upregulation of PPE synthesis correlate 
development of dyskinesia in MPTP monkey 1 
These findings illustrate the potential of 
stimulation of striatal DA receptors with shojj 
dopamine-llke agents to induce changes! 
expression that might contribute to the indue1 

altered neuronal circuits and a] 
as dyskinesia. 

DA-receptor activatioi 
neurodegeneration in Pj 
dized to yield reactive 
to cultured DA neuroi 

lOf 

.Pri 

^against 
jeoxi- 
| toxic 

not 
(formal 
gesting 

^y^g^^MffljOTBftMlue^oxidative 
s, howevSpfflprointerest in the 

I agonists, which do not undergo 
(for providing neuroprotective 

L variety of antioxidant mecha- 
! now suggests that DA-receptor 

protect dopaminergic neurons 
throu^ff^PfSclptor-mediated mechanism. For example, 
bromocriptine protection of mesencephalic neurons 
from L-dopa toxicity is blocked by the D2-receptor 
antagonist sulphide and by antisense oligonucleotides 
directed against D2 receptors62. 

Other work, has used microarrays to begin to evalu- 
ate the genes that are regulated by stimulation of the 
DA receptor63. Stimulation of DA receptors with the 
DA-receptor agonist pramipexole induces increased 
expression of multiple genes involved in synaptic 
plasticity and neuroprotection. It is likely that many 
more genes are affected by stimulation of DA receptors, 
and that different patterns of gene expression will result 
from pulsatile versus continuous stimulation of the recep- 
tor and with the use of different DA-like agents. This 
pattern might influence the likelihood that dyskinetic 
behavior will develop or that a nerve cell will degenerate. 

A complexity perspective 

Many elements determine the physiological effects 
following activation of DA receptors in the normal and 
parkinsonian states. Important determinants include 
the molecular identity of the receptor stimulated and 
the specific signal-transduction pathways that are acti- 
vated. A variety of G-protein, ion-channel and second- 
messenger systems are modulated following receptor 
stimulation2. The specific intraceliular signaling pattern 
that results is dependent on the initial state of the cell, 
interaction between receptor hetero-multimers and sig- 
naling intermediaries, and the precise pattern of receptor 
stimulation. Receptor stimulation can induce both 
immediate and long-term changes in cell physiology, 
and these in turn can be translated into alterations in 
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neuronal survival, neuronal circuit activity and behavior. 
Understanding the relationship between the pattern 
of receptor stimulation, the myriad of signaling com- 
ponents and the physiological effects that ensue is dif- 
ficult. It is becoming increasingly appreciated that this 
system forms a complex network that is characterized, 
both at the molecular and neuronal level, by patterns 
that represent more than the sum of the Individual 
components (Fig. 3). Simple signaling networks in 
invertebrates have demonstrated that multiple trans- 
mitters can induce physiological responses, which are 
cannot be obtained by each transmitter acting alone". 
Computer simulation of Intracellular signaling networks 

suggests that discrete network states can exist that are 
only loosely tied to any particular signaling com- 
ponent". Neuroscience is succeeding In elucidating the 
molecular targets of DA and DA-receptor agonists, and 
in mapping each receptor to specific cellular and 
behavioral responses. The development of genome-wide 
profiling techniques holds the promise of even better 
sampling of the consequences of receptor stimulation. 
The challenge is to define the complex relationships 
between receptor activation, cell signaling, circuit activ- 
ity and physiological effects in quantitative terms. 

