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Dopamine D3 Receptor Agonist Delivery to a Model of
Parkinson’s Disease Restores the Nigrostriatal Pathway and
Improves Locomotor Behavior
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The presence of endogenous stem cell populations in the adult mammalian CNS suggests an innate potential for regeneration and
represents a potential resource for neuroregenerative therapy aimed at the treatment of neurodegenerative disorders, such as Parkin-
son’s disease. However, it is first necessary to examine the microenvironmental signals required to activate these innate reparative
mechanisms. The small molecule neurotransmitter dopamine has been shown to regulate cell cycle in developing and adult brain, and the
D3 receptor is known to play an important role in dopaminergic development. Pharmacological activation of the dopamine D3 receptor
has been shown to trigger neurogenesis in the substantia nigra of the adult rat brain. Here, we examined the cell proliferative, neurogenic,
and behavioral effects of the dopamine D3 receptor agonist 7-OH-DPAT (7-hydroxy-N,N-di-n-propyl-2-aminotetralin) in a
6-hydroxydopamine model of Parkinson’s disease. Consistent with previous findings, we observed a significant induction of cell prolif-
eration in the substantia nigra pars compacta (SNC ) with a time-dependent adoption of a neuronal dopaminergic phenotype in many of
these cells. Indices of nigrostriatal integrity were also affected. Dopaminergic cell counts in the lesioned SNC recovered substantially in a
time-dependent manner. Similarly, retrograde tracing revealed a restoration of striatal innervation from these cells, with evidence for
projections arising from newly generated cells. Finally, we observed a substantial and persistent recovery of locomotor function in these
animals. The results of these studies will further our understanding of the environmental signals regulating neurogenesis in the adult
brain and could have significant implications for the design of novel treatment strategies for Parkinson’s disease.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative dis-
order characterized by a substantial loss of dopamine in the cau-
date–putamen (striatum) resulting from the gradual degenera-
tion of dopaminergic neurons in the substantia nigra (SN) pars
compacta (SNC). Although dopamine replacement therapy in the
form of levodopa remains the primary mode of treatment for PD,
long-term exposure is complicated by the emergence of fluctua-
tions in motor function and a variety of involuntary movements
(Marsden, 1984). These complications may result, at least in part,
from ongoing cell loss. Thus, therapies aimed at neuronal integ-
rity may achieve a more physiological restoration of the dopami-
nergic motor system, providing a more effective alternative.

Although the adult CNS has only limited potential to generate
new neurons, discrete regions do retain the capacity for neuro-

genesis, including the dentate gyrus of the hippocampus (Palmer
et al., 1997; Rietze et al., 2000) and the subventricular zone (SVZ),
lining the lateral ventricles (Luskin, 1993). More recently, re-
stricted progenitor cells have been identified in various “quies-
cent” regions of the adult brain including the striatum (Palmer et
al., 1995; Pencea et al., 2001) and the SN (Lie et al., 2002; Zhao et
al., 2003; Shan et al., 2006). Additional understanding of the mi-
croenvironmental signals regulating the proliferation of these
cells would allow us the opportunity to enhance neuronal pro-
duction and provide us with valuable tools for the development
of new treatment strategies.

Dopamine receptor activation modulates neurogenesis in
both the developing (Spencer et al., 1998; Ohtani et al., 2003) and
adult (Coronas et al., 2004; Van Kampen et al., 2004; Van
Kampen and Robertson, 2005) brain. Specifically, the dopamine
D3 receptor appears to play an important role in neural develop-
ment and shows a persistent expression through adulthood in the
proliferative SVZ (Diaz et al., 1997). Furthermore, pharmacolog-
ical stimulation of D3 receptors promotes proliferation and neu-
ronal differentiation of adult SVZ cells, both in vitro (Coronas et
al., 2004) and in vivo (Van Kampen et al., 2004), whereas activa-
tion of other dopamine receptor subtypes does not (Coronas et
al., 2004; Van Kampen et al., 2004; Kippin et al., 2005). Removal
of dopaminergic afferents reduces SVZ proliferation (Baker et al.,
2004; Höglinger et al., 2004), an effect reversed by a dopamine D3
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receptor agonist (Höglinger et al., 2004). The neurogenic capac-
ity of D3 receptor activation may not be restricted to the SVZ,
however. Indeed, low levels of dopamine D3 receptor expression
have also been described in the SN (Diaz et al., 2000), a region of
the adult brain shown to exhibit ongoing cytogenesis and neuro-
genic potential (Lie et al., 2002; Zhao et al., 2003; Shan et al.,
2006). Furthermore, we have previously demonstrated a signifi-
cant induction of neurogenesis in the SNC of the adult rat brain in
response to D3 agonist treatment (Van Kampen and Robertson,
2005). Additional exploration of the neurogenic capacity of do-
pamine D3 receptor stimulation in the adult SNC could have
serious implications for the development of novel therapeutic
strategies targeting PD. Here, we examine the potential for dopa-
mine neurogenesis and functional recovery after dopamine D3

receptor agonist treatment in hemiparkinsonian rats.

