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A B S T R A C T

Nigral dopaminergic (DAergic) cell degeneration and depletion of dopamine neurotransmitter in the midbrain
are cardinal features of Parkinson's disease (PD). Dopamine system regulates different aspects of behavioural
phenotypes such as motor control, reward, anxiety and depression via acting on dopamine receptors (D1-D5).
Recent studies have shown the potential effects of dopamine on modulation of neurogenesis, a process of
newborn neuron formation from neural stem cells (NSCs). Reduced proliferative capacity of NSCs and net
neurogenesis has been reported in subventricular zone, olfactory bulb and hippocampus of patients with PD.
However, the molecular and cellular mechanism of dopamine mediated modulation of DAergic neurogenesis is
not defined. In this study, we attempted to investigate the molecular mechanism of dopamine receptors mediated
control of DAergic neurogenesis and whether it affects mitochondrial biogenesis in 6-hydroxydopamine (6-
OHDA) induced rat model of PD-like phenotypes. Unilateral administration of 6-OHDA into medial forebrain
bundle potentially reduced tyrosine hydroxylase immunoreactivity, dopamine content in substantia nigra pars
compacta (SNpc) and striatum region and impaired motor functions in adult rats. We found decreased D1 re-
ceptor expression, mitochondrial biogenesis, mitochondrial functions and DAergic differentiation associated
with down-regulation of Wnt/β-catenin signalling in SNpc of 6-OHDA lesioned rats. Pharmacological stimula-
tion of D1 receptor enhanced mitochondrial biogenesis, mitochondrial functions and DAergic neurogenesis that
lead to improved motor functions in 6-OHDA lesioned rats. D1 agonist induced effects were attenuated following
administration of D1 antagonist, whereas shRNA mediated knockdown of Axin-2, a negative regulator of Wnt
signalling significantly abolished D1 antagonist induced impairment in mitochondrial biogenesis and DAergic
neurogenesis in 6-OHDA lesioned rats. Our results suggest that dopamine receptor regulates DAergic neuro-
genesis and mitochondrial functions by activation of Wnt/β-catenin signaling in rat model of PD-like pheno-
types.

1. Introduction

Parkinson's disease (PD) is the second most common age-related
neurodegenerative disorder after Alzheimer's disease (AD). PD is
mainly characterized by the loss of dopaminergic (DAergic) neuron in
substantia nigra pars compacta (SNpc) and subsequent terminal loss of
these neurons in striatum resulting in motor symptoms such as brady-
kinesia, rigidity, resting tremor and postural instability (Alexander,

2004). In conjugation with motor symptoms, non-motor symptoms are
also commonly observed during disease progression such as anxiety,
depression and cognitive impairment. Although, the pathological
changes and motor dysfunctions are well reported in PD, but the precise
mechanism(s) responsible for death of DAergic neurons is still un-
known. Dopamine is a monoamine neurotransmitter directly implicated
in motor control, reward mechanism and cognitive functions (Fowler
and Benedetti, 1983). Dopamine exerts its functions via acting on
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different dopamine receptors which are commonly classified as D1-like
dopamine receptor (D1 and D5) and D2-like dopamine receptor (D2, D3
and D4) (Mishra et al., 2018). Levodopa (L-Dopa) is thought to be a
golden therapy for treatment of PD. However, chronic L-DOPA treat-
ment is frequently associated with unwanted side effects including in-
voluntary movements, akinesia, dystonia and hallucination (Mishra
et al., 2018). Dopamine receptor agonists and antagonists are current
therapies to delay the onset of adverse effect of L-Dopa, but they pro-
vide only symptomatic relief (Hisahara and Shimohama, 2011). D3
receptor agonist pramipexole and ropinirole has been shown to exert
neuroprotective effect against MPTP and (Kitamura et al., 1997; Zou
et al., 2000) and 6-OHDA (Iida et al., 1999) induced neurodegenera-
tion. D3 receptor agonist pramipexole significantly reduced reactive
oxygen species and mitochondrial dysfunction after MPP+ toxicity in
in-vitro as well as in-vivo model systems of DAergic neurodegeneration
(Cassarino et al., 1998). Similarly, D2 receptor stimulation by quin-
pirole increased ATP synthesis, reduced ROS generation and potentially
protected the striatal neurons in mouse model of PD overexpressing
mutated Lrrk2 (Tozzi et al., 2018). In addition to these studies which
showed the effects of dopamine agonist/antagonist on behavioural
functions and DAergic neurodegeneration, several studies have also
explored the effect of dopamine receptors stimulation/inhibition on
birth of newborn neurons in discrete brain regions (Hedlund et al.,
2016; Mishra et al., 2019; Winner et al., 2009). Formation of newborn
neurons from neural progenotor cells is referred as “neurogenesis”.
Neurogenesis occurs throughout mammalian life in two well defined
neurogenic niches; subventricular zone (SVZ) of lateral ventricles and
subgranular zone (SGZ) of hippocampal dentate gyrus (DG) (Ming and
Song, 2011). Interestingly, chronic treatment with D3 receptor agonist
7-OH-DPAT increased the number of proliferating nigral bromodeox-
yuridine (BrdU) expressing DAergic neuron in 6-OHDA induced rat
model of PD (Van Kampen and Robertson, 2005). Winner et al. (2009)
demonstrated the presence of dopamine receptors on SVZ NSCs. They
also showed increased proliferation, migration and neuronal differ-
entiation in the SVZ and olfactory bulb following chronic treatment
with pramipexole to 6-OHDA induced rat model of PD (Winner et al.,
2009). Similarly, D1 receptor stimulation also increases the number of
proliferating BrdU+ cells and formation of newborn neurons in the DG
of MPTP treated mice (Zhang et al., 2016b). The magnitude of forma-
tion of newborn neurons under physiological conditions is relatively
lower in the SN as compared to well defined regions such as SVZ and
DG. Interestingly, whole DAergic neuronal population could be re-
placed by newborn cells during the lifespan of mouse, suggesting that
adult neurogenesis is not limited to these two discrete neurogenic re-
gions (Zhao et al., 2003). Lie et al. (2002) showed that the population of
actively dividing progenitors produce mature glial cells not neurons in
physiological conditions. Interestingly, transplantation of these freshly
isolated progenitors from SN into adult hippocampus gave rise to ma-
ture neurons (Lie et al., 2002), suggesting that these progenitors possess
the neurogenic potential, if exposed to appropriate environmental cues.

Mitochondrial dysfunction and oxidative damage is associated with
several neurodegenerative disorder (Johri and Beal, 2012). In particular,
mitochondrial dysfunction is strongly correlated with the loss of DAergic
neurons in PD patient. However the molecular and cellular mechanism
that control mitochondrial biogenesis in PD is not yet well defined
(Schapira, 1999). The involvement and accumulation of defective mi-
tochondria in PD has been supported by several clinical studies, showing
higher level of somatic deletion of mitochondrial DNA in post-mortem
brain of PD patients and aged individuals as compared to non-PD or
younger controls (Kraytsberg et al., 2006; Parkinson et al., 2014). Simi-
larly, reduced complex 1 activity and electron transfer rate and increased
ROS formation have been reported in SNpc and cortex region of PD pa-
tients (Keeney et al., 2006), suggesting a series of mitochondrial dys-
function events that essentially participate in the loss of nigral DAergic
neurons. The number and subcellular distribution of mitochondria in the
cells are tightly regulated by mitochondrial fission and fusion process

which is collectively referred as “mitochondrial biogenesis”. Several pro-
teins are responsible for these two opposite events, such as dynamin-re-
lated protein (DRP-1) and mitochondrial fission-1 protein (Fis-1) are re-
sponsible for fission, whereas mitofusins (Mfn-1 and Mfn-2) and optic
atrophy-1 (OPA-1) are responsible for fusion process. Moreover, peroxi-
some proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α)
is a co-transcriptional regulation factor also involved in mitochondrial
biogenesis and activation of different transcription factors such as nuclear
respiratory factors 1 and 2 proteins (NRF-1 and NRF-2) and mitochondrial
transcription factor A (TFAM) (Medeiros, 2008; Scarpulla, 2008). It has
been reported that 6-OHDA induced mitochondrial fragmentation/fission
involves the reduction of mitofusins and OPA-1 (mitochondrial Dynamin
Like GTPase) and upregulation of Drp-1 expression in in-vitro and in-vivo
models of PD (Xi et al., 2018).

