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ABSTRACT

Using a rat model of hemiparkinsonism, we examined the time-course of D1 agonist, SKF-38393-induced changes in
extracellular signaling regulated kinases 1/2 (ERK1/2) phosphorylation in the striatum and substantia nigra (SN). We
unilaterally lesioned the rat median forebrain bundle with 6-hydroxydopamine. Dopaminergic lesioned rats were ad-
ministered with SKF-38393 and perfused at 15, 30, 60, or 120 minutes after the drug. Immunohistochemical analysis of
striatum and SN revealed, as expected, a loss of tyrosine hydroxylase and a decrease of substance P in lesioned rats.
SKF-38393 induced a robust increase in phospho-ERK 1/2 levels in the lesioned striatum, which peaked at 15 min and
substantially declined by 120 min. We report for the first time that similar changes were observed in the SN. The
time-dependent ERK 1/2 activation in the striatonigral neurons may play a role in the therapeutic and/or side effects
such as dyskinesias related to the dopamine agonist treatment for Parkinson’s disease.

Keywords: Natural Asset; Financia Vaue; Neural Network

1. Introduction

Dopamine (DA) isinvolved in many physiological func-
tions including motor control, mood and reward path-
ways [1-7]. DA receptors congtitute a subfamily of G-pro-
tein coupled receptors (GPCRs) and are classified into
two main subtypes D1 and D2 [8,9]. The normal func-
tioning of basal ganglia is dependent on the activity of
the ‘direct’ (striatonigral) and ‘indirect’ (striatopallidal)
output pathways subserved predominantly by the D1 and
D2 receptor subtypes [10,11]. Degeneration of the ni-
grostriatal DA pathway results in an imbalance of the
activity of the direct and indirect projection pathways
and is thought to be responsible for the movement disor-
ders associated with Parkinson’s disease [3,7,11]. DA
agonists restore the normal functions of the direct and
indirect pathways when DA is lost [10,11]. Though DA
agonists alleviate Parkinsonism symptoms, chronic ad-
ministration of these drugs leads to the development of
debilitating side effects such as dyskinesias [12]. One ef-
fect of DA-depletion, which is not normalized by DA
agonist treatment, is the supersensitive response of direct
pathway neuronsto D1 agonists [6,12-15].

MAP kinases (MAPKSs) have been implicated in a
wide variety of cellular process such as proliferation,
differentiation, apoptic cell death, synaptic plasticity and
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memory [16,17]. Extracellular signal-regulated kinases
(ERK), c-Jun N-terminal kinase (JNK) and p38 mito-
gen-activated protein kinase (p38MAPK) comprise the
three major classes of MAPK sthat are involved in cell sig-
naling [18,19]. The ERK-linked signaling pathways are
stimulated by receptor tyrosine kinases and G-protein
coupled receptors (GPCRs) and generaly lead to prolif-
erative and mitogenic responses [20]. Accumulated evi-
dence indicates that GPCRs such as DA receptors influ-
ence ERK pathways [21,22]. ERK 1/2 phosphorylation
has been implicated in many forms of synaptic plasticity
in the brain [17,23]. Other evidence shows that changes
in expression and/or function of brain proteins that are
involved in signal transduction/gene transcription contri-
bute to neuronal adaptations in a variety of disease mod-
els or drug treatments [24-29].

Severa studies have shown that D1 agonists such as
SKF-38393 induce increases in ERK1/2 expression in the
6-OHDA lesioned striatum [7,30-33]. However, little is
known about the changes in ERK1/2 in the SN (SN) of
dopaminergic denervated animals. Our preliminary study
focused on the changes of phospho-ERK1/2 levels in uni-
laterally DA lesioned striatum and SN, 30 min following
the administration of D1 receptor agonist SKF-38393
[34]. The aim of our present study is to investigate and
compare the time course of SKF-38393 induced changes
in ERK1/2 signaling in the striatum and SN of arat mo-
del of Parkinson’s disease.
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2. Materialsand M ethods
2.1. Animals

Female Harlan Sprague Dawley rats (Sprague-Dawley,
Haran Sprague-Dawley Inc., Indianapolis, IN) weighing
250 - 350 g were used. All animals were maintained on a
12/12 h light/dark cycle at 22°C + 2°C and 50% * 10%
humidity. The animals were housed two per cage and had
continuous access to Wayne Lab Box chow and water.
Animals were used in accordance with the NIH Guide to
the Care and Use of Laboratory Animals and approval by
Ingtitutional Animal Care and Use Committee of Indiana
University School of Medicine.