Materials and Methods
Animals. All studies used 250 g female Sprague Dawley rats (Harlan,
Indianapolis, IN). Animals were housed in a temperature-controlled en-
vironment with a 12 h light/dark cycle and ad libitum access to standard
rat chow and water. All procedures used in this study were approved by
the Mayo Foundation Institutional Animal Care and Use Committee.

Hemiparkinsonian model. The 6-hydroxydopamine model is fre-
quently used for studies involving cell replacement strategies (Bjorklund
et al., 2002; Bartlett and Mendez, 2005; Richardson et al., 2005). Al-
though other toxin-based models (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, rotenone, etc.) and transgenic mouse models of PD
may be better suited for the study of disease process, 6-hydroxydopamine
provides an ideal model for the study of cell replacement/neuroregenera-
tive strategies. This is attributable, in large part, to a greater degree of
control over the extent and kinetics of dopaminergic cell loss. For the
studies outlined here, it was vital to restrict degeneration to a time, pre-
ceding therapeutic intervention, to properly differentiate between poten-
tial neuroprotective and neurorestorative events. The more progressive
nature of other rodent PD models would have precluded this distinction
and complicated data interpretation. For all surgeries, animals were anes-
thetized using isoflurane (1%) and placed in a Kopf stereotaxic frame for
all surgical procedures. For nigrostriatal lesions, the dopaminergic neu-
rotoxin, 6-hydroxydopamine hydrobromide, was injected unilaterally

into three striatal sites [anteroposterior (AP),
�1.0, mediolateral (ML), �3.0, dorsoventral
(DV), �5.0; AP, �0.1, ML, �3.7, DV, �5.0;
AP, �1.2, ML �4.5, DV, �5.0] (3.5 �g/�l/site)
at a rate of 0.5 �l/min via an infusion cannula
connected by polyethylene tubing (50 PE) to a
50 �l Hamilton syringe driven by a Harvard
pump. After infusion, the toxin was permitted
to diffuse away from the cannula for 2 min be-
fore withdrawal. Intrastriatal lesions were cho-
sen in an effort to avoid nonspecific disruption
of the nigrostriatal pathway, which could, po-
tentially, impede the formation of novel nigro-
striatal projections.

Drug delivery. The preferential dopamine D3

receptor agonist 7-hydroxy- N, N-di-n-propyl-
2-aminotetralin (7-OH-DPAT) was selected
for this proposal based on previous studies
demonstrating its mitogenic role both in vitro
(Pilon et al., 1994; Coronas et al., 2004) and in
vivo (Van Kampen et al., 2004; Van Kampen
and Robertson, 2005). Thus, 4 weeks after in-
toxication (see Fig. 1), stainless steel indwelling
cannulas were placed into the ventral third ven-
tricle (AP, �2.00; ML, 0.00; DV, 8.00). The
cannula (30 ga; Plastics One, Roanoke, VA) was
fixed to the skull using dental acrylic and jew-
eler’s screws. Each cannula was attached, by 50
PE polyethylene tubing, to an osmotic

minipump [0.5 �l/h, 2 weeks (model 2002; Alza, Palo Alto, CA); 0.25
�l/h, 4 weeks (model 2004; Alza)], which was placed under the skin at the
base of the neck. Each pump was filled with either 7-OH-DPAT (Sigma,
St. Louis, MO) (2 �g/�l) or its vehicle, 0.9% saline. For those animals
receiving 8 weeks of treatment, the pump was replaced at 4 weeks.

Bromodeoxyuridine administration. During the first 2 weeks of 7-OH-
DPAT treatment, all animals received daily injections of bromodeoxyuri-
dine (BrdU; 100 mg/kg, i.p.; Sigma) to label proliferating cells.

Retrograde tracing. Five days before being killed, animals received bi-
lateral intrastriatal infusion of the retrograde fluorescent tracer Fluoro-
Gold (FG; Fluorochrome, Denver, CO) into six sites in the striatum (2%
in 0.9% saline; 0.2 �l/site) at a rate of 0.05 �l/min via an infusion cannula
connected by polyethylene tubing (50 PE) to a 10 �l Hamilton syringe
driven by a Harvard pump.

Drug-induced rotations. Before 7-OH-DPAT treatment began, animals
were tested for lesion severity, as determined using standard
amphetamine-induced rotation analysis. Animals were habituated to cy-
lindrical Plexiglas test chambers for 30 min before testing. Animals were
then administered the dopamine-releasing agent methamphetamine (2
mg/kg, i.p.), and rotations were recorded 30 min later for 1 h. Animals
were tested again at the conclusion of the study after a minimum 3 d drug
washout period. A subset of animals were tested once more, 2 or 4
months after termination of drug treatment.