For further discussion on this topic see Box 1. 
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f^TSMhvdrepyrt*» (MPTT) wdargoaa a» v*o raxJaaon by monoan*« 
2*^75 (MAO-B) to 1-n»<ny»-4^o«iylpyn<»)idium (MPP») wnlcn ttan 
s~^jT|Siic aflacta an «xjparcwiargJc rtauran» of no lubatanoa ragra ti 
üZT VW»wi tHa OK«« narvoua »yatam (CNS). spinal Wamauninal 
L*1M am aho »aly 10 play a aagntVan» rota in a» pamophytiotoByoIPO. 
?T^<<)^o<I^P««'T<«OM^by^.»fi<^nM)ilionot(Ti«ochondrtal 
^Z, I. ralaaaing fraa radical». MPP» may aHo acOvala hWnaftyM)- 
«.nartala (NMDA) raeaptor». neraaaang eyteaoae eoncanlratfon of frM Car*. 
IrjJly^rtioila tha probaMa involvarnarit of tha Ca^-dapandant cyattna 
Inuasa caBa»i «1 spinal cord daganarabon. »a amployad lha nwatimW 
S^PTP-MucadPO. Mala C57BL«Nmica (17 months oW)warasub|actad 
J, MPTP traatmanta (12.5moykg «or 0.»: Mmg/Vg tar 0 2Sh; SOmr/kQ for 
0.25 0.5. t. 2. and 24ri). RT-PCR and Wastam Wot analysawara partarmad 
„tM ins thoracic sagmani ol spnal cord form normal and MPTP-hducad PO 
„it»; Al sehadulas o( MPTP treatment caused caipar overasprasslon at ha 
mRNA and protetfi levels to venous extant, compared to normal mica. 
C*pain activity was measured märecOy by MkO neuroflUmenl protein (NFP) 
(jagradation, «fieri was «Kreased «1 MPTP-mjuced PD rmce. These raaufta 
suggest that calpain may pley a role «i spinal cord degeneration In PO. 
Supported by NIH-NINOS. NMSS. and AHA Foundation grants. 
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132.10 
PATTERN OF GENE LNDL'CTION BY DOPAMINE 
AGONISTS IN RAT MIDBRAIN CULTURES STUDIED BY 
MICROARRAY ANALYSIS. I A Sou««. C. Mvtilineou* 
rw Otannw and S.C. Stalfon. Deparuneni of.NcuRriOfy. 
Mount Sinai School of Medicine. N«w York. NY 10029 

Several dopamine (DA) agonists ire approved for clinical use m 
ibe treatment of Parkinson's disease. Stimulation of DA receptors 
by dopamine agonist improves motor features associated with this 
disease. In addition, several studies have suggested that dopamine 
agonists, including pramipexole (PPX), may have neuroprotective 
activity. In order to identify the gene responses that may mediate 
the long term effects of these agents, we are studying the response 
to PPX of > 4000 known genes by microarray screening using rat 
mesencephalic cultures. Cultures were treated with vehicle or 1 
uM PPX for 6h and 24h. Total RNA was extracted from control 
and treated cells, reverse transcribed, labeled and used as a probe to 
screen microarray membranes containing DNA validated sequences 
of known human genes. We selected 24 genes that were regulated 
by >3 fold at 6 and 24 h for further analysis. Genes that are 
induced by PPX include V-myc. fas binding protein dax and 
glutathione peroxidase. The time course and response to other 
agonists, and to other neuroprotective and neurotoxic agents are 
being investigated. These studies will help elucidate the 
mechanisms underlying the long term symptomatic and putative 
neuroprotective effects of dopamine agonists. 

132.11 
EXTENSIVE DOPAMINERGIC CELL DEATH IN THE RAT SUBSTANT1A 
NIORA FOLLOWING INTRASTR1ATAL INFUSION OF «-OHDA: A MODEL 
OF PARKINSON'S DISEASE FOR NEL'ROPROTECTION. Vis-Hmum Oiw.« 
RpoHo Say»» Pcnijulf Mal.mma Knhulnn-Hi Andre Phillip« lad KjYl S. 
Bapkiewicz. Molecular Therapeutics Section. LM.VN. NINDS. NIH. Bethesda. MD 

