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ABSTRACT 

Analysis of monogenic forms and candidate genes of 
Parkinson’s disease (PD) does not allow to describe 
completely the contribution of genetic factors to the 
etiopathogenesis of the disorder. An approach associ- 
ated with an analysis of changes in a transcriptome 
pattern during the development of the disease in 
model objects can be used to identify new candidate 
genes that are involved in the pathogenesis of PD. In 
this work, we performed a transcriptome analysis of a 
PD model, created via stereotaxic unilateral introduc- 
tion of the 6-hydroxidopamine (6-OHDA) into the 
substantia nigra pars compacta (SNpc) of a rat brain, 
to identify new candidate genes for PD. We studied 
transcriptome alterations in the substantia nigra of 
the rat brains 2 weeks after toxin administration, 
when the rats developed the Parkinson-like pheno- 
type, and 4 weeks after toxin administration, when 
maximal changes in the behavior of animals were 
observed. The transcriptome analysis of the substan- 
tia nigra of the rat brains at the first time point (2 
weeks) revealed changes in expression of genes that 
were clustered with high significance (p < 0.01, modi- 
fied Fisher extract p value) into three metabolic 
pathways according to protein participation: modifi- 
cation of the extracellular matrix, signal transduction 
(including genes encoding signal peptides), and in- 
flammation processes. This likely indicates that, dur- 
ing this time nonspecific effects associated with the 
response to surgery took place in the substantia nigra 
of the rats. Concomitantly, the situation changed 
dramatically and a response associated with damage 
to the nervous tissue was observed 4 weeks after neu- 
rotoxin administration. As a result, we identified five 
metabolic pathways containing predominantly genes, 
that encode protein products that are involved in the 

processes of neuron projection, normal functioning of 
the soma and dendrites of neurons, synaptic trans- 
mission, and transmission of nerve impulses (p < 0.01, 
modified Fisher extract p value).  
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1. INTRODUCTION 

Parkinson’s disease (PD) is one of the major neurode- 
generative disorders that are characterized by progressive 
degeneration of dopaminergic neurons in the substantia 
nigra pars compacta (SNpc) region of the brain which 
leads to massive loss of dopamine (DA) in the caudate 
nucleus and putamen [1]. Mutations in genes such as 
SNCA, PARK2, PINK1, PARK7 (DJ-1), and LRRK2 
have been reported to lead to the development of mono- 
genic forms of PD. Moreover, several candidate genes 
with an unclear role in the pathogenesis of PD have been 
identified [2,3]. However, the analysis of these genes 
does not allow the complete description of the contribu- 
tion of genetic factors to the etiopathogenesis of the dis- 
order. An approach associated with the analysis of 
changes in the transcriptome pattern during the deve- 
lopment of the disease in model objects can be used to 
identify new candidate genes that are involved in the 
pathogenesis of PD. One of the most widespread meth- 
ods of PD modeling is the administration of a neurotoxin 
to rodents. This technique allows the creation of models 
that reproduce well the pathological and behavioral 
changes that are specific to PD [4]. The 6-hydroxidopa- 
mine (6-OHDA) model, which is prototypically based on 
the local injection of the neurotoxin, was the first animal 
model of PD ever generated [5]. 6-OHDA is a hydroxy- 
lated analogue of DA with high affinity to DAT, which  
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transports the toxin inside dopaminergic neurons. 6- 
OHDA cannot pass through the blood-brain barrier; thus, 
it is introduced either directly into the nigrostriatal path- 
way, striatum, SNpc (usually unilaterally), the lateral 
ventricle of the brain, or the big occipital cistern [6,7]. 
6-OHDA causes massive anterograde degeneration of the 
nigrostriatal pathway after the injection into the SNpc. 
SNpc neurons begin to die within the first 12 h postinjec- 
tion, whereas marked lesion of striatal dopaminergic 
terminals, paralleled by DA depletion, is established 
within 2 - 3 days. This procedure provides the highest 
level of nigral cell loss and striatal DA depletion obtain- 
able in PD animal models (90% - 100%) [4]. The mecha- 
nism of action of 6-OHDA is substantially related to its 
prooxidative properties. 6-OHDA accumulates in the 
cytosol and undergoes prompt autooxidation, thus pro- 
moting a high rate of hydrogen peroxide formation. As 
an additional mechanism, 6-OHDA can accumulate in 
mitochondria, where it inhibits complex I activity. The 
lesion obtained using 6-OHDA is highly reproducible, 
which represents a considerable added value when new 
therapeutic strategies are to be investigated and clear 
neuroprotective effects must be demonstrated [4].  

