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Abstract  
Parkinson’s disease is a progressive neurological disease characterized by the degeneration of dopaminergic neurons in the substan-
tia nigra. A highly similar pattern of neurodegeneration can be induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 
1-methyl-4-phenylpyridinium ion (MPP+), which cause the death of dopaminergic neurons. Administration of MPTP or MPP+ results in 
Parkinson’s disease-like symptoms in rodents. However, it remains unclear whether intracerebroventricular MPP+ administration affects 
neurogenesis in the substantia nigra and subgranular zone or whether brain-derived neurotrophic factor alters the effects of MPP+. In this 
study, MPP+ (100 nmol) was intracerebroventricularly injected into mice to model Parkinson’s disease. At 7 days after administration, the 
number of bromodeoxyuridine (BrdU)-positive cells in the subgranular zone of the hippocampal dentate gyrus increased, indicating en-
hanced neurogenesis. In contrast, a reduction in BrdU-positive cells was detected in the substantia nigra. Administration of brain-derived 
neurotrophic factor (100 ng) 1 day after MPP+ administration attenuated the effect of MPP+ in the subgranular zone and the substantia 
nigra. These findings reveal the complex interaction between neurotrophic factors and neurotoxins in the Parkinsonian model that result 
in distinct effects on the catecholaminergic system and on neurogenesis in different brain regions.

Key Words: nerve regeneration; Parkinson’s disease; MPTP; brain-derived neurotrophic factor; intracerebroventricular infusion; dopaminergic 
fibers; norepinephrine; tyrosine hydroxylase; hippocampus; substantia nigra; striatum; neurogenesis; neural regeneration

Graphical Abstract   

1-Methyl-4-phenylpyridinium ion (MPP+) can affect brain tissue neurogenesis in Parkinson’s disease mice: 
does brain-derived neurotrophic factor (BDNF) inhibit this effect?
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Introduction 
Parkinson’s disease is a neurodegenerative disorder char-
acterized by the progressive degeneration of nigrostriatal 
dopaminergic neurons (Kong et al., 2008; Jung et al., 2014). 
To generate subchronic or chronic Parkinson’s disease-like 
mouse models, the intraperitoneal administration of the 
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) has been widely used (Petroske et al., 2001; Zhu 
et al., 2011; Paul et al., 2017). MPTP induces neurodegen-
eration of dopaminergic neurons, resulting in motor im-
pairments (Santos et al., 2017) that are similar to those in 
Parkinson’s disease patients. MPTP needs to be converted 
to 1-methyl-4-phenylpyridinium ion (MPP+) by glial mono-
amine oxidase B and be taken up into dopaminergic neurons 
by dopamine transporter (Espinosa-Oliva et al., 2014; Geed 
et al., 2014) to exert its cytotoxic effects (Schmidt and Ferg-
er, 2001; Binukumar and Pant, 2016). Thus, administration 
of MPP+ is widely used for the generation of Parkinson’s 
disease-like symptoms in mice (Petroske et al., 2001; Geed et 
al., 2014; Santos et al., 2017) and rats (Sonsalla et al., 2008). 
Because MPP+ cannot freely traverse the blood-brain bar-
rier, it has to be administrated into the brain by stereotaxic 
intracerebroventricular injection. In addition, this mode of 
MPP+ administration avoids the detrimental peripheral ef-
fects of systemic intraperitoneal MPTP administration (Son-
salla et al., 2008). Depending on the dose and frequency of 
administration, different degrees of neuronal degeneration 
can be achieved (Petroske et al., 2001). The degeneration of 
dopaminergic neurons is also accompanied by the degener-
ation of dopaminergic projections from the substantia nigra 
(SN) and ventral tegmental area in the striatum (Bellucci et 
al., 2017; Kalia, 2018). Only recently have other brain areas, 
such as the hippocampus, been recognized as contributing 
to motor or non-motor deficits in Parkinson’s disease (Kohl 
et al., 2016; Liu et al., 2018; Medina, 2018). Many non-motor 
symptoms in Parkinson’s disease patients, such as fatigue, 
anxiety, depression and dementia, have been linked to al-
tered catecholamine levels in the hippocampus (Pfeiffer, 
2016). Dopamine is released in the septotemporal axis of 
the hippocampus, from axon terminals originating from the 
ventral tegmental area and the SN (Gasbarri et al., 1997). 
Surprisingly, dopaminergic terminals and dopamine recep-
tors in the hippocampus are anatomically distant from each 
other, leading to the notion that noradrenergic terminals 
from the locus coeruleus innervating the hippocampus and 
the dentate gyrus (DG) are capable of releasing dopamine 
under certain conditions (Smith and Greene, 2012). Anti-ty-
rosine hydroxylase (TH) staining labels nerve terminals of 
dopaminergic and noradrenergic neurons, revealing a dense 
network of catecholaminergic nerve terminals within the 
entire hippocampus, of which only a few are dopaminergic 
(Smith and Greene, 2012). A reduction in TH-positive nerve 
terminals in the striatum correlates with a reduction in do-
pamine content (Santiago et al., 2001); however, evaluation 
of norepinephrine levels after application of neurotoxins is 
rare. In addition, a change in TH-positive nerve terminals 
innervating the hippocampus after intracerebroventricular 