Wnt/β-catenin signal transduction pathway is important for the
development of central nervous system and formation of DAergic
neurons in ventral midbrain. In the absence of Wnt ligands, β-catenin is
marked for proteasomal degradation by “β-catenin degradation com-
plex” which is assembled by scaffolding proteins likeAxin-2, GSK-3β,
casein kinase-1 (CK-1), adenomatous polyposis coli (APC) and DVL
(dishevelled) (Komiya and Habas, 2008). For the activation of in-
tracellular signal transduction, Wnt ligand binds to Fz (Frizzled) re-
ceptors and associated co-receptors (lipoprotein receptor related pro-
teins 5/6 (LRP5/LRP6) at cell membrane. The downstream signalling
events include the association of DVL with Fz receptor, depho-
sphorylation of GSK-3β and inactivation of Axin-2 that leads to the
dissolution of β-catenin degradation complex (Komiya and Habas,
2008). Consequently, GSK-3β is not available to phosphorylate β-ca-
tenin for degradation which thus accumulates in the cytoplasm.
Therefore, hypo-phosphorylated β-catenin preferentially translocates
into the nucleus where it binds with TCF/LEF transcription factor
(Komiya and Habas, 2008). Growing evidence provides a link between
Wnt and dopamine signaling (L'Episcopo et al., 2014; Singh et al.,
2018a). In support of this notion, it has been reported that over-
expression of D2 receptor inhibit Wnt signaling by acting downstream
of GSK3β (Min et al., 2011). Similarly, D2 receptor agonism increases
cellular level of Dvl and β-catenin in psychotic disorders (Alimohamad
et al., 2005). Wnts isoforms show the functional differences in the de-
velopment of ventral midbrain (VM) DAergic neurons, for example;
Wnt-1 and Wnt-3a are important for specification of committed dopa-
minergic precursors and Wnt-5a for their terminal differentiation
(Castelo-Branco et al., 2003). This study also corroborate finding on in
vivo where disruption of Wnt1 (Andersson et al., 2008; Thomas and
Capecchi, 1990), Wnt-5a or Lrp-6 (Castelo-Branco et al., 2010) genes
induces the impairment in DAergic development and alter midbrain
morphology. However, the precise mechanism of dopamine receptor
mediated control of mitochondrial biogenesis and formation of new
dopaminergic neurons in PD is not defined. In the present study, we
show that D1 receptor signalling via Wnt/β-catenin signalling pathway
improve mitochondrial biogenesis and maintain DAergic neurogenesis
in 6-OHDA induced rat model of PD-like phenotypes.

2. Material and methods

2.1. Animals

Adult male Sprague Dawley (SD) rat were obtained from National
Laboratory Animal Centre (NLAC) of Central Drug Research Institute,
Lucknow, India. Rats were maintained under standard laboratory con-
ditions with a 12-h–light/–dark cycle and ad libitum access to food and
water during the study. The animal experiment protocol and experi-
mental procedure was carried out in accordance to Institutional
Animals Ethics Committee (IAEC) following the guidelines of CPCSEA
(Committee for the Purpose of Control and Supervision of Experiment
on Animals), which complies with international norms of INSA (Indian
National Science Academy).
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2.2. 6-OHDA lessoning

6-OHDA lessoning was performed according to our previous study
(Singh et al., 2018a). In brief, rats were injected with desipramine
(25 mg/kg/i.p; Sigma-Aldrich, St. Louis, MO, USA), a noradrenergic
reuptake inhibitor. After 30 min of desipramine, rats were anesthetized
with sodium pentobarbital (40 mg/kg, i. p) and placed in a stereotaxic
frame. Total 16 μg of 6-OHDA-hydrobromide (8 μg/μl; in normal saline
containing 0.02% ascorbic acid) was unilaterally injected into the right
medial forebrain bundle (MFB) at a rate of 0.5 μl/min at the following
stereotaxic coordinates related to Bregma; AP = −4.4, ML = 1.2,
DV = - 7.8 mm using 30-gauge Hamilton syringe. The needle was
placed in for an additional 5 min before being retracted to prevent
backflow.

2.3. Lentiviral vector administration

To determine the role of Wnt/β-catenin signalling in mitochondrial
biogenesis and DAergic neurogenesis in rat model of PD. Axin-2 shRNA
lentivirus particles were stereotaxically injected in the right SNpc of
rats according to our previous study (Singh et al., 2018a). Ready to use
pLKO.1-puro-CMV-tGFP Mission® lentivirus particles were procured
from Sigma Aldrich (St. Louis, USA). The Axin-2 knockdown targeting
sequence was 5′-AAAGGGAAATTACAGGTATTA-3′ and nontargeted or
scrambled (sc) shRNA (Sigma Aldrich, St. Louis, USA) was used as a
control. Lentiviral particles were injected at the same time of 6-OHDA
injection. Green fluorescent protein (GFP) tagged Axin-2 shRNA lenti-
virus particles (2.1 × 107 TU/ml) were injected with a 10-μl Hamilton
syringe at a speed of 0.2 μl/min at the following anterior-posterior,
lateral and ventral coordinates related to Bregma, AP = −5.2,
ML = 2.5, DV = - 7.6 mm. At the end of injection, needle was left in
place for an additional 5 min before being retracted.

2.4. Drugs and treatment

Drug administration protocol was divided into two set of experi-
ment. In the first experiment, rats were divided into seven groups. All
drug treatment started 3 days prior to 6-OHDA injection and continued
for another 21 days from day of 6-OHDA injection.

2.4.1. Control group
Received 2 μl of saline stereotaxically in right MFB.

2.4.2. 6-OHDA lesioned group
Received 2 μl of 6-OHDA (8 μg/μl) saline in right MFB.

2.4.3. 6-OHDA + SKF-38393 group
Rats were injected with D1 receptor agonist SKF-38393 (10 mg/kg,

i. p, Sigma Aldrich, USA).

2.4.4. 6-OHDA + SKF-38393 + SCH- 23390 group
6-OHDA + SKF-38393 treated rats were received D1 antagonist

SCH-23390 (0.5 mg/kg, i. p, Sigma Aldrich, USA).

2.4.5. 6-OHDA + Bromocriptine group
6-OHDA lesioned rats received D2 receptor agonist bromocriptine

(0.2 mg/kg, i. p, Sigma Aldrich, USA).

2.4.6. 6-OHDA + Bromocriptine + raclopride group
6-OHDA + bromocriptine treated rats were received D2 receptor

antagonist raclopride (5 mg/kg, i. p, Sigma Aldrich, USA).

2.4.7. 6-OHDA + L-DOPA group
6-OHDA lesioned rats received L-DOPA (25 mg/kg, i. p) + bene-

srazide (15 mg/kg, i. p).
In the second experiment, animals were divided into four groups.

All drug treatment started 3 days prior to 6-OHDA injection and con-
tinued for another 21 days from day of 6-OHDA injection.

2.4.2.1. ScshRNA group (control). Rats stereotaxically received 2 μl of
scrambled (sc) shRNA lentivirus particles into SNpc.

2.4.2.2. 6-OHDA+ ScshRNA. Rats were stereotaxically received 2 μl of
6-OHDA (8 μg/μl) into right MFB along with 2 μl of scshRNA lentivirus
particles into SNpc. ScshRNA was injected at the same time of 6-OHDA
injection.

2.4.2.3. 6-OHDA + ScshRNA + S KF-38393 + SCH-23390. 6-
OHDA + scshRNA treated rats were cotreated with D1 agonist SKF-
38393 followed by D1 antagonist SCH-23390.

2.4.2.4. 6-OHDA + Axin-2 shRNA + SKF-38383 + SCH-23390. 6-
OHDA lesioned rats were received Axin-2 shRNA (2 μl) into SNpc at the
same time of 6-OHDA injection. 6-OHDA + Axin-2 shRNA injected rats
were cotreated with D1 agonist SKF-38393 followed by D1 antagonist
SCH-23390. Drug doses were selected according to the effective doses
reported in previous rodent studies (Mishra et al., 2019).

2.5. Bromodeoxyuridine (BrdU) administration

To investigate the effect of dopamine receptors modulation and
Axin-2 knockdown on DAergic neurogenesis in 6-OHDA treated rats,
BrdU was injected (50 mg/kg, i. p.) daily for 3 days starting from the
next day of 6-OHDA injection. BrdU is a thymidine analogue that spe-
cifically label cells during S-phase, therefore, used as a proliferation
marker.

2.6. Open-field activity test

The locomotor activity was measured on day 21 post 6-OHDA in-
jection by Optovarimax (OptoM-3, Columbus Instruments, USA) as
previously described (Singh et al., 2017, 2018a). In brief, rats were
placed in an open field arena (45 cm × 45 cm) surrounded by plexiglass
walls in a quiet and sound proof room. Rats were acclimatized for
10 min in open-field arena prior to start experiment. The activity was
monitored over a period of 30 min. At the end of experiment, rats were
removed from the open field, and the experimental chamber was
thoroughly cleaned with 70% alcohol to avoid the interference odour of
previous rat.

2.7. Rotarod test

Balance and neuromuscular coordination was measured by rotarod
apparatus (Rotamax-5, Columbus Instruments, USA) under an accel-
erating protocol previously described (Singh et al., 2018a). Rats were
pre-trained on rotating rod for 3–4 days prior to 6-OHDA lesioned to
verify that they could maintain themselves on rotating rod for 300 s. On
day 21 post-6-OHDA injection latency to fall from rotating rod was
recorded using the same protocol.