In this work, we performed a transcriptome analysis of 
a PD model created via stereotaxic unilateral introduc- 
tion of 6-OHDA into the SNpc of the rat brain, to iden- 
tify new candidate genes for PD. 

2. MATERIALS AND METHODS 

2.1. Study Design 

Male Wistar rats (weight, 250 ± 30 g) were used in this 
study. The rats were kept in a vivarium with an environ- 
mental temperature of 22˚C, a 12-h light/dark cycle (7:00 
am onset) and free access to water and food. The ex- 
periments were carried out in strict accordance with 
IACUC guidelines. All rats were divided into four groups 
(10 animals in each group): two experimental and two 
control groups. The DA neuron-selective neurotoxin 
6-OHDA hydro-bromide in 0.1% L-ascorbic acid 0.9% 
saline was administered using a Hamilton syringe with a 
27-gauge needle to obtain a unilateral nigrostriatal lesion. 
The rats were anesthetized with 50 mg/kg of ketamine 
and 5 mg/kg of benzodiazepine intraperitoneally (i.p.). A 
burr hole was made in the skull using a dental drill, and 
after careful piercing of the dura mater, the needle of the 
Hamilton syringe was inserted vertically according to the 
stereotaxic coordinates: −4.8 mm posterior and 2.0 mm 
lateral to bregma, −7.0 mm with reference to the dura. 
Three microliters of the 6-OHDA solution was infused at 
a rate of 0.4 µL/min for a total infusion time of 7.5 min. 
Sham-operated rats (control groups) were infused with 
an equivalent amount of vehicle. The needle was left in 
place for 1.5 min after the delivery of the reagent and 

then slowly retracted.  

2.2. Behavioral Study  

Testing of the motor activity of rats was carried out using 
the “open field” method for 3 min. The number of 
crossed squares and number of racks were taken into 
account. The rats were then placed into the elevated 
X-labyrinth, where the behavior of the animals was esti- 
mated for 3 min based on the following parameters: the 
preference for open arm (OA) or closed arm (CA) at the 
beginning of the experiment; the latent period of entry; 
and the time of stay in the OA or the CA. Registration of 
the behavior of animals was carried out using a web 
camera. The analysis of the rotational behavior of rats 
after subcutaneous injection of apomorphine was carried 
out to test the unilateral damage of DA neurons.  

2.3. Immunohistochemical Study 

The rat brains were analyzed 4 weeks after injection of 
the toxin, to estimate the loss of DA neurons and the de- 
crease in dopamine synthesis caused by the introduction 
of 6-OHDA. The preparation of the brain slices for im- 
munohistochemical study was carried out in accordance 
with the method described in the work of Chen and col- 
leagues [8]. Quantitative evaluation of tyrosine hydroxyl- 
lase was performed using polyclonal antibodies (Sigma, 
T8700) and by measuring the intensity of immunolabel- 
ing according to a method described previously [9].  

2.4. Transcriptome Analysis 

Total RNA was isolated from 10 mg of each tissue sam- 
ple using the QIAamp RNA Mini Kit (Qiagen, Germany) 
immediately after sample dissection. RNA quality was 
monitored by electrophoresis in a denaturing agarose gel. 
RNA amount was determined using the fluorometer 
Qubit by Quant-iT RNA BR Assay Kit (Invitrogen, 
USA). Single-stranded DNA was synthesized using the 
RevertAid H Minus First Strand cDNA Synthesis Kit 
(Fermentas, Lithuania) using 100 ng of total RNA, ac- 
cording to the manufacturer’s recommendations. The 
quality of RNA preparations obtained was evaluated by 
determining the mRNA level of the housekeeping genes 
Actb and Gapdh using real-time PCR. 

The analysis of large-scale transcriptome changes was 
carried out using microchip hybridization of total RNA 
pools. Total RNA (200 ng) from five samples of rat sub- 
stantia nigra from one group was taken in each pool. 
Hybridization was performed on RatBasic microchips 
(Illumina, USA). Six independent hybridizations were 
carried out and the expression levels of all genes were 
determined for each RNA pool. The data obtained were 
averaged within the pool and the acquired averaged ex- 
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pression profile of this pool was compared with the av- 
eraged expression profiles of other pools using the soft- 
ware package Genome Studio (Illumina, USA). 