2.2. Unilateral Dopaminergic L esion with
6-Hydroxydopamine (6-OHDA)

Unilateral lesions of the nigrostriatal DA pathway at the
level of median forebrain bundle (MFB) were made in
rats anesthetized with ketamine HCl/xylazine HCI solu-
tion (80/10 mg/kg, i.p., Sigma-Aldrich). Denervation was
achieved by infusion of 9 ug of the free base of 60HDA
in 4 pl of vehicle (0.1% ascorbic acid in hormal saline)
into the MFB according to the atlas of [35]. The coordi-
nates relative to bregma were: A: 4.4, L: 1.5and V: 8.7.
Desipramine HCI (15mg/kg, i.p., Sigma-Aldrich), was
administered 60 min prior to 60HDA infusion to protect
noradrenergic neurons [36]. Animals were allowed to re-
cover from the anesthesia and were put back into their
homes cages, where they were given access to food and
water ad libitum. For two consecutive days post-surgery,
animals were given meloxicam (Sigma-Aldrich) once a
day at 1 mg/kg, s.c., for pain relief.

2.3. Apomor phine-Induced Rotation Test

Rats were screened to test the extent of the 6-OHDA le-
sion by apomorphine-induced rotation test. Fourteen days
post-surgery, animals were challenged with apomorphine
HCl (0.1 mg/kg, i.p., Sigma-Aldrich) in sodium bisul-
phite solution (0.1% in saling). Each animal was placed
in alarge hemispherical bowl (14 inch diameter) enclosed
by transparent Plexiglas cylinder and the animals were
observed for contralateral rotation. The number of con-
tralateral rotationsin 5 minutes at 15, 30, and 45 minute
intervals after the apomorphine injection was recorded.
Animals averaging 6 or more rotations/min were deter-
mined to have greater than 90% DA depletion and were
selected for further drug treatment.

2.4. SKF-38393 Treatments

Selected 6-OHDA-lesioned animals were treated with the
partial D1 agonist, SKF-38393 (6 mg/kg, i.p., in saline).
A separate group of 6-OHDA lesioned animals were ad-
ministered saline to serve as controls. The experimental
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design alowed us to compare relative changes from the
intact versus lesioned side in the same animal as well as
to the independent control group. Ten min after injection
of SKF-38309, rats were observed for 5 min to verify rota
tional responsiveness to the agonist. Animals were killed
15, 30, 60 or 120 min after SKF-38393 administration by
an overdose of sodium pentobarbital (100 mg/kg i.p.,
Sigma-Aldrich).

2.5. Immunohistochemistry

Deeply anesthetized animals were perfused transcardially
for 4 min with saline (50 mL) followed by 4% phosphate
buffered paraformaldehyde (0.1 M sodium phosphate).
The brains were removed, stored in the fixative solution
overnight and then stored in a 30% sucrose - 0.9% saline
solution for 24 hr at 4°C. After the brains had sunken in
the sucrose solution, they were removed and frozen, and
corona sections through the striatum and SN were cut
(30 pm) on a dliding microtome. Sections were collected
into 30% sucrose—0.9% saline solution for immunohis-
tochemistry following the genera procedures of [33]. A
brief description of the immunohistochemistry procedure
isgiven below.

After rinsing in fresh PBS (0.15 M NaCl, 0.1M so-
dium phosphate, pH 7.4) three times (5 min each), free-
floating tissue sections were soaked in 0.3% H,O, for 30
min, rinsed three times in PBS—0.3% Triton X-100 (5
min each), and blocked in 10% normal goat serum and
0.2% Triton X-100 in PBS for 90 min. Affinity-purified
monoclonal TH (Affinity Bioreagents, Golden, CO),
phospho-ERK 1/2 [phospho-p44/42 M AP kinase (thr 202/
tyr204); Cell Signaling Technology, Beverly, MA], and
substance P (SP, [37]) were used to detect immunore-
activity.