administration of the neurotoxin MPP+ has not yet been 
documented.

We are interested in whether a single administration 
of MPP+ evokes a compensatory increase in neurogenesis 
within the subgranular zone (SGZ) of the DG (Danielson et 
al., 2016) and SN (Mao and Wang, 2003). Previous studies 
have shown that adult neurogenesis in the DG is strongly 
associated with mood and cognitive functions, and that an 
imbalance in neurogenesis and cell death possibly leads to 
non-motor symptoms (Marxreiter et al., 2013; Salvi et al., 
2016; Ermine et al., 2018; Farzanehfar, 2018). To resolve this 
misbalance, neurotrophic factors, such as fibroblast growth 
factor and brain-derived neurotrophic factor (BDNF), have 
been studied for their ability to enhance neuronal prolifer-
ation and differentiation (Lee et al., 2010; Hu et al., 2013). 
Indeed, endogenous neurogenesis in neuroproliferative 
zones in the adult brain is enhanced by administration or 
overexpression of growth factors, including BDNF (Pencea 
et al., 2001), epidermal growth factor and fibroblast growth 
factor 2 (Peng et al., 2008). However, it remains unclear 
whether cell death induced by single-dose MPP+ alters neu-
rogenesis or whether single-dose BDNF impacts the effect 
of the neurotoxin.

Here, we investigate the effects of a single intracerebro-
ventricular MPP+ administration on TH-positive nerve 
terminals in the hippocampus and striatum as well as on 
neurogenesis in the SGZ and substantia nigra 6 days later. In 
addition, we examine the impact of intracerebroventricular 
infusion of BDNF after the acute MPP+ administration.
  
Materials and Methods 
Animals
Forty male C57BL/6 mice, aged 6–7 weeks and weighing 20–
24 g, were obtained from the Animal Center of the Chinese 
Academy of Sciences (Shanghai, China) and SLAC Labo-
ratory Animal Co., Ltd. (Shanghai, China) and maintained 
in accordance with the established standards of animal care 
and procedures of the Institutes of Brain Science and State 
Key Laboratory of Medical Neurobiology (approval No. 
31320103906; Fudan University, Shanghai, China). Efforts 
were made to minimize the number of animals used (Zhu et 
al., 2012).

Surgical procedure and treatments
Mice, intraperitoneally anesthetized with chloral hydrate 
(300 mg/kg; Sigma-Aldrich, St. Louis, MO, USA), were posi-
tioned in a stereotaxic apparatus (Stoelting, Wood Dale, IL, 
USA) (Wang et al., 2017). A guide cannula was implanted 
into the right lateral ventricle, 0 mm posterior to the breg-
ma, 1 mm right of the midline and 2.25 mm deep, and fixed 
with jeweler’s acrylic cement. The coordinates were deter-
mined according to a mouse brain stereotaxic atlas (Pencea 
et al., 2001; Valvassori et al., 2015). After surgery, mice were 
allowed 2–3 days for recovery. On the day of administration, 
a smaller cannula was placed into the guide cannula so that 
its tip protruded 0.5 mm. The new cannula was connected 
to a microsyringe by a polyethylene tube. The compounds 
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were applied at a rate of 0.3 µL/min. A schematic of the 
intracerebroventricular injection position within the brain 
and the cannula system is presented in Figure 1. Mice were 
randomly allocated to the saline, MPP+, MPP+/BDNF and 
BDNF groups. The saline group received ice-cold artificial 
cerebrospinal fluid (2 µL) in normal saline. The MPP+ group 
received 0.6, 0.6 and 0.8 µL of a 50 mM MPP+ iodide solu-
tion (100 nmol/2 µL; Sigma-Aldrich), intracerebroventricu-
larly, at 2-hour intervals (Steffen et al., 1995). To determine 
if the intracerebroventricular administration of BDNF alters 
the effects of MPP+, the MPP+/BDNF group was given hu-
man recombinant BDNF (100 ng/µL in artificial cerebrospi-
nal fluid; Invitrogen, Carlsbad, CA, USA) 1 day after MPP+ 
treatment (Figure 1). The BDNF group was treated with 
BDNF 1 day after saline injection (Pencea et al., 2001; Ben-
mansour et al., 2008; Deltheil et al., 2009; Valvassori et al., 
2015).