2.5. Statistical Analysis  

Statistical analysis was performed using statistical soft- 
ware (GraphPad Prism v4.0; GraphPad Software, Inc., 
La Jolla, CA, USA). The control group was compared 
with the experimental group using Fisher’s test and the 
statistical software STATISTICA for Windows 8.0 
(StatSoft, Inc., 2007). The software package Genome 
Studio (Illumina, USA) and the database DAVID Bioin- 
formatics Resources 6.7 [10,11] were used for statistical 
data processing regarding the gene expression levels ob- 
tained from microchips. 

Differences were considered significant when p values 
were <0.05. 

3. RESULTS 

We studied a neurotoxic model of PD created via the 
injection of 6-OHDA into the compact part of the sub- 
stantia nigra of the right brain hemisphere of rats. The 
analysis was carried out 2 and 4 weeks after the admini- 
stration of the neurotoxin to the animals.  

3.1. 6-OHDA Induced Degeneration of  
Dopaminergic Terminals and Motor Deficit 

We observed a significant decrease in the motor activity 
of the rats both at the second and the fourth weeks after 
the administration of 6-OHDA compared with the motor 
activity of the animals before the operation (Table 1).  

Almost all animals developed adynamia, and collateral 
rotation with an intensity above 30 rpm was observed in 
animals after subcutaneous administration of apomor- 
phine. Concomitantly, no significant alterations of ani- 
mal behavior were observed 1 week after drug admini- 
stration. 

Quantitative analysis of the intensity of immunolabel- 
ing of tyrosine hydroxylase in the caudate nucleus of  
 
Table 1. Horizontal motor activity of the rats in the open field 
study. 

 
The number of squares 

crossed in three minutes 

Before operation 68 ± 7 

One week after the toxin  
administration 45  7 

Two weeks after the toxin  
administration 18 ± 3 

Four weeks after the toxin  
administration 3 ± 1 

*These results statistically differ from the control (p < 0.05 (by Fisher)). 

both hemispheres showed a statistically significant de- 
crease in the density of staining in the area of the caudate 
nucleus of the right hemisphere, which indicated a re- 
duction of the expression of the enzyme on the side of 
injection of the toxin (Figures 1 and 2). Tyrosine hy- 
droxylase expression decreased abruptly in the caudate 
nucleus on the side of the 6-OHDA injection by the 
fourth week after the microinjection of 6-OHDA into the  
 

 

Figure 1. Changes in the intensity of immunostaining for tyro- 
sine hydroxylase in the caudate nucleus of rats after unilateral 
6-OHDA administration in the substantia nigra. Data are pre- 
sented as a percentage of the left hemisphere of the native con- 
trol (100%) as M ± s, where M—mean, s—standard deviation. 
а—hemisphere into which the solvent was injected, b—hemi- 
sphere into which the 6-OHDA was injected. *—p < 0.05 
(ANOVA, Fisher’s a posteriori test). 
 

 

Figure 2. Immunostaining for tyrosine hydroxylase in the 
compact part of the substantia nigra of rats after unilateral 6- 
OHDA administration. (A)—individual neurons in the left 
hemisphere into which the solvent was injected, (B)—individ- 
ual neurons in the right hemisphere into which the 6-OHDA 
was injected. 
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substantia nigra of the right hemisphere of the brain, 
which indicated a marked reduction in dopamine synthe- 
sis in the nigrostriatal formations, as well as the degen- 
eration of the dopamine neurons of the substantia nigra. 

shown that arginine vasopressin participates in the regu- 
lation of behavioral reactions, and that its upregulation 
may be associated with postoperative stress [12]. 

At the second stage, a comparison of the data obtained 
from the experimental and control groups of rats (which 
were normalized to the nonoperative hemisphere) was 
carried out. This comparison revealed precisely the genes 
that exhibited a change in expression in response to the 
toxic injury of neurons by 6-OHDA. 

3.2. Transcripome Analysis of the Substantia  
Nigra 

The analysis of four rat groups (five animals in each 
group: two experimental and two control groups) was 
performed. Decapitation of the first batch of animals was 
carried out 2 weeks after the injection of the toxin. The 
second batch of animals was decapitated in 4 weeks after 
the injection of the toxin. Samples of the substantia nigra 
from each animal were taken from both cerebral hemi- 
spheres: the right, into which the toxin or vehicle was 
injected, and the left (native) intact side. It is essential to 
note that samples of the SNpc were chosen for analysis 
based on its remote location, away from the site of injec- 
tion of the toxin or the vehicle. As a result, eight aver- 
aged sets of mRNA levels normalized to housekeeping 
genes were obtained. 