Skilled reaching. Skilled paw reaching was assessed in the “staircase
test.” On each trial, the apparatus was baited with two 45 mg sucrose food
pellets (Bioserv, Frenchtown, NJ). Rats were placed on a schedule of
restricted feeding, in which animals received ad libitum access to food for
4 h/d immediately after training/testing. Training in the paw reaching
apparatus was conducted for 1 trial/d, 5 d/week, over 3 weeks. On each
trial, the maximum distance reached and the total number of pellets
successfully retrieved in 15 min was recorded. The rats were returned to
ad libitum feeding for 1 week before 6-hydroxydopamine lesioning. After
7-OH-DPAT treatment, animals were returned to a restricted feeding
schedule and reaching performance was reassessed. Data were analyzed
by separate multifactorial ANOVAs for each primary measure: (1) num-
ber of pellets consumed and (2) number of steps reached. Where signif-
icant F values were obtained, planned pairwise comparisons were made
using Newman–Keuls.

Immunohistochemistry. Animals were killed by transcardial perfusion
with 4% paraformaldehyde. Brains were removed and postfixed for 24 h

Figure 1. 7-OH-DPAT stimulates cell proliferation in the ipsilateral SNC. A, B, Representative fluorescent photomicrographs
depicting BrdU immunolabeling in a coronal section through the ipsilateral SN in animals treated with saline (A) or 7-OH-DPAT (B)
for 2 weeks. C, Quantitative analysis of BrdU-positive cells in the ipsilateral SNC. Each bar represents the mean (�SEM, n � 6)
number of BrdU-positive cells counted in the ipsilateral SNC after 2, 4, or 8 weeks of treatment. Significant difference from
saline-treated controls, **p � 0.001.
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in 4% paraformaldehyde followed by cryoprotection in 30% sucrose.
Symmetrical 40-�m-thick sections were cut on a freezing microtome and
stored in a Millonigs solution. Every 12th section was processed for im-
munohistochemistry. Free-floating sections were pretreated with 50%
formamide/280 mM, incubated in 2 M HCl at 37°C for 30 min, and rinsed
in 0.1 M boric acid, pH 8.5, at room temperature for 10 min. Sections were
incubated in 1% H2O2 in PBS for 15 min in blocking solution [3% goat or
donkey serum/0.3% Triton X-100/Tris-buffered saline (TBS)] for 1 h at
room temperature, followed by the appropriate antibody at 4°C over-
night. Anti-BrdU antibodies were mouse monoclonal anti-BrdU (1:250;
Chemicon, Temecula, CA) or sheep polyclonal anti-BrdU (1:10,000; Re-
search Diagnostics Inc., Flanders, NJ). The other primary antibodies
were monoclonal mouse anti-glial fibrillary acidic protein (GFAP) (1:
1000; Chemicon), monoclonal mouse anti-Tuj1 (1:1000; Chemicon),
polyclonal guinea pig anti-doublecortin (DCX; 1:5000; Chemicon),
monoclonal mouse anti-neuronal-specific nuclear protein (NeuN;
1:1000; Chemicon), and proliferating cell nuclear antigen (PCNA;
1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). For proper identi-
fication of the SNC, all sections were incubated with either polyclonal
mouse anti-tyrosine hydroxylase (TH; 1:10,000; Chemicon) or mono-
clonal mouse anti-TH (1:1000; Chemicon). For fluorescent visualiza-
tion, sections were incubated with the respective secondary antibody
conjugated to either Alexa 488, Alexa 594, Alexa 633, or Alexa 350 (In-
vitrogen, Eugene, OR). Between steps, sections were washed three times
for 10 min in TBS. Sections were mounted on unsubbed glass slides and
coverslipped in Fluoromount. Fluorescence signals were detected with a
Zeiss (Oberkochen, Germany) axiophot laser-scanning confocal micro-
scope at excitation/emission wavelengths of 323/340, 535/565, 470/505,
and 585/615 nm.

Cell counting. The number of immunopositive cell bodies was counted
by an observer blinded to treatment history. Unbiased stereological cell
counts were obtained using a computer-assisted image analysis system
and Zeiss Axiovision 4.3 image analysis software, including Axiovision
Interactive Measurement Module. For counting cells of the substantia
nigra, the compacta regions were defined by the distribution of TH-
positive cells within a set of clear anatomical landmarks/boundaries, used
to delineate the SNC. Immunopositive cells were counted using a 20�
objective (sampling frame area, 90,000 �m 2) containing an optical grid.
The counting frame was placed over the counting area and then system-
atically moved in the x–y direction until the entire delineated area was
sampled. The number of immunopositive cells counted across four sec-
tions per animal (third ventricle: �2.12, �2.80, �3.60, �4.16 mm; SNc:
�4.80, �5.30, �5.60, �6.04 mm) was totaled for each animal. Fluores-
cent double labeling was observed in microfine slices (1.5 �m) using a
laser-scanning microscope (Zeiss LSM 510) under a 40� objective. A
double-labeled BrdU/phenotypic marker-positive cell was defined as
having the strongest intensity of both immunolabels within the same or
neighboring 1.5-�m-thick optical sections through the cell in a consec-
utive Z-series of at least 10 sections, at 200� magnification and with a
resolution of 1024 � 1024 pixels. Cells not present in their entirety were
excluded. All double labeling was confirmed by rotating the image along
each axis to ensure that signals were localized within the same cell rather
than separate cells in close apposition. Slides were blind coded to elimi-
nate experimenter bias.