2.8. Amphetamine-induced circling behaviour

Amphetamine (5 mg/kg, i. p.) induced ipsilateral rotations analysis
was performed on day 21 post-6-OHDA injection to evaluate the effect
of dopamine receptor agonist and antagonist on lesion severity. 30 min
after amphetamine administration, rotational behaviour was monitored
for periods of 30 min as describe earlier published method (Singh et al.,
2018a). The data is expressed as net ipsilateral rotations per 30 min (net
ipsilateral rotations = ipsilateral rotations in 30 min-contralateral ro-
tations in 30 min).

A. Mishra, et al. Neurochemistry International 129 (2019) 104463

3



2.9. High performance liquid chromatography (HPLC)

Briefly, brain part such as striatum and SNpc was homogenised in
ice cold Tris-EDTA buffer, pH 7.4 at a ratio of 1:2. A simple protein
precipitation technique was used for extraction of the compounds from
tissue using acetonitrile as an extracting solvent. To 50 μL of homo-
genised tissue, 100 μL of acetonitrile was added and vortexed for 10 min
followed by centrifugation 10 min at 12,000 rpm on Sigma 3–16 K
(Frankfurt, Germany). 80 μl of organic layer was separated and 20 μL
was injected into the analytical column for detection. The concentration
of Dopamine was analyzed using Shimadzu HPLC system (Kyoto,
Japan) equipped with a LC-10 ATVP pump, DGU-14A degasser, SCL-10
AVP system controller, SIL-10 ADVP injector and a SPD-M10 AVP photo
diode array detector. Separation of dopamine was done on Supelco
Discovery Cyano C18 column (15 mm × 4.6 mm, 5.0 μm)using mobile
phase: acetonitrile (acidified with 0.1% formic acid): 0.1% formic acid
in the ratio of 70:30 (v/v) at a flow rate of 0.5 mL/min for dopamine.
The detection wavelength was 258 nm for dopamine.

2.10. Total ATP measurement

Total ATP was measured using commercially available ATP
Colorimetric assay kits (BioVision, CA, USA). Tissues were homo-
genised in ATP assay buffer, centrifuged at 18,000×g for 10 min at 40C
and supernatant was used for ATP and protein measurement.
Absorbance was measured at 570 nm using an ELISA plate reader
(BioTek Instruments, USA) and the result expressed as μmol/g of tissue
weight.

2.11. Citrate synthase activity

Citrate synthase activity in brain tissues were measured using a
commercially available enzyme assay kit (Biovision, CA, USA) ac-
cording to the manufacturer's instructions. Tissues were homogenised
in assay buffer provided with kit, centrifuged at 10,000×g for 5 min at
4 °C and supernatant was used for citrate synthase activity and protein
measurement. Citrate synthase activity was measured at 412 nm in ki-
netic mode at 25 °C for 20–40 min, normalized by GSH standard and
expressed in nmol/min/μl.

2.12. Flow cytometry analysis

Mitochondrial membrane potential (ᴪM, MMP) was assessed using
mitochondrial membrane potential sensitive carbocyanine dye JC-1
(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzamidazolocarbocyanine
iodide, Sigma Aldrich, USA) in SNpc as described in our previous
publication (Singh et al., 2018a). Intact mitochondria were isolated
from freshly dissected tissues using a mitochondria isolation kit
(Qiazen, Hilden, Germany) following manufacturer's instructions. Mi-
tochondrial protein concentrations was measured by BCA protein assay
kit (Thermo Scientific, USA) and total 5 μg of mitochondria used for
FACS analysis. Freshly isolated mitochondria were stained with fluor-
escent probe JC-1 (Sigma Aldrich, USA) at 2.5 μg/ml and incubated for
20 min at 37 °C. Total 10,000 events were acquired and analyzed by
FACS Calibur.

2.13. Western blotting

Brain tissues (SNpc) were lysed in NE-PER reagent (Pierce/Thermo
Fisher Scientific, USA) supplemented with protease inhibitor cocktail
(Sigma Aldrich, St. Louis, USA) to extract nuclear and cytosolic fraction
of protein. Total protein concentration was measured using the BCA
protein assay kit (Pierce/Thermo Fisher, USA). Western blotting was
then carried out as previously described (Reddy et al., 2018; Singh
et al., 2017, 2018a). Cytosolic fraction and nuclear fraction were de-
natured in protein loading buffer supplemented with 5% β-

Marceptoethanol at 95 °C for 5 min. Protein samples analysed for do-
pamine receptor expression analysis were not boiled in lysis buffer.
Total 30 μg proteins were separated onto 10% SDS-polyacrylamide gel.
After electrophoresis, the gels were transferred onto the PVDF (poly-
vinyl difluoride) membranes. The PVDF membrane was blocked with
5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20
followed by incubation at 40C for overnight with primary antibody
against mouse anti- GSK-3β (1:1000, Thermo Scientific, IL, USA),
mouse anti-pTyr216-GSK-3β (1:1000, Millipore, Temecula, CA, USA),
rabbit anti-p-β-catenin (1:500, Thermo Scientific, USA), mouse anti-
APC (1:1000, Abcam, Cambridge, UK), rabbit anti- Axin-2 (1:1000,
Abcam, Cambridge, UK), rabbit anti- β-catenin (1:5000, Abcam, Cam-
bridge, UK), rabbit anti- TFAM (1:1000, Merck Millipore, USA), rabbit
anti- Mfn-2 (1:1000, Merck Millipore, USA), rabbit anti- Fis-1 (Thermo
Scientific, USA), mouse anti-OPA-1 (1:2000, Thermo Scientific, USA),
rabbit anti-DRP-1 (1:1000, Merck Millipore, USA), rabbit anti-histone
H3 (1:500, Sigma), mouse anti- β-actin (1:2000, Sigma). After over-
night incubation, membranes were washed three times with TBST and
incubated for 2 h at room temperature with horseradish peroxidase
(HRP) conjugated secondary antibody: goat anti-rabbit IgG or rabbit
anti-mouse IgG (1:3000, Sigma Aldrich, St Louis, USA). Images were
visualized using enhanced chemiluminescent (ECL) substrate kit
(Thermo Pierce, USA) was immunoreactivity was quantified by my-
Image analysis software (Thermo scientific, USA).

2.14. Immunohistochemistry

Immunohistochemistry was performed as our previously described
methods (Singh et al., 2017, 2018a). In brief, rats were deeply an-
esthetized with sodium pentobarbital (40 mg/kg, i. p) and transcar-
dially perfused with PBS following ice-cold 4% (w/v) paraformalde-
hyde (PFA) in 0.1 M sodium phosphate buffer (PBS, pH 7.5). The brain
were dissected and post fixed in the same fixative over night at 4 °C and
transferred into 30% sucrose solution for cryoprotection. 30 μm thick
coronal sections were cut using cryostat (Thermo Scientific, USA) as
previously described (Singh et al., 2018a, 2018b) and every 5th serial
section encompassing SNpc or striatum was collected for im-
munohistochemistry analysis. Coronal section were washed three times
with TBS and permeabilized with TBS containing 0.2% Triton X-100
(TBST) for 30 min at room temperature. After permeabilization, section
were blocked with 5% BSA in TBST for 2 h at room temperature then
section was incubated with primary antibody against rabbit anti-tyr-
osine hydroxylase (TH, 1:1000, Merck Millipore, CA, USA), Guinea pig
anti- Doublecortin (DCX) (DCX, 1:1000, Merck Millipore, CA, USA),
mouse anti-tyrosine hydroxylase (TH, 1:1000, Merck Millipore, CA,
USA) and rabbit anti-COXIV (1:500, Merck Millipore, CA, USA) for
overnight at 4 °C.

2.15. BrdU staining

BrdU staining was performed as previously describe method (Singh
et al., 2017, 2018b). Permeabilized sections were treated with 1N-HCl
for 10 min at 4 °C followed by in 2N-HCl for 20 min at 37 °C to denature
the DNA. After denaturation, the sections were incubated in borate
buffer (0.1 M, pH- 8.5) to neutralize the acidic medium. Section were
rinsed three times with TBS, and blocked with 5% BSA in TBST for
2 h at room temperature. After blocking, section were incubated in
primary antibodies against, rabbit anti- TH (1:1000, Merck Millipore,
CA, USA) and mouse anti- BrdU (1:200, Merck Millipore, CA, USA) at
4 °C for overnight. After washing, sections were incubated with ap-
propriate Alexa fluor- 488/594 conjugated secondary antibodies (Mo-
lecular Probes, Eugene, USA) for 2 h in dark at room temperature.
Sections were mounted on glass slide with Fluoroshield DAPI mounting
medium (Sigma Aldrich, USA) and analyzed by Leica inverted fluor-
escent microscope equipped with a digital CCD camera (Leica, Watzlar,
Germany) using 10x or 20x objective. Immuno positive cells were
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quantified by ImageJ software (NIH) following our previous published
method (Singh et al., 2018a).

2.16. Statistical analysis

All statistical analysis was done by GraphPad Prism software 5.00
(San Diego, CA, USA) and data are expressed as means ± standard
error of mean (SEM), and difference between the groups was de-
termined using one-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc test and t-test. The difference between the groups
was considered to be statistically significant when “p” values were less
than 0.05.