To detect proliferating cells, bromodeoxyuridine (BrdU; 
Sigma-Aldrich) was used as a mitotic marker. Each animal 
received three intraperitoneal injections of BrdU (50 mg/kg 
body weight, for a total of 150 mg/kg) every 9 hours, and 
were transcardially perfused 9 hours after the last injection 
(Peng et al., 2008; Schlachetzki et al., 2016).

Preparation of brain sections
Mice were anesthetized with chloral hydrate and perfused 
transcardially with 4% (w/v) paraformaldehyde in 0.01 M 
phosphate-buffered saline (PBS) (pH 7.3), 7 days after saline 
or MPP+ injection (Figure 1A). The brains were isolated and 
fixed in 4% paraformaldehyde at 4°C for 24 hours, and then 
rinsed with 0.01 M PBS and transferred to a 30% sucrose 
solution in 0.01 M PBS for 3 days. Sagittal sections, 30 μm 
in thickness, were prepared, and free-floating sections were 
stored in a cryopreservative solution (30% w/v sucrose, 30% 
v/v ethylene glycol in 0.01 M PBS) at −20°C for 24 hours.

Immunohistochemistry
After 1 day of cryopreservation, sections were incubated in 
1% H2O2 in 0.01 M PBS for 15 minutes, followed by block-
ing solution (0.01 M PBS containing 5% goat serum, 0.3% 
Triton X-100 and 0.1% bovine serum albumin) for 2 hours 
at room temperature. After that, sections were incubated 
with a rabbit monoclonal anti-TH antibody (1:1000; AB152, 
Chemicon, China) at 4°C overnight. Sections were washed 
three times with PBS, and incubated with biotinylated goat 
anti-rabbit secondary antibody (1:500; Vector Laboratories, 
Burlingame, CA, USA) for 2 hours at 25°C. Immunoreactiv-
ity was visualized with the avidin-biotin peroxidase complex 
(Vectastain Elite ABC kit; Vector Laboratories) and 0.05% 
diaminobenzidine (Sigma) and 0.03% H2O2. Sections were 
washed, dehydrated, cleared in xylene, and coverslipped 
with permanent mounting medium (ProLong Gold Antifade 
Mountant with DAPI; Invitrogen), and images are shown in 
Figure 4. Briefly, to measure TH levels in the striatum, the 
mean staining intensity in an area of the striatum proximal 
to the ventricle was normalized to the mean intensity in an 
adjacent region.

Immunofluorescence
Immunofluorescence was performed as described pre-
viously (Park and Enikolopov, 2010; Wang et al., 2017). 
Briefly, 1 day after cryosection, sections were incubated in 
2 M HCl at 37°C for 30 minutes, and neutralized with 0.1 
M boric acid, pH 8.5, at room temperature for 10 minutes. 
The sections were washed three times with 0.01 M PBS and 
incubated with blocking solution (0.01 M PBS containing 
1% bovine serum albumin, 5% normal goat serum and 0.3% 
TritonX-100) for 2 hours. The sections were then treated 
with the following primary antibodies diluted in blocking 
solution at 4°C overnight: rat anti-BrdU (1:100; OBT0030S, 
Accurate Chemical) and rabbit anti-TH (1:500; AB152, 
Chemicon). After washing, the sections were incubated 
with secondary antibodies (1:500; Alexa Fluor 488, 546 or 
555-conjugated; Thermo Fisher Scientific), diluted in 0.01 
M PBS containing 5% normal goat serum, for 2 hours. The 
sections were post-fixed in 4% paraformaldehyde for 1 hour, 
washed, and incubated in DAPI (100 ng/mL, Roche) for 1 
hour. Sections were then washed and mounted with Fluoro-
mount Aqueous Mounting Medium (Sigma-Aldrich).