All sections were incubated in 3% normal serum, 0.2%
Triton X-100 and the primary antibodies for 24 hrs at
4°C with agitation. Following incubation in the primary
antibodies, sections were rinsed 3 times in PBS—0.3%
Triton-X 100 (5 min each) and incubated in affinity-pu-
rified biotinylated anti-mouse 1gG for the detection of
TH and anti-rabbit 1gG (Vector Laboratories, Burlingame,
CA) for the detection of SP and phospho-ERK 1/2. Tissue
sections were further processed using Ready-to-use Vec-
tastain Elite ABC kit (Vector Laboratories, Burlingame,
CA) with detection using nickel-cobalt intensification of
the diaminobenzidine reaction product. Sections were
rinsed, transferred to dides, and put through a series of
graded ethanol rinses followed by afinal rinse in xylene,
reagent ACS (Acros, Morris Plains, and NJ). All sections
were cover dlipped with Permount (Fisher Scientific, Fair
Lawn, NJ).

2.6. Drugsand Chemicals
6-OHDA HBr were obtained from Research Biochemi-
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cas Inc., Wayland, MA. SKF-38383, desipramine HCl,
apomorphine HCl and meloxicam sodium salt hydrate
were purchased from Sigma-Aldrich, St. Louis, MO. Other
chemicals and reagents were purchased from commercial
SOUrces.

2.7. Quantification and Statistical Analysis

The intensity of immunostaining for TH, SP and phos-
pho-ERK1/2 in the striatum and SN of the lesioned and
intact sides were determined using ImageJ (NIH) and
quantified with QuantiScan software (Biosoft, Ferguson,
MO). The values for the lesioned side were expressed as
percent change from the intact side. Changes in the intact
versus lesioned side was assessed by Student’ s t-test. For
time course changes, the percent change on the lesioned
side following SKF-38393 treatment at different times
was compared to the changes in the control group. All
data are presented as mean + standard error of the mean.
The data were subjected to one way analysis of variance
followed by Newman-Keuls multiple range test for the
comparison of group means using SigmaStat (Systat Soft-
ware, Point Richmond, CA). P < 0.05 was considered
significant.

3. Resaults

3.1. Assessment of TH and SP Immunor eactivity
in the Striatum and SN of the Unilaterally
6-OHDA Lesioned Animals

TH immunoresactivity was determined for all unilaterally
lesioned animals in order to verify that 6-OHDA induced
an adequate loss of dopaminergic neurons within the le-
sioned striatum and SN. A greater than 90% decreases in
TH immunoreactivity in the lesioned striatum and SN
were observed for saline as well as SKF-38393 treatment
groups. A representative micrograph showing depletion
of TH immunoreactivity only on the lesioned side as
compared to intact side is presented in Figure 1, upper
panel. SP immunoreactivity was assessed as an indirect
marker for DA depletion because near total striatal DA
denervation results in a decrease in substance P in the
striatum and SN [38,39]. The lesioned striatum and SN
of control or SKF-38393treated animals demonstrated a
significant loss of SP immunoreactivity. A representative
micrograph showing the decrease of SP immunoreactiv-
ity on the lesioned side as compared to the intact side is
presented in Figure 1, lower panel. D1 agonist treatment
did not alter the basal loss of SP or TH immunoreactivity
in striatum and SN (Figure 4).

3.2. Time-Cour se of Effects of SKF-38393 on
Phospo-ERK 1/2 Levelsin the Striatum of
Unilaterally 6-OHDA Lesioned Rats

Phospho-ERK was evaluated in the striatum of unilaterally
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lesioned rats at various time points after SKF-38393 ad-
ministration. In the intact striatum, phospho-ERK1/2 im-
munoreactivity was not apparent (Figure 2). In rats with
a unilateral 6-OHDA lesion of the nigrostriatal DA sys-
tem, SKF-38393 treatment resulted in the robust acti-
vation of phospho-ERK1/2 in striatum that peaked as
early as 15 min and declined thereafter at 30, 60 and 120
min (Figures 2 and 4). Phospho-ERK immunoreactivity
remained significantly elevated at 120 min after SKF-
38393.