3. Results

3.1. 6-OHDA reduces dopamine receptor D1 levels in SNpc region

To investigate the effect of unilateral injection of 6-OHDA on do-
pamine receptors (DR) levels, we measured protein levels of dopamine
receptor DRD1 and DRD2 in the SNpc (Fig. 1A). We found that the level
of D1 receptor level was significantly down-regulated in the SNpc of 6-
OHDA lesioned rats as compared control rats (Fig. 1B, P < 0.001). In
contrast, D2 receptor level was not significantly altered in SNpc region
of 6-OHDA lesioned rats (Fig. 1C, P > 0.05).

Fig. 1. 6-OHDA administration decreases D1 re-
ceptor expression in SNpc region in 6-OHDA in-
duced rat model of PD. (A) Representative im-
munoblots shows expression of D1 receptor and D2
receptor in the SNpc. Bar graphs show the quantifi-
cation of (B) D1 receptor, (C) D2 receptor relative
protein density in the SNpc. The protein density of
D1 and D2 receptor was normalized with β-actin.
Data are expressed as mean ± SEM of n = 5 rats/
group. Data were analyzed by student t - test
(***P < 0.001) * = Control vs 6-OHDA.

Fig. 2. D1 receptor activation attenuates 6-
OHDA induced behavioural impairment in
6-OHDA induced rat model of PD. Figure
A–C shows effect of D1 and D2 receptor
agonist and antagonist on behavioural
function in 6-OHDA lesioned rats. (A) Bar
graph shows spontaneous locomotor ac-
tivity, represented as distance travelled over
a 30-min period. (B) Bar graph shows the
performance on rotarod, evaluated as la-
tency to fall from the rod, for a period of
300 s. (C) Bar graph shows Amphetamine
(5 mg/kg, i. p.) induced net ipsilateral ro-
tations, observed over a period of 30 min.
Data are expressed as mean ± SEM of
n = 8 rats/group. Data were analyzed by
One-way ANOVA followed by Bonferroni's
Multiple Comparison Test (*P < 0.05,
**P < 0.01, ***P < 0.001, &P < 0.05, &&

P < 0.01,&&&P < 0.001 @P < 0.05,
@@P < 0.01,@@@P < 0.001, #P < 0.05,
##P < 0.01, ###P < 0.001) * = Control
vs 6-OHDA, & = 6-OHDA vs 6-
OHDA + SKF-38393, @ = 6-OHDA vs 6-
OHDA + Bromocriptine, # = 6-OHDA vs
6-OHDA + L-DOPA.
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Fig. 3. D1 receptor stimulation enhances dopaminergic neuronal population and their terminals in 6-OHDA induced rat model of PD, (A and C) Representative
photomicrographs show immunostaining of tyrosine hydroxylase (TH) in the SNpc and striatum region. Scale bar = 50 μm for all photomicrographs. (B) Bar graph
shows quantitative analysis of TH + DAergic cells in the SNpc region. (D) Bar graph shows average intensity of TH immunoreactive axon fibres in the striatum
region. Data are expressed as mean ± SEM of n = 4 rats/group. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test
(*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&P < 0.001 @P < 0.05, @@P < 0.01,@@@P < 0.001, #P < 0.05, ##P < 0.01,
###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA vs 6-OHDA + SKF-38393, @ = 6-OHDA vs 6-OHDA + Bromocriptine, # = 6-OHDA vs 6-OHDA + L-DOPA.
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3.2. D1 receptor agonism attenuates 6-OHDA induced behavioural deficits
in rat model of PD-like phenotypes

We (Singh et al., 2017, 2018a, 2018b) and others (Carvalho et al.,
2013) have previously reported that single unilateral injection of 6-
OHDA into MFB induce behavioural deficits in rats. Therefore, we were
interested to determine whether administration of D1 and D2 receptor
agonist have any effect on 6-OHDA induced motor deficits in rats. We
assessed locomotor activity (distance travelled in cm) by Optovarimax
(Fig. 2A). Our results demonstrate that 6-OHDA lesioned rat showed
significant reduction in distance travelled as compared to control rats
(Fig. 2A, P < 0.001). Interestingly, D1 receptor agonist SKF-38393 and
D2 receptor agonist Bromocriptine treatment in 6-OHDA lesioned rats
potentially improved distance travelled as compared to 6-OHDA le-
sioned rats (Fig. 2A, P < 0.05, P < 0.05). In contrast, this positive
effect of D1 or D2 receptor agonists on locomotor activity in 6-OHDA
lesioned rats was reversed following cotreatment with D1 antagonist
SCH-23390 and D2 antagonist raclopride, suggesting that SCH-23390
and raclopride antagonize the effect of the D1 and D2 receptor agonists,
respectively (Fig. 2A). We also found significantly increased locomotor
activity in L-DOPA treated 6-OHDA lesioned rat as compared to 6-
OHDA lesioned rat (Fig. 2A, P < 0.001).

Next, we performed rotarod test for assessing neuromuscular co-
ordination of 6-OHDA lesioned rats (Fig. 2B). Interestingly, SKF-38393
treatment significantly attenuated 6-OHDA induced latency to fall as
compared to 6-OHDA lesioned group (Fig. 2B, P < 0.01). However this
improvement in motor coordination was blocked by cotreatment with
D1 antagonist SCH-23390 (Fig. 2B). In contrast, we did not find any
significant effect of bromocriptine and raclopride treatment on latency
to fall in 6-OHDA lesioned rat (Fig. 2B, P > 0.05). Additionally, L-
DOPA treatment in 6-OHDA lesioned rats resulted in significant im-
provement in latency to fall as compared to 6-OHDA lesioned group
(Fig. 2B, P < 0.001).

Further, we monitored amphetamine induced ipsilateral rotations to
assess the effect of dopamine receptors agonist and antagonist on 6-
OHDA mediated unilateral degeneration of presynaptic DAergic neuron
terminals (Fig. 2C). 6-OHDA lesioned rats exhibited significantly higher
net ipsilateral rotational score as compared to control rats (Fig. 2C,
P < 0.001). SKF-38393 and bromocriptine treatment in 6-OHDA le-
sioned rat significantly decreased amphetamine induced net ipsilateral
rotations when compared with 6-OHDA-lesioned group (Fig. 2C,

P < 0.001, P < 0.01). Moreover, the effect of SKF-38393 and Bro-
mocriptine on ipsilateral rotations was attenuated by cotreatment with
SCH-23390 or raclopride in respective group. Interestingly, L-DOPA
treated 6-OHDA lesioned rats also displayed significant reduction in
amphetamine induced net ipsilateral rotations when compared with 6-
OHDA-lesioned group (Fig. 2C, P < 0.001).

3.3. D1 receptor agonism protects DAergic neurons and restores dopamine
levels against 6-OHDA induced neurotoxicity

To investigate the role of dopamine receptor on 6-OHDA induced
DAergic neuronal loss in SNpc and axon terminal loss in striatum re-
gion, we performed immunostaining of tyrosine hydroxylase (TH), a
marker of DAergic neurons (Fig.3A and C). 6-OHDA lesioned rats
showed significantly decreased TH+ cells in SNpc and TH intensity in
striatum region as compared to the control group (Fig. 3B, P < 0.001
and D, P < 0.001). SKF-38393 treatment significantly rescued the 6-
OHDA induced loss of TH+ cells in SNpc and TH intensity in striatum as
compared to 6-OHDA lesioned group (Fig. 3B, P < 0.05 and D,
P < 0.01). However, the effect of SKF-38393 on TH+ neurons and TH
intensity was blocked by cotreatment with SCH-23390 (Fig. 3B and D).
In contrast, Bromocriptine and raclopride treatment in 6-OHDA le-
sioned rats did not show any effect on TH+ neurons and TH intensity
when compared with 6-OHDA lesioned group (Fig. 3B, P > 0.05 and
D, P > 0.05). Interestingly, L-DOPA treatment in 6-OHDA lesioned rats
also significantly improved the number of TH+ neurons and the TH
intensity (Fig. 3B, P < 0.05 and D, P < 0.001).

Next, we measured the dopamine levels in ipsilateral striatum re-
gion using high-performance liquid chromatography (HPLC) coupled
with PDA detector (Fig. 4A). SKF-38393 and bromocriptine treatment
in 6-OHDA rats significantly restored 6-OHDA induced loss of dopa-
mine content in striatum region (Fig. 4A, P < 0.001, P < 0.01). In-
terestingly, the effect of D1 and D2 agonists on dopamine levels in 6-
OHDA lesioned rats was attenuated following cotreatment with D1
receptor antagonist SCH-23390 and D2 receptor antagonist raclopride
respectively (Fig. 4A and B). Additionally, L-DOPA treatment in 6-
OHDA lesioned rats similarly increased dopamine levels in striatum
region as compared to 6-OHDA lesioned rats (Fig. 4A, P < 0.001).