The sections were imaged by fluorescence microscopy 
(5× and 10× objectives; Olympus, Tokyo, Japan) and con-
focal microscopy (20× objective; Nikon A1 MP+/A1R MP+, 
Nikon, Tokyo, Japan). As described above, dopaminergic 
cell bodies in the SN and TH-positive nerve terminals in 
the striatum and hippocampus were labeled with antibod-
ies against TH and BrdU. After determining the area of the 
DG and SN, the total number of labeled cells in every sixth 
coronal section of the region spanning bregma −0.5 mm 
to −2.0 mm was counted, then multiplied by six to obtain 
the estimated total number of positive cells per region. For 
the region of the striatum mainly containing TH-positive 
nerve terminals, the optical density of TH-immunoreac-
tive fibers was determined by measuring 100 × 100 squares 
with ImageJ software (National Institutes of Health). The 
TH-positive fiber density in the striatum was corrected for 
the nonspecific background density, which was measured in 
the completely denervated parts surrounding the striatum 
and presented as the intensity ratio between the striatum 
in close proximity of the lateral ventricle and the rest of the 
striatum (Kim et al., 2005). The TH-positive fiber network 
in the hippocampus was analyzed by manually counting the 
number of crossings by TH-positive fibers of a line placed 
parallel to the cell body layer in the DG, CA3 and CA1 areas. 
The lines covered the dendritic areas of the CA3 and CA1 
areas, and the hilus of the DG. The number of crossings was 
normalized to 100 µm.

Western blot assay
Mice were sacrificed 7 days after MPP+ injection, as shown 
in Figure 1A. Western blot assay was performed as de-
scribed previously (Dong et al., 2013; Huang et al., 2015; 
Wang et al., 2017). In brief, after anesthesia with isoflurane, 
brains were removed and immersed in pre-oxygenated (95% 
O2/5% CO2) ice-cold artificial cerebrospinal fluid (com-
position in mM: 119 NaCl, 2.5 KCl, 2.5 CaCl2•2H2O, 1.3 
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Figure 1 Illustration of the sequence of MPP+, 
BDNF and BrdU administration, the single-tube 
system for drug delivery, and the location of the 
cannula.
(A) The temporal sequence of MPP+, BDNF and 
BrdU administration. Mice were randomly as-
signed to the four different groups, and single-tube 
delivery systems were implanted. To induce cell 
death of dopaminergic neurons, MPP+/saline was 
intracerebroventricularly administrated on day 0. 
For other experiments BDNF/saline was injected 
into the right lateral ventricle 1 day later. To assess 
neurogenesis, BrdU was intraperitoneally admin-
istrated 5 days later, three times (gray arrows). The 
mice were transcardially perfused 9 hours after 
the last intraperitoneal BrdU injection. (B) A sin-
gle-tube delivery system is depicted. A cannula was 
placed into the guide cannula and connected to a 
microsyringe by a polyethylene tube, which was 
used to infuse the saline, MPP+ or BDNF at a rate 
of 0.3 µL/min. (C) An overlay of a TH-stained sag-
ittal brain section with the corresponding regions 
outlined in the mouse brain atlas. The localization 
of the cannula (yellow) in the right LV (blue) is 
shown, as are the hippocampal formation, the 
striatum and the SN. To the right, the localization 
of the cannula in the LV is shown (coronal sec-
tion). MPP+: 1-Methyl-4-phenylpyridinium ion; 
BDNF: brain-derived neurotrophic factor; BrdU: 
bromodeoxyuridine; TH: tyrosine hydroxylase; LV: 
lateral ventricle; SN: substantia nigra.