TH

Lesioned Intact Lesioned Intact

Substantia Nigra

SP

Lesioned Intact

Lesioned Intact

Striatum

Substantia Nigra

Figure 1. Upper Panel: Immunohistochemistry for tyrosine
hydroxylase (TH) in coronal sections representing the stri-
atum (left) and SN (right) of in unilaterally 6-OHDA le-
sioned rats. Representative micrographs showing the deple-
tion of DA as evidenced from the loss of TH in the striatum
on the lesioned side as compared to the intact side. The sa-
line control served as a basal independent control. The loss
of TH immunoreactivity in the SKF-38393 treatment gro-
ups at 15, 30, 60 and 120 min after the drug was similar to
the saline control group. Lower Panel: Immunohistochem-
istry for substance P (SP) in coronal sections representing
the striatum and SN of in unilaterally 6-OHDA lesioned
rats. Representative micrographs show the modest loss of
SP in the striatum SN on the lesioned side as compared to
the intact side. The saline control served as a basal inde-
pendent control. The loss of SP immunoreactivity in the
SKF-38393 treatment groups at 15, 30, 60 and 120 min after
the drug was similar to the saline control group. The coro-
nal slices represent the magnification at 1.25x and the bot-
tom panels show magnification at 400x.
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Time Course of Changes in ERK 1/2 Following SKF-38393 in Striatum
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Figure 2. Immunohistochemistry for phospho-ERK1/2 in
coronal sections representing the striatum of in unilaterally
6-OHDA lesioned rats. Representative micrographs show-
ing the time course of ERK1/2 in the striatum on the le-
sioned side as compared to the intact side. The saline con-
trol served as a basal independent control. Therewas an in-
crease of phospho-ERK1/2 immunoreactivity in the SKF-
38393 treatment groups at 15, 30, 60 and 120 min after the
drug.

3.3. Effects of SKF-38393 on Phospo-ERK 1/2
Levelsin the SN of Unilaterally 6-OHDA
Lesioned Rats

SKF-38393 induced robust increase in phospho-ERK 1/2
on the lesioned side as compared to the intact side (Fig-
ure 3 and 4). Results similar to those seen in the striatum
were observed within the SN with regard to time course
changes in phopho-ERK1/2 following SKF-38393 treat-
ment.

4. Discussion

The present study demonstrates that SKF-38393 induced
a robust increase in phospho-ERK1/2 levels only in the
lesioned striatum and SN as compared to the intact side.
The results confirm and extend previous reports that DA
agonists increase phosphorylation of ERK1/2 in the DA-
depleted striatum. The present study reveals for the first
time that increased phosphorylation of ERK1/2 also oc-
curs in the SN, suggesting an involvement of the entire
striatonigral pathway following DA agonist administra-
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Figure 3. Immunohistochemistry for phospho-ERK1/2 in
coronal sections representing the SN of in unilaterally 6-
OHDA lesioned rats. Representative micrographs showing
the time course of ERK1/2 in the striatum on the lesioned
side as compared to the intact side. The saline control
served as a basal independent control. There was an in-
crease of phospho-ERK1/2 immunoreactivity in the SKF-
38393 treatment groups at 15, 30 and 60 min after the drug.

tion. In addition, our pilot experiments revealed that pre-
treatment with D1 antagonist SCH-23390 (1 mg/kg, i.p.)
blocked the SKF-38393 induced increase in ERK1/2 lev-
els both in the striatum and SN (unpublished observa-
tions).

The present results showing that there is an increase in
striatal ERK1/2 following DA agonist administration in
DA denervated rat striatum are in accordance with pre-
vious studies[31,33,34,40,41].

DA agonists also induce ERKL/2 in DA deficient
mouse striatum in which the TH gene is specificaly in-
activated in dopaminergic neurons [32]. Gerfen et al. (2002)
using the unilateral lesion model and Western blot tech-
nique reported that 2 mg/kg of SKF-38393 increased
ERK1/2 levels in the lesioned but not in the intact stria-
tum. Papadeas et al. (2004) reported that SKF-38393 (3
mg/kg) increased the immunoreactivity of ERK1/2 in the
striatum of neonatally dopaminergic denervated rats tested
as adults (bilateral lesion). In the present study with the
unilateral adult lesion model, we used a dose of 6 mg/kg
SKF-38393 and found that the increase in striatal ERK1/2
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levels peaked at 15 min and declined thereafter but re-
mained significantly elevated at 120 min. These studies
taken together suggest dose dependency of dopamine
agonist treatment for the induction of ERK1/2 in the
striatum.