Next, we investigated the possibility of D1 receptor induced mi-
tochondrial density in DAergic neurons. Therefore, to ascertain our
notion, we performed double immunostaining of TH and COX-IV (mi-
tochondrial marker) in SNpc region (Fig. 5A). The number of TH+/
COX-IV+ cells was significantly reduced in SNpc in 6-OHDA lesioned
rats as compared to control rats (Fig. 5B, P < 0.001). Interestingly, D1
receptor agonist SKF-38393 treated 6-OHDA lesioned rats exhibited
significantly increased number of TH+/COX-IV+ cells in the SNpc as
compared to 6-OHDA lesioned rats (Fig. 5B, P < 0.001). In contrast,
this effect of SKF-38393 was blocked by cotreatment with D1 antago-
nist SCH-23390. Bromocriptine and co-treatment with raclopride
showed no effect on TH+/COX-IV+ cells, when compared with 6-OHDA
lesioned group. Similar to D1 agonist effect, L-DOPA treatment also
significantly increased the number of TH+/COX-IV+ cells in 6-OHDA
lesioned rats when compared with 6-OHDA lesioned rats (Fig. 5B,
P < 0.001).

3.4. D1 receptor agonist improves mitochondrial membrane potential
(MMP, ᴪM) in 6-OHDA induced rat model of PD-like phenotypes

To assess the relative change in mitochondrial membrane potential
in freshly isolated mitochondria, we used mitochondrial lipophilic ca-
tionic florescent dye JC-1. SKF- 38393 treatment in 6-OHDA lesioned
rats markedly restored MMP in SNpc (Fig. 6B, P < 0.001). In contrast,
cotreatment with SCH-23390 in 6-OHDA lesioned rats blocked this ef-
fect of SKF-38393 on MMP in SNpc as compared to 6-OHDA lesioned
group (Fig. 6B). However bromocriptine treatment and cotreatment
with raclopride in 6-OHDA lesioned rat did not show any significant

Fig. 4. D1 receptor activation increases dopamine level in 6-OHDA induced rat
model of PD. (A) Bar graph shows concentration of dopamine level in striatum
region. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple
Comparison Test (*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&

P < 0.01,&&&P < 0.001 @P < 0.05, @@P < 0.01,@@@P < 0.001, #P < 0.05,
##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA vs 6-
OHDA + SKF-38393, @ = 6-OHDA vs 6-OHDA + Bromocriptine, # = 6-OHDA
vs 6-OHDA + L-DOPA.
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Fig. 5. D1 receptor activation enhance mitochondrial density in dopaminergic neuron in 6-OHDA induced rat model of PD. Representative photomicrographs depict
immunostaining of COX-IV (a mitochondrial density marker; red) and TH (a marker of DAergic neurons; blue), in the SNpc on 21 day after 6-OHDA injection. (B) Bar
graph shows quantification of COX-IV+/TH+ cells in the SNpc. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test
(*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA
vs 6-OHDA + SKF-38393, # = 6-OHDA vs 6-OHDA + L-DOPA.

A. Mishra, et al. Neurochemistry International 129 (2019) 104463

8



effect on MMP (ΔᴪM) in SNpc as compared to 6-OHDA lesioned group
(Fig. 5B, P > 0.05). Further, we also found the 6-OHDA induced MMP
(ΔᴪM) loss was significantly recovered by the treatment of L-DOPA
(Fig. 6B, P < 0.001).

3.5. D1 receptor agonism restores 6-OHDA induced impairment in
mitochondrial function in the SNpc

Mitochondrial homeostasis impairment substantially contributes in
pathophysiology of PD and degeneration of DAergic neurons in the
nigrostriatal pathway. Therefore, to further determine the functional
involvement of dopamine receptors in mitochondrial functionality, we
measured the citrate synthase activity, ATP level, mitochondrial re-
active oxygen species (ROS) levels, and total ROS in SNpc region
(Fig. 7). We found that citrate synthase activity (Fig. 7A, P < 0.001)
and ATP levels (Fig. 7A, P < 0.01) were reducedwhereas mitochondrial
(Fig. 7D, P < 0.01) and total ROS levels (Fig. 7E, P < 0.001) were in-
creased significantly in the SNpc in 6-OHDA lesioned rats as compared
to control group. Fig. 7. Interestingly, SKF-38393 treated 6-OHDA le-
sioned rats showed significantly increased citrate synthase activity, ATP
level and reduced mitochondrial and total ROS in SNpc as compared to

6-OHDA lesioned group (Fig. 7A, P < 0.05, B, P < 0.05, D,
P < 0.05, E, P < 0.001). In contrast, cotreatment with D1 receptor
antagonist SCH-23390 in 6-OHDA + SKF-38393 treated rats abolished
the effect of D1 agonist SKF-38393 on citrate synthase activity, ATP
level, mitochondrial ROS and total ROS formation in SNpc region
(Fig. 7A-E). However, ATP level, citrate synthase activity, mitochon-
drial ROS and total ROS formation were not significantly altered in 6-
OHDA lesioned rats following treatment with Bromocriptine or co-
treatment with D2 antagonist raclopride, when compared with 6-OHDA
lesioned rats (Fig. 7A-E, P > 0.05). On the other hand, L-DOPA
treatment in 6-OHDA lesioned rats showed subtle increase in ATP level
and citrate synthase activity and reduction in mitochondrial ROS and
total ROS formation in the SNpc as compared to 6-OHDA lesioned
group (Fig. 7A, P < 0.001, B, P < 0.01, D, P < 0.001, E, P < 0.001).

3.6. D1 receptor stimulation promotes mitochondrial biogenesis in 6-OHDA
induced rat model of PD-like phenotypes

Our previous results suggest enhanced mitochondrial functions and
mitochondrial density in DAergic neurons that raises the possibility of
improved mitochondrial biogenesis in the SNpc. Therefore, we

Fig. 6. D1 receptor stimulation increases mitochondrial membrane potential in 6-OHDA induced rat model of PD. Mitochondrial membrane potential (ΔᴪM) was
measured by FACS analysis using JC-1 dye and red vs green fluorescence ratio was quantified to determine ΔᴪM. In panels A, representative dot plots from a single
analysis are shown. Gated region R2 (green) includes depolarized mitochondria with loss of ᴪM, whereas red gated region depicts healthy mitochondria with intact
ᴪM.(B) Bar graph shows ΔᴪM (red: green ratio) in the SNpc region. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test
(*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA
vs 6-OHDA + SKF-38393, # = 6-OHDA vs 6-OHDA + L-DOPA.
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examined the levels of proteins involved in mitochondrial fusion and
fission process in SNpc (Fig. 8A). DRP-1 (Fig. 8B, P < 0.001) and Fis-1
(Fig. 8C, P < 0.001) levels were significantly up regulated and Mfn-2
(Fig. 8D, P < 0.01), OPA-1 (Fig. 8E, P < 0.001) and TFAM (Fig. 8F,
P < 0.001) levels were significantly down-regulated in SNpc in 6-
OHDA lesioned rats as compared to control rats. In contrast, SKF- 38393
treated 6-OHDA lesioned rat showed significantly decreased DRP-1
(Fig. 8B, P < 0.01) and Fis-1 (Fig. 8C, P < 0.001) while significantly
increased Mfn-2 (Fig. 8D,P < 0.05), OPA-1 (Fig. 8E, P < 0.01) and
TFAM (Fig. 8F, P < 0.01) levels in the SNpc as compared to 6-OHDA
lesioned group. However, cotreatment with D1 receptor antagonist
SCH-23390 in 6-OHDA + SKF-39393 treated rats potentially reduced
the effect of D1 agonist SKF-38393 on Fis-1, DRP-1, Mfn-2, OPA-1 and
TFAM protein levels. In contrast, Bromocriptine and raclopride did not
show any effect in fusion and fission related protein expression. Inter-
estingly, L-DOPA treated 6-OHDA lesioned rats also displayed sig-
nificantly decreased expression of DRP-1 (Fig. 8B, P < 0.001) and Fis-
1 (Fig. 8C, P < 0.001) and significantly increased level of Mfn-2
(Fig. 8D, P < 0.05), OPA-1 (Fig. 8E, P < 0.05) and TFAM (Fig. 8F,
P < 0.001) in SNpc as compared to 6-OHDA lesioned rat.

3.7. D1 receptor agonism alleviates DAergic neurogenesis in 6-OHDA
induced rat model of PD-like phenotypes

We investigated the effect of dopamine receptors on neuronal dif-
ferentiation. We performed double-immunostaining of BrdU (cell pro-
liferation marker) and DCX (immature neuron/neuroblasts marker) in
SNpc region. We found that D1 receptor agonist SKF-38393 treatment
significantly enhanced the number of BrdU+/DCX+ cells (Fig. S1B,
P < 0.01) as compared to saline treated 6-OHDA lesioned rats. In
contrast, cotreatment with D1 receptor antagonist SCH-23390 in 6-
OHDA + SKF-39393 treated rats abolished the effect of D1 receptor
agonist SKF-38393 on BrdU+/DCX+ cells (Fig. S1B). However, D2 re-
ceptor agonist bromocriptine and cotreatment with D2 receptor an-
tagonist raclopride did not alter the number of BrdU+/DCX+ cells (Fig.
S1B, P > 0.05) in SNpc in 6-OHDA lesioned rats. Similarly, L-DOPA
treated 6-OHDA lesioned rats showed significantly increased number of
BrdU+/DCX+ cells (Fig. S1B) as compared to 6-OHDA lesioned rats.