As a result, we identified 131 genes and 698 genes 
with significantly changed expression levels (p < 0.05) in 
the substantia nigra 2 and 4 weeks after the administra- 
tion of the toxin respectively. Concomitantly, alteration 
in the expression of 33 genes was identified at both time 
points. 

DAVID was used for further analysis of a panel of dif- 
ferentially expressed genes, which allowed us to perform 
a fast annotation of genes of any interest and to combine 
them into functional groups. 

For the first time point (2 weeks), genes were clus- 
tered according to high significance (p < 0.01, modified 
Fisher extract p value) into three metabolic pathways 
according to protein participation (Figure 3): modifica- 
tion of the extracellular matrix (GO:0005576, GO: 
0005615, GO:0044421), signal transduction (including 
genes encoding signal peptides) (GO:0007165, GO: 
0007218), and inflammation processes (GO:0006954).  

At the first stage, data from experimental and control 
rat groups were compared, and the expression profiles in 
operated and nonoperated hemispheres of rat brains were 
collated. This allowed us to take into account the effects 
associated with the the impact of the procedure on the 
whole brain (for instance, the effect of postoperative 
stress). Consequently, 52 genes exhibited similar expres- 
sion changes in the two groups (experimental and control 
groups). These genes were discarded from further analy- 
sis. The gene that encodes arginine vasopressin (Avp) 
may serve as a striking example of the genes detected at 
this first stage. An increase in the expression of this gene 
(more than 10 times) was observed. At present, it was  

For the second time point (4 weeks after neurotoxin 
injection), genes were clustered according to high sig- 
nificance (p < 0.01, modified Fisher extract p value) into 
five metabolic pathways (Figure 4): neuron projection 
(GO:0043005), normal functioning of the soma and 
neuron dendrites (GO:0043025, GO:0030425), synaptic 
transmission (GO:0007268), and transfer of nerve im- 
pulse (GO:0019226).  

 

 

Figure 3. Functional clusterization of differentially expressed genes in the substantia nigra 2 weeks after the 
toxin administration. 
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Figure 4. Functional clusterization of differentially expressed genes in the substantia nigra 4 weeks after the 
toxin administration. 

 
Among all the metabolic processes and genes, identi- 

fied here, we chose genes associated with neuron projec- 
tion for a more detailed analysis (Table 2), because this 
metabolic process received the highest rating of statisti- 
cal significance during the cluster analysis (р = 0.000024). 
As can be seen from the data presented in Table 2, the 
decrease in the relative mRNA levels of genes associated 
with neuron projection in the substantia nigra of the brain 
of rats exposed to the neurotoxin compared with the con-
trol group of animals was mainly observed. An increase 
in relative mRNA levels of several genes was detected in 
the substantia nigra of the brain of rats exposed to the 
neurotoxin compared with the control group of animals; 
these genes are marked in gray in Table 2. 

4. DISCUSSION 

One of the approaches that can be used to study the 
pathogenesis of PD and identify new candidate genes 
involved in the disease is the development of a model of 
the disease and its subsequent analysis. We used a model 
based on the toxic damage of dopaminergic neurons of 
the substantia nigra caused by the local injection of 6- 
OHDA into the brains of the rats (directly into the SNpc), 
to create a Parkinson-like phenotype. In this case, the 
experimental animals developed pronounced changes in 
behavior that were typical of a Parkinson-like phenotype 
only in 2 weeks after the administration of the toxin. In 
this regard, we studied transcriptome alterations in the 
substantia nigra of the brains of rats in 2 weeks after 
toxin administration, the time point at which the rats de- 
veloped the Parkinson-like phenotype, and in 4 weeks 
after toxin administration, the time point at which maxi- 
mal changes in the behavior of animals were observed. 