:0892. 
Infusion of ilopaminergic l DA i lonnes into the ttrutum produces a delayed lad 

progressive Jegencntion of Jopa/mne neurons 1a the ipsilaieral subsuatia men) 
LSNc). The time ipan oetween lesioning and actual neuronal death provides a 
therapeutic window for testing neuroprotective strategies. The aim of this study was 
to characterize the time course and »tend .if ceil Jcath in the SNc following aa 
intrastriatal infusion jf o-OHDA .n oroer 10 Jesign in optimal model for the study 
of neuroprotcction in Parkinson's Jiscase Sprague-Dawley rats (n-95) received a 
stereotaxic unilateral infusion if ri-OHDA 0. 5. 10. 20ug in 20u PBS) using 
convection-enhanced delivery (CEDi to allow eitended distribution withia the 
stratum. Morphological changes were juant:f:ed by lyrosine hydroiylasc 
immunohistochemntrv TH-IRi and apnptiMic naming Estensive DA lesion of the 
striatum with relative ,panng of 'he n accumber.s was ibserved within first week. 
Apcptosis :n the -unstantia nigra was Jeterminecl 'iv n «fu end-labeling of free 3" 
ends in rracmented nuclear OSA and TH-iR *!L1 S't,,l -ounterslaintng. One week 
alter the .nlusion. TH IR SNc neuronv ,howeo ip.'Ctonc changes but TH-IR was 
preserved. Two :o ruur weeks alter the lesion, a progressive dose-dependent 
decrease tn ni-IR cells was round .n ;ne SNc. wriile Hl-IR cells were spared in the 
ventral tecmenul area iVTAj. This points to a particular susceptibility of nigral 
neutons to the apoptotic death as RuoroGciJ administration using the same 
infusion rectinique 0 I' r. ZCul I 'abelcd over aij1^ of TH neurons in SNc and VTA. 
This is J valuable model of progressive and .elective loss of DA neurons in the 
SNc. which can be used :or neuroproiection jperraches to Parkinson's disease- 

132.12 
ALTERATIONS IN THE ABUNDANCE. COMPOSITION AND 
PHOSPHORYLATION OF STRIATAL NUOA RECEPTORS IN THE 
RAT  B-OHDA  MOOEL  OP  PARKINSON'S  DISEASE. 
AW Punah'V Y-H. Wang'. K Kamgvarna' R. L Huaanir3 B.B, Wolfa' and O.G. 
gfondaart'. 'Department of Neurology. Mass. General Hosp. and Hanwd Med. 
School. Boston. MA 02114; 'Departrnant at Phamiacology. Georgetown Univ. 
School of Med.. Washington. 0C 20007; *Deoartment ol Neurosctence. ^hns 
Hopkins Univ. School of Med.. Baibmon». MD 21205. 

NMDA glutamate receptors have a potent modulatory effect on 
toparninergic signaling, and are potential targets for new ttwrapeutics in human 
Parkinson's disease. We used quantitative immunobtot and 
immunoprecipitation methods to examine alterafions m the relative abundance. 
subunit composition and phosphorytation of NMOA receptors in tne rat 
unilateral a-hydroxydopamine (6-OHDA) model o« Partcinson's disease. In 
stnataJ membranes, the abundance of NR1 and NR2B proteins were reduced 
on the lesioned side (39% and 35V respectively) while the abundance of 
NR2A was unchanged. Coimmunoprecipitation of soluble strata, membrane 
proteins under native conditions showed a marked reduction in NMDA receptor 
complexes composed o( NRi and NP2B subunits. The senne phosphorytation 
ol NR1 at ser890 and ser696. but net s«r897. and :he tyrosine phosphorytation 
■at NR2B out not NR2A were decreased *n :he :esioned striatum. Chronic 
treatment with L-DOPA normalized the abunaance and composition of the 
NMDA receptors found in straiaJ memcrares. but also produced 
nyperphosphoryiaiicn of NRi. NR2A. and NR29 subunits. These data suggest 
:nai assemcly and nsertion ol NMDA receptors into stnataJ membranes are 
modulated oy dopamine. and that altered receptor subunit phosphorylation 
may make an important contribution to the adverse effects observed after long- 
term L-0OPA treatment. 

Supported üy NS31579 and NS34361 (DCS); NS2830 (8BW); and a 
Cotztas Fellowship from the Amencan Parkinson Disease Assoc. (DGS). 