Next, we were interested to examine the role of dopamine receptor
on DAergic newborn neuron formation. We performed double-im-
munostaining of TH (DAergic neuronal marker) and BrdU (cell

Fig. 7. D1 receptor activation attenuates impairment in mitochondrial functionality in rat model of PD. (A) Bar graph shows citrate synthase activity in SNpc. (B) Bar
graph shows concentration of ATP in SNpc region. (C) Representative photomicrographs depict MitoSOx staining in the SNpc region (D) Bar graph shows mi-
tochondrial ROS generation in SNpc region, as measured by MitoSox dye (E) Bar graph shows the ROS generation in SNpc region, as measured by DCFDA dye. Data
were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test (*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&

P < 0.001 @P < 0.05, @@P < 0.01,@@@P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA vs 6-OHDA + SKF-38393,
@ = 6-OHDA vs 6-OHDA + Bromocriptine, # = 6-OHDA vs 6-OHDA + L-DOPA.
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proliferation marker) in the SNpc (Fig. 9A). Interestingly, D1 receptor
agonist SKF-38393 treatment significantly restored 6-OHDA induced
loss in the TH+/BrdU+ cells as compared to 6-OHDA lesioned rat
(Fig. 9B, P < 0.001). In contrast, cotreatment with D1 receptor an-
tagonist SCH-23390 in 6-OHDA + SKF-39393 treated rats reversed the
effect of D1 receptor agonist SKF-38393 on TH+/BrdU+ cells (Fig. 9B).
However, D2 receptor agonist bromocriptine and cotreatment with D2
receptor antagonist raclopride the number of TH+/BrdU+ cells did not
alter in SNpc in 6-OHDA lesioned rats (Fig. 9B, P > 0.05). Ad-
ditionally, L-DOPA treated 6-OHDA lesioned rats showed significantly
increased number of TH+/BrdU+ cells in the SNpc as compared to 6-
OHDA lesioned rats (Fig. 9B, P < 0.001).

3.8. D1 receptor agonism promotes Wnt/β-catenin signalling in the SNpc in
rat model of PD-like phenotypes

We further investigated the mechanistic pathway by which dopa-
mine receptor regulate behavioural function, mitochondrial biogenesis,

mitochondrial dynamics and DAergic neurogenesis. Wnt/β-catenin
signalling is critically involved in the development and survival of
DAergic neurons (Jho et al., 2002). Further, we examined the protein
levels of Wnt/β-catenin signalling mediators by immunoblotting
(Fig. 10A). Protein levels of p-Tyr216 GSK-3β (Fig. 10B, P < 0.001),
Axin-2 (Fig. 10C, P < 0.01), APC (Fig. 10D, P < 0.001) and p-β-ca-
tenin (Fig. 10E, P < 0.001) were increased in cytosolic fraction and the
level of non-phosphorylated β-catenin (Fig. 10F, P < 0.001 and G,
P < 0.001) was reduced significantly in cytosolic and nuclear fraction
of SNpc in 6-OHDA lesioned rat as compared to control group. D1 re-
ceptor agonist SKF-38393 treatment in 6-OHDA lesioned rat sig-
nificantly decreased p-Tyr216 GSK-3β (Fig. 10B, P < 0.001), Axin-2
(Fig. 10C, P < 0.001), APC (Fig. 10D, P < 0.01) and p-β-catenin
(Fig. 10E, P < 0.001) level in cytosolic fraction and enhanced non-
phosphorylated β-catenin levels (Fig. 10F, P < 0.001 and G,
P < 0.01) in cytosolic and nuclear fractions in SNpc as compared to 6-
OHDA lesioned rats. In contrast, cotreatment with D1 receptor an-
tagonist SCH-23390 in 6-OHDA + SKF-39393 treated rats attenuated

Fig. 8. D1 receptor activation improves mitochondrial biogenesis in the SNpc in 6-OHDA induced rat model of PD-like phenotypes. (A) Representative Immunoblots
show expression of DRP-1, Fis-1, Mfn-2, OPA-1 and TFAM. Bar graphs show the quantification of the relative protein density of (B) DRP, (C) Fis-1, (D) Mfn-2(E) OPA-
1, and (F) TFAM. The protein density was normalized with density of β-actin. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison
Test (*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-
OHDA vs 6-OHDA + SKF-38393, # = 6-OHDA vs 6-OHDA + L-DOPA.
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the effect of D1 agonist on Wnt signalling related proteins. Additionally,
we did not find any significant effect of D2 receptor agonist bromo-
criptine treatment or cotreatment with D2 receptor antagonist raclo-
pride on Wnt pathway related proteins in 6-OHDA lesioned rats. L-
DOPA treated 6-OHDA lesioned rats showed significantly decreased
levels of p-Tyr216-GSK-3β (Fig. 10B, P < 0.01), Axin-2 (Fig. 10C,
P < 0.001), APC (Fig. 10D, P < 0.01) and p-β-catenin (Fig. 10E,
P < 0.001) in cytosolic fraction and increased levels of non-phos-
phorylated β-catenin level (Fig. 10F, P < 0.001 and G, P < 0.01) in

cytosolic and nuclear fraction of SNpc when compared with 6-OHDA
lesioned rats.

3.9. Axin-2 knockdown in D1 antagonist SCH-23390 treated PD rats
improves mitochondrial functions, DAergic neurogenesis and behavioural
functions

Further, to clarify the involvement of Wnt/β-catenin signalling in
D1 receptor mediated neuroprotection in rat model of PD-like

Fig. 9. D1 receptor Activation attenuates 6-OHDA-induced depletion of newborn DAergic neurons in parkinsonian rats. (A) Representative photomicrographs shows
immunostaining of BrdU (a cell proliferation marker; green) and TH (a marker of DAergic neurons; red), in SNpc on 21 day after 6-OHDA injection (B) Bar graph
shows quantification of TH+/BrdU+ cells in the SNpc. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test (*P < 0.05,
**P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&&P < 0.001,#P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA vs 6-
OHDA + SKF-38393, # = 6-OHDA vs 6-OHDA + L-DOPA.
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phenotypes, we stereotaxically injected Axin-2 shRNA into SNpc. Axin-
2 is a member of β-catenin degradation complex, hence acts as a ne-
gative regulator of Wnt/β-catenin signalling (Jho et al., 2002). Inter-
estingly, cotreatment of Axin-2 shRNA with D1 receptor antagonist
SCH-23390 in 6-OHDA rats decreased p-Tyr216-GSK-3β (Fig. 11 B,
P < 0.001), Axin-2 (Fig. 11C, P < 0.001), APC (Fig. 11D, P < 0.001)
and p-β-catenin (Fig. 11E, P < 0.001) levels and increased non-phos-
phorylated β-catenin levels (Fig. 11F, P < 0.001 and G, P < 0.001)
significantly in cytosolic as well as nuclear fraction, when compared
with 6-OHDA + SKF-38393 + SCH-23390 treated 6-OHDA lesioned
rats.

We also found enhanced distance travelled in open-field activity test
and reduced latency and net ipsilateral rotations in Axin-2 knockdown
D1 antagonist SCH-23390 treated 6-OHDA lesioned rats as compared to
6-OHDA + SKF-38393 + SCH-23390 treated rats (Fig. 12A, P < 0.05,
B, P < 0.001 and C, P < 0.001). Interestingly, the number of TH+/
BrdU+ cells were significantly increased in the SNpc in Axin-2 knock-
down D1 antagonist SCH-23390 treated 6-OHDA lesioned rats as
compared to 6-OHDA + SKF-38393 + SCH-23390 treated rats
(Fig. 13B, P < 0.001).

Further, to determine the role of Wnt/β-catenin pathway in mi-
tochondrial functionality, we analyzed citrate synthase activity and
ATP levels in D1 antagonist SCH-23390 treated PD rats. The citrate
synthase activity and ATP level was significantly increased in Axin-2
knockdown D1 antagonist SCH-23390 treated 6-OHDA lesioned rat in
SNpc as compared to 6-OHDA + SKF-38393 + SCH-23390 treated rats
(Fig. 14A, P < 0.05 and B, P < 0.001).

4. Discussion

In the present study, we demonstrate that single unilateral admin-
istration of 6-OHDA reduced D1 receptor level in the SNpc. 6-OHDA
induced motor behaviour impairment, mitochondrial dysfunction, de-
generation of nigral DAergic neurons and reduced formation of new-
born DAergic neurons associated with down-regulation of D1 receptor
mediated Wnt/β-catenin signaling in the SNpc.