The transcriptome analysis of the substantia nigra of 
the brains of rats at the first time point (2 weeks) re- 
vealed changes in the metabolic processes involved, oc- 
curring first in cell matrix formation. This likely indi- 

cates, that during this time nonspecific effects associated 
with the response to surgery took place in the substantia 
nigra of the rats. Specific effects were either absent or 
expressed very poorly that did not allow their detection 
during clustering. Concomitantly, the important role of 
changes in cell-cell interactions and of the structure of 
the extracellular matrix in the initiation of the death of 
dopaminergic neurons cannot be excluded. The identifi- 
cation of protein-coding genes involved in inflammation 
can be considered the only relatively specific effect. It 
has been shown previously that inflammation may be 
involved in the pathogenesis of PD. It was established 
that the activation of microglia takes place in the sub- 
stantia nigra of patients with PD, and that this process 
precedes, and may initiate, neuronal death [13]. Acti- 
vated microglia can produce various anti-inflammatory 
cytokines. This is accompanied by the activation of the 
expression of the gene that encodes neuronal nitric oxide 
synthase (nNOS), which in turn results in the increase in 
the levels of nitric oxide and the enhancement of oxida- 
tive stress. This increases the sensitivity of dopaminergic 
neurons to oxidative stress and the probability of their 
death. Similar effects were observed in the early stages in 
the study of the 6-OHDA model created via the introduc- 
tion of the neurotoxin into the striatum. Transcriptome 
analysis identified pathways associated with cell adhe-
sion and immune responses 3, 7, and 14 days after the 
injection of the toxin into the substantia nigra of rat 
brains [14]. 

Concomitantly, the situation changed dramatically and 
a response associated with damage to the nervous tissue 
was observed 4 weeks after neurotoxin administration. 
This was supported by a cluster analysis of the genes that 
were differentially expressed at this time point. As a re- 
sult, we identified five metabolic pathways containing 
predominantly genes, that encode protein products that 
are involved in the processes of neuron projection, nor- 
mal functioning of the soma and dendrites of neurons,      
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Table 2. List of genes of neuron projection and their relative expression levels in the substantia nigra 2 and 4 weeks after the toxin 
administration (Gene expression level in the substantia nigra of the control group of the rats was accepted as 1.0, only significant (р < 
0.05) changes of expression level are given). 

GENE Protein 2 weeks Four weeks 

WFS1 Wolfram syndrome 1 (wolframin) - 0.63 

ACTN2 Actinin, alpha 2 - 0.75 

ARC Аctivity-regulated cytoskeleton-associated protein 1.87 0.65 

BASP1 Brain abundant, membrane attached signal protein 1 - 0.68 

CTNNA2 Сatenin (cadherin-associated protein), alpha 2 - 1.31 

CLCN2 Сhloride channel 2 - 0.61 

CCK Cholecystokinin - 0.51 

CHRNA4 Сholinergic receptor, nicotinic, alpha 4 - 1.99 

CHRNA5 Сholinergic receptor, nicotinic, alpha 5 - 0.51 

CDK5 cyclin-dependent kinase 5 - 0.74 

DDN dendrin - 0.80 

DVL1 dishevelled, dsh homolog 1 (Drosophila); dishevelled, dsh homolog 1 (Drosophila)-like 1 - 0.55 

ERMN Ermin, ERM-like protein - 1.26 

GABBR2 gamma-aminobutyric acid (GABA) B receptor - 0.79 

GAD1 glutamate decarboxylase 1 (brain, 67 kDa) - 1.39 

GRIN1 Glutamate receptor, ionotropic, N-methyl D-aspartate 1 - 0.72 

GRM1 Glutamate receptor 1 - 1.62 

GOT1 Glutamic-oxaloacetic transaminase 1 soluble (aspartate aminotransferase 1) - 1.32 

KALRN kalirin, RhoGEF kinase - 0.59 

KPTN kaptin (actin binding protein) - 0.63 

MAGEE1 melanoma antigen family E - 1.27 

MAP1S Microtubule-associated protein 1S - 0.72 

MAP2 Microtubule-associated protein 2 - 0.44 

MAPK8IP1 Mitogen-activated protein kinase 8 interacting protein 1 - 0.77 

MAPK8IP3 Mitogen-activated protein kinase 8 interacting protein 3 - 0.73 

NOV Nephroblastoma overexpressed gene - 0.47 

NMU Neuromedin U - 2.92 

NGEF Neuronal guanine nucleotide exchange factor - 0.71 

PPT1 Palmitoyl-protein thioesterase 1 - 1.27 

PVALB Parvalbumin - 2.57 

SCN1 A Sodium channel, voltage-gated, type I, alpha subunit 0.61 1.76 

TAC1 Tachykinin, precursor 1 - 0.65 

TSC2 Tuberous sclerosis 2 - 0.71 

CNTF 
CNTF zinc finger protein 91 homolog (mouse); ZFP91-CNTF readthrough transcript; 

ciliary neurotrophic factor 
- 1.52 
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synaptic transmission, and transmission of nerve im- 
pulses. 