132.13 

EXTRACELLtTAR SIX.l.ElMT RECORDING FROM THE 
STRUT! M OF FREELV-MOVIX; I NILATTRAL 6-OHDA LESIONED 
R-^TS- MT Pen.'' BJ HoiTcr. M Morales. C.V Borlongin.' AF. 
HoiTman. ? H. Jajuic 'Cellular Neurobioloity 3raceh. National Institute on Drug 
Abuse, NIH. Baltimore. MD 112U and "OcTiaranent of Neurownjery. 
Neuroloijical Institute. Veterans General Hospitii-Taipei, Taiwan ind Graduate 
Institute of Medical Sc.enc«. National Defense Meiical Center. Taipei, Tiiwan. 

Loss of Jopaminergic iDAi input to 'he jtr.atum :n animals and in man produces 
a number of motor and .ensory sbnormahnes To ur.dentand how DA loss affects 
striatal physiology, we lesioned 'Jie medial forebrain bundle unilaterally with 6- 
hydroxydopamme io remove -5\e iource of DA po ^rorons in the ttnatum. Chronic 
recording was then used '.o monitor the sxracellular elecaical acnviry of 
ensemblcj of individual neurons *ithin *iie sffunan during behavior in the awake 
rat. Two Aeeks after 6-OHDA .csioning. array« af 1 >tainiess steel Teflon-coated 
microwires vere unplanted bilaterally :nto 'Jie iorsal stnarum. One week after 
surgery, neuroelecmc »igtuls .if -. -16 onuts *ere iimuitaneously ampliiied. 
filtered, iorted. and recorded n ±e 1-j.ike iub;ec: hiring dady 40-minute sessions 
for the riext 2 consecunve weeki. \n increased mean neuronal firing rate of the 
lesioned side, as compared to the :ontralateral aon-lesioned tide, was noted. After 
apomorphine injecüon i;.c.. 0 05mgkg). the mean firing rate of neurons of the 
lesioned iide decreased, and 'hat of *Jie .-ontrahteral rwnlesioned side, increased. 
Changes' in firing pattern i including mean, median, mode interspike interval, 
variation coetTicient) were also found, to conclusion, neurons of the DA- 
denervated jtnatum of the awake rat show a higher discharge rate, and an 
increased inhibitory response to DAergic receptor agonists. These results suggest 
that altered patterns of stnatal activity after loss of DA modulation may underlie 
the motor and sensory abnormalities seen in Parkunson'i disease. Supported by the 
Intramural Research Program. SIDA. SIN ana >'GH- Taipei. 
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SPONTANEOUS LONG-TERM COMPENSATORY DOFAMINEBOIC 
SPROUTING IN MPTP-TREAfKD MICE S Du%ero' E Berad. T Boraud. 
B Hioulac-indf b ,mm Basal jjang. '3.RS LMR 554J. Cniversitc Bccdcstn 

:. 330^6 Btadeaiix Xtmx 
Several recent reports would seem to indicate that surviving adult 

DA neurones in animal models of Parkinson's disease can undergo 
plastic trophic support-induced modifications similar to those already 
observed in gluumatergic and serotonergic stnaüi aiTerents. The 
spontaneous compensatory sprouting of DA fibers after partial nigral 
degeneration has already been elicited in the rat <Dravid et ai, 1984 ; 
Onn ef at., 1986, Blanchard et ai., 1996) and in the mouse (Ho and 
Blum. 1998 but the consequences of severe degeneration have oot yet 
been explored 

The present studv was designed to investigate whether this 
phenomenon can sttll be observed after severe MPTP intoxication in 
the mouse [ H]-DA uptake was measured b> stnatal synaptosomal 
preparation  in OF I mice at 0.5l 13. and 7 months after intoxication. 

Although the number of TH immunoreactive neurones remained 
stable in the SNc throughout the enure protocol, a progressive increase 
in ['HJ-DA uptake was observed From 17<* at 05 months uptake 
increased to 65% at 7 months (p<0.05). 

These results provide clear evidence that spontaneous long-term 
compensatory dopaminergic sprouting can occur even after severe 
MPTP-induced nigral degeneration. The onpn of the new DA fibers 
remains a mystery. The sprouting we report could be due cither to 
rcgrowih from surviving DA nigral neurones or to the proliferation of 
intrinsic striatal DA neurones or to both. 

-Supported by CNRS and MESR gtant- 
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