Mounting evidences suggest a significant progress in understanding
the functional and structural basis of dopamine receptors during be-
havioural response, long-term plasticity and cognitive functions by
multilevel interaction with other messengers, such as glutamate, ser-
otonin and GABA using pharmacological, genetic and molecular tools
(Fiorentini et al., 2006; Singh et al., 2018b). Recent studies have fo-
cused on uncovering the complexity, redundancy, intricacy and cellular
and molecular mechanism involved in dopamine receptor mediated
effects (Hedlund et al., 2016; Maurice et al., 2004; Tozzi et al., 2018;
Winner et al., 2009). We found that single intra-MFB administration of
6-OHDA decreased D1 receptor level, DAergic axonal density in the
striatum and cell bodies the SNpc leading to reduction in dopamine
content in the midbrain of adult rats brain. These observations are
further supported by previous studies (Mishra et al., 2019; Singh et al.,
2018b). D1 receptor agonist treatment restored D1 level, axonal den-
sity, number of DAergic neurons and dopamine content in midbrain of
6-OHDA lesioned rats. Additionally, D1 receptor agonism attenuated 6-
OHDA induced motor impairment and amphetamine induced net ipsi-
lateral rotations, indicating a positive effect of D1 receptor stimulation

Fig. 10. D1 receptor activates Wnt/β-catenin signalling in the SNpc of parkinsonian rats. (A) Representative Immunoblots show expression of p-Tyr216 GSK-3β, non-
phosphorylated (total) GSK-3β, Axin2, APC, p-β-catenin and β-catenin in cytosolic fraction and β-catenin in nuclear fraction. Bar graphs show quantification of the
relative protein density of (B) p-Tyr216 GSK-3β (C) Axin-2, (D) APC (E) p-β-catenin and (F) β-catenin in cytosolic fraction.(G) Bar graph shows quantification of the
relative protein density of β-catenin in nuclear fraction. The protein density of p-Tyr216-GSK-3β was normalized with total GSK-3β protein density and the density of
other proteins was normalized with β-actin in cytosolic fraction. The protein density of β-catenin was normalized with Histone H3 protein density in nuclear fraction
Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test (*P < 0.05, **P < 0.01, ***P < 0.001, &P < 0.05, &&P < 0.01,&&
&P < 0.001 @P < 0.05, @@P < 0.01,@@@P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = Control vs 6-OHDA, & = 6-OHDA vs 6-OHDA + SKF-
38393, @ = 6-OHDA vs 6-OHDA + Bromocriptine, # = 6-OHDA vs 6-OHDA + L-DOPA.
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on dopamine system activation and associated behavioural function in
PD rats. Interestingly, the effects of D1 agonist on behavioural activity
in 6-OHDA lesioned rats were attenuated following the treatment with
D1 antagonist SCH-23390. However, D2 agonist Bromocriptine and
antagonist raclopride had no significant effect on motor incoordination
in PD rats, suggesting a preferential effect of D1 receptor stimulation on
locomotor activity in PD rats. Interestingly, pharmacological treatment
with D1 antagonist SCH-23390 induced impairment in motor co-
ordination in control rats, which were reversed by the administration of
D1 agonist SKF-82958 (Avila-Luna et al., 2018). The preferential role of
D1 stimulation on motor related functions as observed in our study is
further supported by the fact that SKF-80723 and SKF-83959 (D1R
agonist) increased locomotor activity and also reversed motor disability
in MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine) treated
marmosets (Gnanalingham et al., 1995). Dopamine D1/D2 receptor
agonist lisuride (0.001–1 μM) treatment enhances the survival of
DAergic neurons in primary culture and protected against L-DOPA and
1-methyl-4-phenylpyridinium ion (MPP+) induced cytotoxicity (Gille
et al., 2002). Similarly, dopamine receptor agonists like pergolide and
pramipexole also have been reported to protect DAergic neurons
against ageing and MPTP induced loss of midbrain DAergic neurons
(Felten et al., 1992; Joyce et al., 2004). Our results demonstrate that D1
receptor agonist SKF-23390 or L-DOPA protects DAergic neurons in
SNpc and reduces axonal terminal loss in striatum region which lead to
improved dopamine level and behavioural functions in 6-OHDA

lesioned rats. Additionally, D2 receptor agonist or antagonist raclopride
had no significant neuroprotective effect on DAergic neuronal popula-
tion against 6-OHDA induced neurotoxicity in adult rats. Our results are
further supported by the study showing that DAergic graft in striatum
and substantia nigra enhance TH+ DAergic neuronal population
leading to reduced ipsilateral rotations induced by D1 receptor agonist
SKF-38393, but not by D2 agonist LY-171555 in 6-OHDA lesioned rats
(Robertson et al., 1991).

Dysfunction of mitochondrial dynamics and mitochondrial fission/
fusion has been linked to pathogenesis of neurodegenerative disease
including PD. 6-OHDA induces ROS production, inhibits complex 1
activity and reduces the ATP production which collectively causes DA
depletion in midbrain (Brouillet et al., 1995; Kupsch et al., 2014; Li
et al., 2011; Schapira et al., 1989). Several studies have shown that
increased production of oxidative products are associated with nigral
DAergic neuronal damage in rodent models of PD and post-mortem
brain tissues of patients with PD (Alam et al., 1997; Dexter et al., 1994;
Floor and Wetzel, 1998). Interestingly, intra-VTA diazepam infusion
facilitate social competition and enhances mitochondrial respiration,
dopamine levels and activity of dopamine D1-but not D2-containing
cells in the nucleus accumbens (NAc). In support of these findings, our
results show that D1 receptor agonism improves mitochondrial func-
tions and number of TH+ and COX-IV+ cells in SNpc, which were
blocked by D1 receptor antagonist SCH-23390 treatment. Consistent
with previous studies, our data also suggest that D1 receptor activation

Fig. 11. Axin-2- shRNA activates Wnt/β-catenin signalling in D1 receptor antagonist SCH-23390 treated 6-OHDA lesioned rat in SNpc. (A) Representative
Immunoblots show expression of p-Tyr216 GSK-3β, non-phosphorylated (total) GSK-3β, Axin2, APC, p-β-catenin and β-catenin in cytosolic fraction and β-catenin in
nuclear fraction. Bar graphs show quantification of relative protein density of (B) p-Tyr216 GSK-3β (C) Axin-2, (D) APC (E) p-β-catenin and (F) β-catenin in cytosolic
fraction. (G) Bar graph shows the quantification of relative protein density of β-catenin in nuclear fraction. The protein density of p-Tyr216-GSK-3β was normalized
with total GSK-3β protein density and the density of other proteins was normalized with β-actin in cytosolic fraction. Phosphorylated-β-catenin level was normalized
with nonphosphorylated-β-catenin in cytosolic fraction. The protein density of β-catenin was normalized with Histone H3 protein density in nuclear fraction Data
were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01,
###P < 0.001) * = scshRNAvs 6-OHDA + scshRNA, # = 6-OHDA + scshRNAvs 6-OHDA + Axin-2 shRNA.
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mediated improved mitochondrial functionality in DAergic neurons
may result in increased survival of DAergic neurons in PD rats. Im-
paired mitochondrial biogenesis have long been hypothesized to play a
pathogenic role in neurodegeneration including PD pathogenesis
(Scholpa et al., 2018; Singh et al., 2018a; Thomas et al., 2012;
Uittenbogaard and Chiaramello, 2014). In particular, pharmacologi-
cally increased mitochondrial biogenesis promotes DAergic neuron
survival and improves behavioural function in rodents model of PD
(Singh et al., 2018a). TFAM is a nuclear encoded protein synthesized in
cytosol and transported into mitochondria, where it binds to mi-
tochondrial RNA polymerase to enables transcription initiation
(Morozov et al., 2014; Ramachandran et al., 2017). In particular, high
level of mtDNA deletions in the SNpc and striatum are observed in post-
mortem brain tissue of patients with PD (Bender et al., 2006; Ikebe
et al., 1990). Reduction in mtDNA copy number/genome content has
been reported in peripheral blood and nigral DAergic neurons of in-
dividuals affected with PD (Dolle et al., 2016; Pyle et al., 2016). In
contrast, genetic ablation of TFAM in DAergic neurons of mice sig-
nificantly decreased the mitochondrial DNA content and impaired be-
havioural activity (Ekstrand et al., 2007). In agreement with these
studies, we showed that mitochondrial biogenesis and TFAM levels are
reduced following 6-OHDA injection. Additionally, improved mi-
tochondrial biogenesis and mitochondrial functions in the SNpc could
be associated with enhanced number of mitochondria in DAergic neu-
rons (COX-IV+/TH+) which lead to increased number of newborn
DAergic neurons in SNpc of D1 agonist treated 6-OHDA lesioned rats.
However, D1 agonism mediated effects on mitochondrial functions and
DAergic neurons were blocked by cotreatment with D1 antagonist. In-
terestingly, D2 receptor agonism or antagonism did not show any
modulatory effects on mitochondrial functions and formation of new-
born DAergic neurons, further suggesting a preferential effect of D1
receptor mediated signalling in rat model of PD-like phenotypes. Our

data is further supported by the fact that intra-VTA infusion of dia-
zepam increased ATP levels, mitochondrial respiration, DAergic posi-
tive cells in nucleus accumbens and social dominance in rats via D1
receptor activation, but these effects were not modulated by D2 re-
ceptor agonist (van der Kooij et al., 2018). Additionally, stimulation
with either dopamine or D2 receptor agonist directly inhibits mi-
tochondrial motility, whereas pharmacological activation of D1 re-
ceptor promotes mitochondrial trafficking in hippocampal neurons
(Chen et al., 2008), suggesting energy distribution in the neurons is
differentially regulated by D1 and D2 receptors.