Statistical analysis. Data were analyzed using a multivariant ANOVA.
Where significant F-values were obtained, planned pairwise compari-
sons were made using Newman–Keuls. Differences were considered sta-
tistically significant at p � 0.05.

Results
Cell proliferation in the SN
Intraventricular infusion of the dopamine D3 receptor agonist
7-OH-DPAT resulted in a significant, more than twofold, in-
crease in BrdU-positive cell counts in the SNC, ispilateral to the
lesion, at all time points examined, when compared with the
saline-treated controls (Fig. 1) ( p � 0.001; n � 6). For compar-
ison with a known neurogenic region, we also examined BrdU
labeling in the ipsilateral SVZ, in which BrdU incorporation was

almost doubled after 2 weeks of 7-OH-DPAT treatment
(1231.63 � 125.18) compared with saline treatment (627.83 �
113.76) (Fig. 2) ( p � 0.001; n � 6), consistent with previous
findings in intact animals (Van Kampen et al., 2004). Although
the contralateral, uninjured, hemisphere is not the primary focus
of the current report and has been discussed previously (Van
Kampen and Robertson, 2005), we did note a significant eleva-
tion in BrdU labeling in the contralateral SNC (data not shown),
consistent with previous findings in intact animals. Compared
with the contralateral SNC, overall levels of BrdU labeling were
slightly but significantly ( p � 0.05; n � 6) reduced in the ipsilat-
eral SNC 4 weeks after intoxication (data not shown). This is
consistent with previous reports of impaired cell proliferation in
other regions, such as the SVZ, after dopaminergic denervation
(Baker et al., 2004; Höglinger et al., 2004).

As a complement to the BrdU labeling, we also examined
immunolabeling for PCNA, an endogenous marker of cell pro-
liferation. Treatment with 7-OH-DPAT resulted in significant
increases in PCNA labeling again at all time points examined (Fig.
3) ( p � 0.001; n � 6). Because PCNA is an endogenous marker,
antibodies only label cells proliferating at the time of death, in
contrast to BrdU, which is taken within the cell and maintained
through migration and differentiation. Thus, the increase in

Figure 2. 7-OH-DPAT stimulates cell proliferation in the ipsilateral SVZ. A, B, Representative
fluorescent photomicrographs depicting BrdU immunolabeling in a coronal section through the
ipsilateral SVZ in animals treated with saline (A) or 7-OH-DPAT (B) for 2 weeks. The asterisk
indicates the lateral ventricle.
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PCNA labeling within the SNC suggests that 7-OH-DPAT-
induced increases in BrdU-positive cell counts are likely to reflect
an effect on cell proliferation rather than an indirect effect on cell
survival (Carvey et al., 2001; Du et al., 2005). It has been reported
that cell cycle markers, including PCNA, may be expressed by
injured cells undergoing DNA repair (Maga and Hubscher,
2003). Thus, we also examined the number of PCNA-positive
cells displaying a mitotic morphology, as depicted in Figure 4A.
After 7-OH-DPAT treatment, the number of PCNA� mitotic
figures was elevated by �146% (Fig. 4B) ( p � 0.001; n � 6),
comparable with changes observed in total PCNA� cell counts
(Fig. 3C).

Perhaps even more importantly, these newly generated cells
appear to go on to develop a mature neuronal phenotype. We
performed multiple immunolabeling experiments examining the
number of BrdU� cells colabeled with antibodies against the
mature neuronal marker NeuN or the glial marker GFAP (Fig.

5F). After 2 weeks of treatment, �47% of
the BrdU� cells colabeled for either GFAP
or NeuN. The distribution between these
two cell-type markers was �50%. This is
consistent with the TH immunolabeling
results at the same time point, described
below. At 4 and 8 weeks of age, however,
we observed an increase in the number of
BrdU�/NeuN� cells and a decrease in the
number of BrdU�/GFAP� cells, with
�56% of all BrdU� cells then staining for
one of these two phenotypic markers ( p �
0.02; n � 6). These data indicate that, as
treatment progresses, the total number of
cells taking on distinct cell-type-specific
phenotypes has increased, with many of
these labeling for NeuN at later time
points. Colabeling for BrdU and the im-
mature neuronal marker Tuj1 was re-
stricted primarily to the 2 week time point.
No colabeling with DCX was evident at
any time point, despite robust labeling in
the SVZ and dentate gyrus. Although Tuj1
and DCX are both markers for immature
neurons, DCX is primarily expressed by
newly generated, migrating neurons

(Gleeson et al., 1999). Thus, the absence of this marker in BrdU�

cells may suggest that these cells arise within the SN, itself, as
opposed to migrating from another site of origin.