Severa lines of evidence suggest enhanced ERK1/2
activation drives immediate early genes in the striatum
resulting in transcription of a variety of genes [6,31].
However, sustained ERK 1/2 activation (>60 min) is nec-
essary for translocation of ERK1/2 from the cytoplasm to
the nucleus to induce gene transcription that can lead to
enduring plastic changes [42,43]. Such changes may in-
fluence the outcome of therapy or side effects of DA
agonist treatments for Parkinson's disease [44].
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Figure 4. The time course of effects of SKF-3893 treatment
on TH, SP and ERK1/2 in the striatum (upper panel) and
SN (lower panel) of unilaterally dopaminergic lesioned rats.
Rats received SKF-38393, 6 mg/kg, i.p and were perfused at
15, 30, 60 or 120 min later. TH, SP and ERK 1/2 levels were
determined by immunohistochemistry as described in Me-
thods. Values represent mean = S.E.M. Data wer e expressed
as percent control of the intact side. The numbers of ani-
mals used were: 6, 4, 4, 4, 4 for control, 15, 30, 60, 120 min
after SKF-39393 treatment, respectively. * P < 0.05 as com-
pared to theintact side; # < 0.05 as compared to the control.
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The normal functioning of basal ganglia is dependent
on the activity of the “direct” (striatonigral) and “indirect”
(striatopallidal) output pathways subserved predominant-
ly by the D1 and D2 receptor subtypes [10,11]. Degen-
eration of the nigrostriatal DA pathway results in an im-
balance of the activity of the direct and indirect project-
tion pathways and is thought to be responsible for the
movement disorders associated with Parkinson’s disease
[3,7,11]. There are approximately an equal number of dir-
ect and indirect striatal projection neurons, which to-
gether constitute >90% of the neuron populations in the
striatum [45]. Both direct and indirect striatal projection
neurons receive nigrostriatal dopaminergic and corticos-
triatal glutamatergic inputs [46]. Previous studies indi-
cated that in the intact striatum the ERK1/2 signaling
pathway is normally used by indirect but not direct stri-
atal projection neurons [7]. After nigrostriatal dopamin-
ergic lesion, the induction of ERK1/2 signaling is acti-
vated through the supersensitive D1 receptors in direct
pathway neurons[7,31,32]. However, recent studies have
indicated other mechanisms that may also be involved in
the regulation of ERK1/2 in the striatum. These include,
among others, glutamate receptors [46,47], PKA-depen-
dent phosphorylation of DARPP-32 [48], inhibition of pro-
tein phosphatase-1 [29], and growth factors such as glial
cell line-derived neurotrophic factor (GDNF) [49].

Though there are a number of studies that elucidated
the role of ERK1/2 in the striatum, there is a paucity of
information in the literature regarding the influence of
DA agonist on the induction of ERK1/2 in the SN. To
our knowledge, thisisfirst study to report that the SN ex-
hibited a similar pattern of changes in ERK1/2 expres-
sion as that observed in the striatum following SKF-
38393 treatment in unilaterally 60HDA lesioned animals.
Based on literature search, we speculate that GABA,
glutamate, GDNF, and/or cAMP/DARP-32 pathway may
play arole in the induction of ERK1/2 in SN following
DA agonist treatment.

DA cells are located in SN pars compacta (SNc) with
their dendrites extending ventrally into the SN parts re-
ticulata (SNr) which is composed primarily GABA pro-
jection neurons [50]. SNr neurons lack postsynaptic DA
receptors [51]. D1 receptors were identified on the GABA
[29,52] and glutamate [53] terminals synapsing on SNr
neurons. The action of DA on SNr neurons is indirect,
involving the presynaptic D1 receptors on GABA and/or
glutamate afferents [54]. Therefore, it is possible that
SKF-38393 can mediate its effects in the SNr neurons
through activation of the D1 receptors on GABA and/or
glutamate terminals which in turn may influence the in-
duction of ERK1/2.