However, DAergic modulation in forebrain precursor proliferation is
not only restricted in rodents but has also been identified in monkeys
(Freundlieb et al., 2006) and humans (Hoglinger et al., 2004). We and
others have shown that 6-OHDA induced neurotoxicity reduced pro-
liferation and differentiation capacity of neural progenitors cells (NPCs)
in the midbrain region that lead to decreased neurogenic potential in
SNpc and striatum region (Winner et al., 2009). Dopamine receptor
agonism/antagonism has been reported to modulate different aspects of
neurogenesis process, for example, chronic oral administration of do-
pamine receptor D2/D3 agonist Pramipexole (PPX) promotes DAergic
neurogenesis in the SVZ and olfactory bulb as well as improves motor
functions in 6-OHDA lesioned rats (Winner et al., 2009). D2/D3 re-
ceptor stimulation by PPX, but not Ropinirole enhances NSC pro-
liferation and differentiation into newborn neurons in the hippocampus
and striatum of adult mice, suggesting that the effects could also de-
pend on the affinity and regional distribution of NSC (Salvi et al.,
2016). In line with this evidence, we observed that D1 receptor agonist
administration, but not D2 receptor agonist Bromocriptine, enhances
DAergic neurogenesis in 6-OHDA lesioned rats. Interestingly, the effect
of D1 agonism on formation of newborn DAergic neurons was blocked
by cotreatment of D1 antagonist, suggesting a positive effect of D1 re-
ceptor signalling on adult DAergic neurogenesis. D1 and D2 receptors

Fig. 12. Wnt/β-Catenin signalling activation enhances behavioural activity in D1 antagonist SCH-23390 treated 6-OHDA lesioned rat (A) Bar graph show
the locomotor activity was represented as distance travelled over a 30-min period. (B) Bar graph shows the performance on rotarod was evaluated as latency to fall
from the rod for a period of 300 s. (C) Bar graph shows Amphetamine (5 mg/kg, i. p.)-induced net ipsilateral rotations were observed over a period of 30 min. Data
are expressed as mean ± SEM of n = 8 rats/group. Data were analyzed by One-way ANOVA followed by Bonferroni's Multiple Comparison Test (*P < 0.05,
**P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) * = scshRNAvs 6-OHDA + scshRNA, # = 6-OHDA + scshRNAvs 6-OHDA + Axin-2 shRNA.
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exert opposing actions and often have different physiological effects. D1
stimulation/activation activates adenylyl cyclase-protein kinase A (AC-
PKA) pathway that results in increased intracellular concentration of
cyclic adenosine monophosphate (cAMP), a secondary messenger. On
the other hand, D2-like receptor stimulation directly reduces the cAMP
concentration by inhibiting AC-PKA proteins (Kebabian and Greengard,
1971; Neve et al., 2004; Undieh, 2010). Interestingly, cAMP dependent
PKA increased intracellular and nuclear β-catenin levels by inhibiting
its proteasomal degradation (Hino et al., 2005), suggesting that PKA
stabilizes β-catenin and activates Wnt signalling. PKA mediated phos-
phorylation of β-catenin at Ser-552 and Ser-675 promotes

transcriptional activity of β-catenin (Tcf/Lef transactivation) and it
binding with transcriptional co-activator cAMP response element
(CREB)-binding protein (Taurin et al., 2006). In support of these stu-
dies, we also found that D1 agonism positively regulates Wnt/β-catenin
signalling by inhibiting the association of β-catenin destruction com-
plex in 6-OHDA lesioned rats. Our data suggest that PKA mediated
stabilization of β-catenin and Wnt signalling activation could be a
secondary mechanism for D1 agonism induced DAergic neurogenesis in
6-OHDA lesioned rats.

Wnt/β-catenin signalling is an evolutionarily conserved regulator of
organismal development that plays a crucial role for the maintenance

Fig. 13. Wnt/β-Catenin signalling activation restores D1 antagonist SCH-23390 induced reduction in new dopaminergic neurons in SNpc region. (A). Represntative
photomicrograph show the immunostaining of tyrosine hydroxylase (TH) in blue and bromodeoxyuridine (BrdU) in red colour. (B). Bar graph show the number of TH
and BrdU double immunolabelled cells in the SNpc.
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and regulation of self-renewing and pluripotent capacity. 6-OHDA in-
duced neurotoxicity has been reported to activate GSK-3β by hyper-
phosphorylation at Tyr-216 and inhibition of Ser-9 phosphorylation in
cultured DAergic neurons (L'Episcopo et al., 2011). Moreover, phar-
macological inhibition of Wnt/β-catenin signalling by recombinant
DKK-1, a Wnt antagonist further aggravated the DAergic neuronal da-
mage in SNpc of 6-OHDA induced rat model of PD-like phenotypes,
suggesting a potential role of Wnt signalling in DAergic neurotoxicity
(Dun et al., 2012). Consistent with these studies, we found that intra-
MFB administration of 6-OHDA increased levels of Axin-2, APC and
pTyr-216-GSK-3β which lead to persistent stabilization of the β-catenin
destruction complex. Our data shows that 6-OHDA induced down-reg-
ulation of Wnt/β-catenin signalling by promoting the assembly of β-
catenin destruction complex in the SNpc. In contrast, pharmacological
inhibition of GSK-3β induced activation of Wnt/β-catenin signalling
protect DAergic neurons against rotenone induced neurotoxicity in in-
vitro by reducing apoptotic pathway and promoting Nurr-1, a tran-
scription factor regulating DAergic development (Zhang et al., 2016a).
Moreover, pharmacological inhibition of GSK-3β attenuate D1 receptor
induced hyperactivity in mice (Miller et al., 2010). It has been shown
that D2 receptors regulate GSK-3β and Akt via Dvl-3 in in-vivo and in-
vitro, indicating a causal link between dopamine receptor and Wnt
signalling. Therefore, it is reasonable to propose that D1 agonism in-
duce activation of Wnt/β-catenin signalling in rat model of PD-like
phenotype by inhibiting the components of β-catenin degradation
complex in SNpc. Axin-2 is an important component of Wnt signalling
pathways which suppress the signalling activity by enhancing phos-
phorylation and degradation of β-catenin, a central modulator protein
of Wnt pathway (Jho et al., 2002). We further observed that shRNA
mediated knockdown of Axin-2, a negative regulator of Wnt/β-catenin
signalling facilitates mitochondrial functions, DAergic neuron differ-
entiation and motor behaviour in D1 antagonist treated 6-OHDA le-
sioned rats by activation of Wnt/β-catenin signalling components. It has
been reported that inducible expression of Axin-2 impaired neural tube
patterning and cell placement in the midbrain of developing embryos
by altering β-catenin levels (Yu et al., 2007). Induced overexpression of
Wnt antagonist Dickkopf-1 (iDkk-1) in adult mice decrease the number
of cortico-striatal glutamatergic synapses and dopamine D1 and D2
receptor clusters that lead to impairment in behavioural functions (Galli

et al., 2014), further suggesting involvement of Wnt regulation and
dopamine receptor in behavioural function and dopamine signalling.
Interestingly, Axin expression in mitochondria reduces ATP levels and
oxygen consumption rate in HeLa cells, suggesting a potential role of
Axin in mitochondrial functioning (Shin et al., 2016). Therefore, we
conclude that Axin-2 inhibition mediated activation of Wnt signalling
enhance DAergic neurogenesis and improve motor behaviour by reg-
ulating mitochondrial functions in D1 antagonist treated 6-OHDA le-
sioned rats. Our study further, suggest a causal link between dopamine
receptors mediated activation of Wnt signalling in rat model of PD-like
phenotypes.

In conclusion, our current study provides evidence for stimulatory
effects of dopamine on behavioural function, mitochondrial dynamics
and DAergic neurogenesis. These effects are mediated by D1-like re-
ceptor activation and Wnt/β-catenin pathway. Targeting D1 like re-
ceptors in PD may help to enhance the behavioural functions, mi-
tochondrial dynamics and DAergic neurogenesis, clearly pointing
towards novel potential strategies to treat PD.
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Fig. 14. Wnt/β-Catenin signaling activation restores D1 antagonist SCH-23390 induced reduction in mitochondrial functionality in SNpc region. (A) Bar graph show
concentration of ATP in SNpc region (B) Bar graph show citrate synthase activity in SNpc. Data are expressed as mean ± SEM of n = 5 rats/group. Data were
analyzed by one-way ANOVA followed by Bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001)
* = scshRNAvs 6-OHDA + scshRNA, # = 6-OHDA + scshRNAvs 6-OHDA + Axin-2 shRNA.
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