Some of these newly generated neurons express a dopaminer-
gic marker. To further determine the final neuronal type of these
BrdU�/NeuN� cells, we performed careful confocal analysis, in-
cluding orthogonal rotations. Approximately 28% of all of the
BrdU� cells in the ipsilateral SNc of 7-OH-DPAT-treated ani-
mals were positive for both NeuN and TH, indicative of dopami-
nergic neurons (Fig. 5). These data indicate that the majority of
all BrdU�/NeuN� cells have adopted a dopaminergic phenotype
after 8 weeks of treatment.

Nigrostriatal integrity
Nigral TH� cell counts stabilize before initiation of 7-OH-DPAT
treatment. After 6-hydroxydopamine lesioning, TH� cell counts
in the ipsilateral SNC were reduced to �23% of that in the con-
tralateral hemisphere, reflecting a 77% depletion of dopaminer-
gic neurons in the ipsilateral SNC, approximating levels of cell loss
presented in PD. This effect remained unchanged across the var-
ious time points in saline-treated controls (Fig. 6D). This is con-
sistent with previous reports (Yuan et al., 2005) and our own
experience, indicating that this model is not progressive in na-
ture, with the majority of cell loss observed within the first 2
weeks. Although TH� cell counts are only a marker of dopami-
nergic phenotype and do not necessarily imply cell death, the
number of cells estimated by TH and NeuN immunostaining
correlated well in our model. The remaining 23% of cells may be
important here, because it has been shown that when some intact
cells remain, as opposed to the complete destruction of the nigro-
striatal pathway, the potential for plasticity may be enhanced
(Song and Haber, 2000; Stanic et al., 2003). Furthermore,
6-hydroxydopamine lesions have been shown to reduce dopa-
mine D3 receptor expression in the SN (Bordet et al., 2000; Stan-
wood et al., 2000), possibly compromising the neurogenic poten-
tial of 7-OH-DPAT treatment. This would be consistent with the

Figure 3. 7-OH-DPAT stimulates expression of endogenous markers of cell proliferation in the ipsilateral SNC. A, B, Represen-
tative fluorescent photomicrographs depicting PCNA immunolabeling in a coronal section through the ipsilateral SN in animals
treated with saline (A) or 7-OH-DPAT (B) for 2 weeks. C, Quantitative analysis of PCNA-positive cells in the ipsilateral SNC. Each bar
represents the mean (�SEM, n � 6) number of PCNA-positive cells counted in the ipsilateral SNC after 2, 4, or 8 weeks of
treatment. Significant difference from saline-treated controls, **p � 0.001.

Figure 4. 7-OH-DPAT increases the number of PCNA-positive mitotic figures in the ipsilat-
eral SNC. A, Representative fluorescent photomicrograph depicting PCNA immunolabeling in a
pair of proliferating cells appearing to be undergoing mitosis in the ipsilateral SNC. B, Quanti-
tative analysis of PCNA-positive mitotic figures in the ipsilateral SNC. Each bar represents the
mean (�SEM, n � 6) number of PCNA-positive mitotic pairs counted in the ipsilateral SNC after
2, 4, or 8 weeks of treatment. Significant difference from saline-treated controls, **p � 0.001.
Scale bar, 20 �m.
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findings, reported above, of an overall re-
duction in the capacity of 7-OH-DPAT to
induce proliferation after intoxication.

Although the degree of nigral cell loss
remained stable across time points in
saline-treated controls, treatment with the
preferential dopamine D3 receptor agonist
7-OH-DPAT reduced lesion severity in a
time-dependent manner. After 4 weeks of
7-OH-DPAT treatment, we observed a
significant, robust increase in the total
( p � 0.01; n � 6) and relative ( p � 0.02;
n � 6) number of TH� cells counted in
the ipsilateral SNC (Fig. 6). This increase
was even more pronounced in animals
treated for 8 weeks, with the number of
TH� cells in the ipsilateral SNc approach-
ing 65% of contralateral counts. Again,
NeuN� cell counts closely approximated
these numbers. Interestingly, significant
recovery of TH� cells was only observed
after extended treatment, with no changes
seen after only 2 weeks of treatment, sug-
gestive of progressive cell maturation.