In this case, the strong nonspecific effects observed 2 
weeks after the administration of 6-OHDA, were not 
discovered at this later time point. Thus, a change of a 
predominantly nonspecific reaction of the nervous tissue 
to a more specific response occured. 

Among all the metabolic processes and genes identi- 
fied in the analysis, we reviewed in more detail those 
genes that are involved in neuron projection. In this case, 
we observed mainly a decrease in the relative mRNA 
levels of genes associated with neuron projection in the 
substantia nigra of the brain of the rats exposed to the 
neurotoxin compared with control animals (Table 2). On 
the one hand, the changes observed may be the result of 
massive loss of neurons in the brain areas studied 4 
weeks after the administration of 6-OHDA. On the other 
hand, the decrease in the expression of these genes can 
lead to the development of the degradation processes of 
the neurons. An increase in the relative levels of mRNA 
of several genes was shown in the substantia nigra of the 
brain of rats exposed to the neurotoxin compared with 
control animals. The activation of the expression of these 
genes may be associated with a protective response of 
neurons to the action of the toxin and processes of neu- 
rodegeneration. To date, and according to the data avail- 
able, most of these genes are not involved in the proc- 
esses that can lead to the degradation of dopaminergic 
neurons. For example, the greatest increase in expression 
(by almost three times) (Table 2) was observed for the 
neuromedin gene (NMU), which is a neuropeptide. 
However, the precise function of this protein remains 
unknown. It may play an important role in energy me- 
tabolism, as it is involved in the processes of regulation 
of appetite. There is also evidence that this gene is in- 
volved in the pathogenesis of some cancers, such as lung 
cancer, bladder cancer, and myeloid leukemia [15]. We 
cannot exclude its participation in the pathogenesis of 
PD, as many of the functions of this protein remain un- 
known, and we were able to show a significant increase 
in its mRNA in the substantia nigra of rats with a Park-
inson-like phenotype. 

We can assume that only three genes (PPT1, GRM1, 
and PVALB), the expression of which was increased, are 
involved in processes leading to neurodegeneration in 
PD. The PPT1 gene, for instance, encodes the palmitoy- 
lated protein thioesterase 1, which participates directly in 
lysosomal protein degradation [16]. Interestingly, it has 
been shown that disturbance of the lysosomal degrada- 
tion of proteins may be involved in the pathogenesis of 
PD [17]. 

Moreover, the GRM1 gene encodes a glutamate re- 
ceptor, which is one of the participants in the glutamater- 
gic system. This gene plays an important role in the syn- 

aptic plasticity and may be involved in the development 
of cerebellar ataxia [18]. The PVALB gene encodes par- 
valbumin, which has a high affinity for calcium-binding 
proteins, such as calmodulin. This similarity suggests its 
important role in calcium homeostasis. The disruption of 
calcium homeostasis and its accumulation in cells can 
cause the development of oxidative stress and mitochon- 
drial dysfunction, which are the main processes that lead 
to the death of dopaminergic neurons [19]. In addition, 
the immunohistochemical analysis of the substantia nigra 
from the autopsy material from patients with PD showed 
an increase in the amount of parvalbumin in dopaminer- 
gic neurons [20]. We also found a significant (2.57 times) 
increase in the level of the PVALB mRNA in the sub- 
stantia nigra of the brain of rats treated with the neuro- 
toxin. 

In conclusion, the transcriptome analysis performed in 
a rat model of PD generated via the injection of 6-OHDA 
showed that most genes develop a nonspecific response 
that was associated primarily with the introduction of the 
toxin directly into the brain. This model is probably not 
completely adequate to study changes in gene expression. 
It is possible that future studies of other neurotoxic mod- 
els, especially MPTP models, which reproduce pre- 
symptomatic and early symptomatic stages of PD [21], 
will allow the identification of genes and processes that 
are involved in the pathogenesis of the early stages of PD, 
and the investigation of compensatory mechanisms that 
will ensure long-term asymptomatic disease. 
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