Reports have shown that the D1 agonist, SKF-82958
acts on D1 receptors in the SNr to increase extracellular
levels of GABA [55]. This in turn causes an increase in
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motor activity which is dependent on the stimulation of
GABA-A receptors. Stimulation of GABA-A receptors
increased the phosphorylation of DARPP-32 in the stria-
tum and substantia nigra (Snyder et al., 1994). DARPP-32,
a DA and cyclic AMP regulated phosphoprotein, is high-
ly enriched in the striatum and substantia nigra [56]. DA-
RPP-32 has been shown to induce the phosphorylation of
ERK1/2 in the dopamine-depleted striatum after L-DOPA
administration (Santini et al., 2007). In dyskinetic mice,
sensitized cCAMP/CAMP-dependent protein kinase/ DARPP-
32 signaling leads to activation of ERK1/2 following DA
depletion (Santini et al., 2007). In the present study it is
possible that D1 agonist SKF-38393 increases GABA
release in SN that in turn can trigger the phosphorylation
of DARPP-32 which islinked to induction of ERK1/2.

The phosphorylation of ERK1/2 may rely on the acti-
vation of glial cellsin SN, which have been implicated to
have a crucia rolein theinitiation and progression of PD
[57]. In situ hybridization analyses have indicated that
striatal neurons, which include GABAergic neurons, may
indeed express protective neurotrophic factors such as
GDNF [52]. In one study where GDNF was delivered via
encapsulated cells to a 6-OHDA lesioned rat striatum,
GDNF was found to be present in the striatal GABAergic
neurons and was subject to be transported along the stri-
atofugal pathway to the SNr [58]. Studies have shown
that the SNr contains GABAergic neurons which express
the GDNF family receptor a1l (GFRal) and the trans-
membrane tyrosine kinase Ret [59-61]. When GDNF
binds to the GFRal receptor, it induces tyrosine phos-
phorylation which in turn triggers various intracellular
pathways of which include the Ras/ERK/MAPK path-
ways [60]. In addition, glial cells that form as a result of
reactive gliosis following dopaminergic lesion may aso
be a potential source of GDNF [62].

GDNF has been shown to be neuroprotective in animal
models of the Parkinson’s disease [63]. DA agonists in-
crease the synthesis of GDNF in striatal and mesence-
phalic neurona cultures [64] and in astroglia cultures
[65]. Exposure to DA agonists including SKF-38393 in-
creases GDNF production in a fetal human astrocyte cell
line [66]. The selective lesion of nigrostriatal dopaminer-
gic neurons in animal models of Parkinson’s disease a-
ters mMRNA and/or GDNF protein levels both in the stri-
atum and in the SN [49]. In the intact adult brain, GDNF
expression is largely neuronal; upon injury, glia cels
appear to become the predominant source of trophic fac-
tors[49]. The effects of DA agonists both in cell cultures
and in animal models of Parkinson’s disease indicate that
DA receptors present in neurons and astrocytes might
control GDNF expression [49]. It has been shown that L-
DOPA induces GDNF upregulation at the mRNA and
protein levelsin SN neuron-glial cell cultures[61].

Based on the foregoing discussion it appears that ni-
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gral GDNF release may be a potential mechanism for the
nigral induction of ERK1/2 following SKF-38393 admi-
nistration in dopaminergic denervated rat. GDNF may
bind to the GFRa/RET receptor of GABAergic neurons,
inducing tyrosine phosphorylation which in turn triggers
the MAPK pathway and ultimately the phosphorylation
of ERK1/2.

In summary, the present study confirms and extends
previous observations that D1 receptor stimulation in
dopaminergic denervated animals induces robust ERK 1/2
phosphorylation in the striatum in a time dependent fa-
shion. Our study also reveals for the first time that paral-
lel changes occur in the SN, suggesting an involvement
of the entire striatonigral pathway following DA agonist
administration. These results are relevant to our further
understanding of the plasticity of transduction mecha-
nisms involved in the pathophysiology, treatment and/or
side effects of dopaminergic drugs used in Parkinson's
disease.
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