Dopaminergic neurons in the SNc nor-
mally send projections to the striatum in
the forebrain, and it is this loss of dopami-
nergic innervation that underlies key fea-
tures of PD symptomatology. To assess
the integrity of the nigrostriatal pathway,
we used the retrograde tracer FG. Count-
ing the number of FG-labeled cells in the
SNC after injection of the tracer into the
striatum permits a direct assessment of the
number of SNC neurons with intact con-
nections to the striatum and provides a
better measure of pathway integrity than
simpler measures of dopaminergic cell
body numbers in the SNc (Sauer and Oer-
tel, 1994). We examined changes in FG la-
beling and TH immunostaining in the ip-
silateral and contralateral SNc after
6-hydroxydopamine lesioning. We found
that FG labeling closely approximated TH� cell counts in the
SNc, including a significant decline in both TH and FG labeling
ipsilateral to the lesion. After chronic intraventricular 7-OH-
DPAT treatment, we observed a time-dependent, significant ele-
vation in the number of FG-labeled cells in the ipsilateral SNC

( p � 0.001; n � 6) (Fig. 7). In animals treated with 7-OH-DPAT
for a full 8 weeks, FG-labeled cell counts in the SNC reached
�75% of that observed in the contralateral, intact, hemisphere.
Thus, recovery of nigrostriatal projections is dependent on treat-
ment duration in a manner similar to that observed for TH� cell
counts. No significant changes in FG labeling were observed in
saline-treated controls, indicating that the agonist treatment was
directly responsible for this increase in apparent connectivity.
Unlike other markers of dopaminergic innervation such as stria-
tal TH or dopamine transporter, cell counts of nigral FG labeling
are likely to reflect true changes in the number of nigral cells
projecting to the striatum rather than axonal branching of exist-
ing neurons, which would alter labeling intensity rather than
actual cell numbers. Some of these FG-labeled cells were also
found to be BrdU� (Fig. 8), suggesting that the increase in nigro-

striatal projections, as evidenced by changes in nigral FG� cell
counts, may be attributable, at least in part, to the generation of
new cells, described above.

Behavioral recovery
To assess the impact of these anatomical changes on the behavior
of these animals, we incorporated two measures of nigrostriatal
dopamine function: drug-induced rotational analysis and a
skilled reaching task. To make certain that we were not assessing
acute symptomatic effects of the compound, we incorporated a
3 d drug washout period before behavioral testing (supplemental
Fig. 1S, available at www.jneurosci.org as supplemental mate-
rial). Locomotor asymmetry, as determined using classical
amphetamine-induced rotation analysis, showed significant im-
provements after 4 and 8 weeks of chronic intraventricular infu-
sion of 7-OH-DPAT ( p � 0.001; n � 6) (Fig. 9A) over pretreat-
ment measures, coincident with the changes in TH� and FG�

cell counts described above. No changes were observed in rota-
tional response at any time point in the saline-treated controls or
in animals receiving only 2 weeks of agonist treatment. Remark-
ably, animals receiving 7-OH-DPAT for a full 8 weeks displayed

Figure 5. 7-OH-DPAT promotes the adoption of a neuronal phenotype in newly generated cells of the SNC. A–C, Representative
fluorescent photomicrographs depicting serial sections through a single cell immunolabeled for TH (A), BrdU (B), and NeuN (C). D,
Merged image depicting immunolabeling for all three markers. E, Images were rotated in orthogonal planes to confirm the
presence of all three markers within a single cell rather than individual cells in close proximity. F, Counts of BrdU-positive cells also
labeled for either NeuN or GFAP in the ipsilateral SNc. Each bar represents the mean (�SEM, n � 6) number of BrdU-positive cells
immunolabeled for GFAP or NeuN after 2, 4, or 8 weeks of treatment. Cells were counted in the ipsilateral SNC. The asterisk indicates
significant difference from saline-treated controls. Scale bar, 10 �m.
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�80% fewer amphetamine-induced rotations than the controls,
indicative of a substantial behavioral recovery. In light of the drug
washout, these effects cannot be attributed to symptomatic ben-
efits of acute receptor activation. However, to further demon-
strate this, we retested a subset of animals 2 and 4 months after
termination of 7-OH-DPAT treatment. As shown in Figure 9B,
the reductions in rotational responses were evident even after this
extended period of drug withdrawal, clearly indicating an im-

provement in the underlying pathology rather than simply a
symptomatic response to the agonist.

Although drug-induced rotation remains the standard mea-
sure of functional asymmetry in hemiparkinsonian rats, striatal
dopamine depletion has also been shown to impair skilled fore-
limb use (Montoya et al., 1991; Barnéoud et al., 1995). To assess
skilled reaching, we used a “staircase test” (Montoya et al., 1991;
Abrous and Dunnett, 1994). As expected, nigrostriatal
6-hydroxydopamine-induced lesions resulted in a significant im-
pairment of skilled reaching with the contralateral paw but
caused no disruption of reaching with the ipsilateral paw (Fig.
9C,D). Consistent with the behavioral improvement noted in the
rotation analysis, we observed a significant improvement in
skilled reaching after both 4 and 8 weeks of intraventricular
7-OH-DPAT infusion, with no changes observed in either the
saline treatment animals or those animals treated for only 2
weeks.

Figure 6. 7-OH-DPAT treatment partially restores TH immunolabeling in the ipsilateral SNC.
A–C, Photomicrographs depicting TH immunolabeling in the ipsilateral SNC after 2, 4, and 8
weeks of 7-OH-DPAT treatment. D, TH � cell counts in the ipsilateral SNC. Each bar represents
the mean percentage (�SEM, n � 6) of TH � cells remaining in the ipsilateral SNC relative to
the contralateral, intact hemisphere based on total cell counts. Significant difference from
saline-treated controls, **p � 0.001; *p � 0.02.

Figure 7. 7-OH-DPAT partially restores retrograde FG labeling in the SNC. A–F, Representa-
tive photomicrographs depicting FG labeling in the ipsilateral SN after 2 (A, B), 4 (C, D), and 8 (E,
F ) weeks of saline (A, C, E) or 7-OH-DPAT (B, D, F ) treatment. G, Quantitative analysis of
FG-positive cells counted across four sections through the ipsilateral SN. Each bar represents the
mean percentage (�SEM, n � 6) of FG-labeled cells remaining in the ipsilateral SNC relative to
the contralateral, intact hemisphere based on total cell counts. Significant difference from
saline-treated controls, **p � 0.001.
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Collectively, these data indicate that chronic intraventricular
administration of 7-OH-DPAT results in significant functional
recovery, as determined by both amphetamine-induced rota-
tions and skilled reaching. Furthermore, behavioral improve-
ments continue to persist long after drug washout, suggestive of
changes in underlying pathology.

Discussion
These studies are the first to describe agonist-induced repair in a
rodent model of PD. In these experiments, we have shown cellu-
lar proliferation in the SNC of hemiparkinsonian rats in response
to intraventricular infusion of the dopamine D3 receptor agonist,
7-OH-DPAT. Not only was there evidence of increased cell pro-
liferation in these regions, but a proportion of these newly gen-
erated cells appeared to adopt a mature neuronal phenotype,
suggesting a potential neurogenic role for this compound. In-
deed, this confirms previous findings involving intact animals,
indicating that 7-OH-DPAT treatment promotes neurogenesis
in the adult rat brain (Van Kampen et al., 2004; Van Kampen and
Robertson, 2005). Dopamine neurons with incorporated BrdU
label were discovered in the lesioned SNC after extended treat-
ment, and a time-dependent recovery of nigral dopaminergic
neurons and their projections was observed. Evidence for this
anatomical restoration was further corroborated by the substan-
tial functional recovery observed in two behavioral measures of
locomotor asymmetry, an effect that persisted at least 4 months
after treatment ended.

Evidence for cell proliferation, as measured by BrdU incorpo-
ration, was further reinforced in these studies by cell counts of
mitotic figures and PCNA labeling. PCNA is an endogenous
marker of cell proliferation, and antibodies for this protein label
only those cells proliferating at the time the animals were killed,
as opposed to BrdU, which is taken within the cell and main-
tained through migration and differentiation. Here, we demon-
strate both the appearance of PCNA-positive cells within the SNC

and their induction after chronic intraventricular administration
of 7-OH-DPAT. This increase in PCNA labeling suggests that
7-OH-DPAT-induced increases in BrdU-positive cell counts re-
flect an effect on cell proliferation rather than an indirect effect on
cell survival (Carvey et al., 2001; Du et al., 2005). These findings
also suggest that cells are proliferating within the SNC itself. This
would be consistent with the absence of DCX labeling in the SNC.
Both Tuj1 and DCX are markers for immature neurons, but DCX
is localized primarily in migrating neurons. Labeling for this neu-
ronal marker was robust in regions known for neuronal migra-
tion, including the SVZ and dentate gyrus, with no labeling found
in the SNC. Thus, the current data suggest that 7-OH-DPAT-
induced proliferation in the SNC may occur in situ from resident
neural progenitor cells (Lie et al., 2002) rather than progeny mi-
grating from periventricular regions.

Although the incorporation of BrdU has long been considered
the gold standard for the study of cytogenesis, BrdU can poten-
tially incorporate into damaged or dying cells. For this reason,
care should be taken when studying neurogenesis in disease mod-
els. In light of the neuroprotective effects attributed to D3 recep-
tor agonists (Vu et al., 2000), 7-OH-DPAT could potentially have
protected existing neurons from additional damage before de-
generation was complete. However, this is unlikely to account for
the findings reported in these studies. First, animals were treated
with BrdU beginning a full 4 weeks after 6-hydroxydopamine
intoxication, and there was no evidence for residual degeneration
occurring beyond this point, because TH� and NeuN� cell
counts did not differ across time points in the saline-treated con-

Figure 8. Newly generated cells in the ipsilateral SNC have projections in the striatum. Rep-
resentative fluorescent photomicrographs depicting double immunolabeling for FG (A) and
BrdU (B) in the ipsilateral SNC after 8 weeks of 7-OH-DPAT treatment. C, Merged images indicate
colocalization of both markers within cells of the ipsilateral SNC. D, Images were rotated in
orthogonal planes to confirm the presence of both markers within a single cell rather than
individual cells in close proximity. Scale bar, 20 �m.

Figure 9. 7-OH-DPAT promotes functional recovery after denervation in a rodent model of
PD. Functional asymmetry was assessed before and after 7-OH-DPAT treatment using two
standard behavioral measures. A, Counts of amphetamine-induced rotations 3 d after 0, 2, 4, or
8 weeks of treatment. Each point represents the mean (�SEM, n � 6) number of ipsilateral
rotations expressed as a percentage of pretreatment values. Significant difference from saline-
treated controls, **p � 0.001. B, Counts of amphetamine-induced rotations at various time
points after the termination of 8 weeks of treatment. Each bar represents the mean (�SEM,
n � 3– 6) number of ipsilateral rotations expressed as a percentage of pretreatment values.
Significant difference from saline-treated controls, **p � 0.001. C, Counts of pellets eaten in
the staircase test. D, Counts of the number of steps reached in the staircase test. Each point
represents the mean (�SEM, n � 6) number of pellets eaten or steps reached. Significant
difference from ipsilateral paw, **p � 0.001. Squares, Ipsilateral paw; triangles, contralateral
paw; open symbol, saline treatment; filled symbol, 7-OH-DPAT treatment.
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trols. Furthermore, degeneration in this model occurs in a retro-
grade manner. Had cells begun to die back without actual cell
loss, there would be a discrepancy between measures of striatal
innervation and nigral cell counts before initiation of treatment.
Instead, FG labeling closely approximated TH� and NeuN� cell
counts at all time points. Also, had BrdU incorporation been attrib-
utable to unscheduled DNA synthesis/repair, 6-hydroxydopamine
intoxication might be expected to actually enhance BrdU labeling. In
contrast, BrdU labeling in the SNC was reduced overall in the
lesioned hemisphere when compared with the contralateral, un-
injured hemisphere. Thus, nonspecific uptake of BrdU by injured
cells is unlikely to account for the findings reported here.

As mentioned, we observed a substantial, time-dependent im-
provement in behavioral measures after treatment. Although the
dopamine D3 receptor is known to influence locomotor behavior
in the rat (Ouagazzal and Creese, 2000), acute dopamine receptor
activation is unlikely to explain the restoration of behavioral
function observed here, because we used a 3 d washout before
testing the animals. Furthermore, the greatest behavioral im-
provement was observed only after prolonged treatment, with no
significant changes observed after only 2 weeks of treatment. Per-
haps most convincing is the persistence of the observed behav-
ioral improvement, which lasted as long as 4 months after drug
treatment ended. Together, this would suggest a more permanent
structural change underlying these behavioral improvements.

The most effective means of reinstating behavioral function in
PD is to restore the nigrostriatal dopamine projection. The data
provided here indicate a behaviorally relevant restoration of ni-
grostriatal projections. The strongest evidence for this is the ret-
rograde incorporation of FG into cells of the SNC after injection
into the striatum and an accompanying increase in the density of
nigral TH� cells. The direct correlation between the behavioral
improvement and increased FG labeling and number of TH�

cells supports our hypothesis that restoration of the dopaminer-
gic nigrostriatal circuit has occurred. The colabeling of these
same SNC neurons with FG and the proliferation marker BrdU
further supports the contention that 7-OH-DPAT treatment
promotes regeneration of nigrostriatal cells. We are unaware of
any other treatment modality capable of triggering such substan-
tial neurorestorative effects.

The findings reported here in rats may have relevance for
human PD. Although levodopa continues to be the most effective
therapy for the cardinal features of PD, direct-acting dopamine
receptor agonists have now become an important part of PD
therapy. These drugs have been shown to modify the course of the
disease, being associated with a reduced incidence of dyskinesias
and motor fluctuations. Furthermore, recent evidence indicates
that the advantages of ropinirole and pramipexole, two preferen-
tial dopamine D3 receptor agonists used to treat PD, extend be-
yond purely symptomatic benefits (Stern, 2004). Indeed, using
imaging markers of dopamine function, treatment with these
agonists has been found to be associated with a reduction in
disease progression (Parkinson Study Group, 2002; Whone et al.,
2003). Thus, observations in humans would be consistent with
the data reported here and further highlight their relevance to
PD. Indeed, dopaminergic modulation of forebrain precursor
proliferation is not restricted to rodents but has also been identi-
fied in monkeys (Freundlieb et al., 2006) and humans (Höglinger
et al., 2004), suggesting that pharmacological manipulation of
precursor cell proliferation by small-molecule receptor agonists
could represent an exciting means of using endogenous neural
progenitor cells to repair the damaged PD brain.
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