LV: Lateral ventricle

SN: Substantia nigra

Hippocampal formation

LV: Lateral ventricle

Striatum

Figure 2 Distribution of TH-positive nerve terminals in the 
hippocampal formation.
(A) Representative fluorescence images of anti-TH stained catechol-
aminergic fibers in the hippocampal formation: Arrows indicate rep-
resentative examples of TH-positive fibers. Scale bar: 100 μm. (B) The 
number of fibers per 100 μm. The fiber distribution is diffuse and not 
uniform, with a significant high density within the DG. CA1, CA3 and 
DG subfields are indicated. **P < 0.01 (mean ± SEM, n = 3, Student’s 
t-test). DG: Dentate gyrus; TH: tyrosine hydroxylase.
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Figure 5 Confocal fluorescence images of BrdU-positive cells and their quantitative analysis in the SGZ, dentate gyrus and substantia nigra.
(A) Fluorescence images of BrdU-positive cells in the SGZ of the dentate gyrus 6 days after administration of saline, BDNF, MPP+ or MPP+/BDNF. 
The white arrows indicate BrdU-positive cells, and the green arrow indicates the SGZ. (B) Quantification of BrdU-positive cells in the hippocam-
pus after treatment with saline (n = 5), BDNF (n = 6), MPP+ (n = 4) or MPP+/BDNF (n = 4). (C) Fluorescence images of BrdU-positive cells (red) 
and TH-positive cells (green) in the substantia nigra. The white arrows indicate BrdU-positive cells. (D) Quantification of BrdU-positive cells in 
the substantia nigra after treatment with saline (n = 4), BDNF (n = 6), MPP+ (n = 4) or MPP+/BDNF (n = 3). MPP+ robustly increased BrdU-pos-
itive signals (neurogenesis) in the SGZ, and injection of BDNF blocked this effect of MPP+. BDNF did not prevent the MPP+-induced reduction 
in neurogenesis in the substantia nigra. *P < 0.05, **P < 0.01, ***P  < 0.001 (mean ± SEM, one-way analysis of variance followed by Fisher’s least 
significant difference test). Scale bar: 200 μm. TH: Tyrosine hydroxylase; BDNF: brain-derived neurotrophic factor; SGZ: subgranular zone; MPP+: 
1-methyl-4-phenylpyridinium ion.
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MgCl2•7H2O, 1.0 NaH2PO4, 11.0 glucose, 26.2 NaHCO3, pH 
7.4). A piece of the entorhinal cortex was sliced off, and the 
two hemispheres were glued at the midline on the slicing 
platform of the sectioning system. Transverse hippocampal 
slices (350 μm) were cut and then snap frozen in liquid ni-
trogen and stored at −80°C.

The frozen slices were thawed and then homogenized in 
radioimmunoprecipitation assay lysis buffer (50 mM Tris-
Cl, 150 mM NaCl, 1% Triton X-100, 0.1% aprotinin, 1 mM 
phenylmethylsulfonyl fluoride, 1 mM sodium orthovana-
date and 25 mM sodium fluoride, pH 7.4) supplemented 
with a protease and phosphatase inhibitor cocktail (Roche, 
Mannheim, Germany). The concentration of total proteins 
was measured using a bicinchoninic acid assay kit (Beyo-
time Institute of Biotechnology, Haimen, Jiangsu Province, 
China). The samples (30 μg per lane) were separated by 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and electroblotted onto polyvinylidene fluoride membranes 
(Immobilon-P, Millipore, Billerica, MA, USA) using the 
Mini-PROTEAN Tetra System and the Mini Trans-Blot 
Electrophoretic Transfer System (BioRad, Hercules, CA, 
USA). The membranes were then incubated with primary 
antibodies overnight at 4°C after 2 hours of blocking in 5% 
nonfat milk at room temperature. The primary antibodies 
were anti-TH (1:1000; AB152, Chemicon) and anti-actin 
(1:1000; #4970S, Cell Signaling Technology). After wash-
ing in Tris-buffered saline-Tween 20, the membranes were 
incubated with horseradish peroxidase-conjugated goat an-
ti-rabbit secondary antibody (1:10,000; 111-035-003, Jack-
son ImmunoResearch, West Grove, PA, USA) at ambient 
temperature for 2 hours. The blots were thereafter incubated 
with enhanced chemiluminescence reagent (Thermo Sci-
entific, Rockford, IL, USA), and luminescence was detected 
with the FluorChem E system (ProteinSimple). The exper-
iments were performed in triplicate, and band intensities 
were quantified with AlphaView Analysis software (Cell 
Biosciences, Santa Clara, CA, USA).

Statistical analysis
All data are presented as the mean ± SEM. Statistical anal-
yses were performed with SPSS 19.0 software (IBM China 
Company Limited, Beijing, China). A one-way analysis of 
variance with Fisher’s least significant difference post hoc 
test or Student’s t-test (unpaired) was used to compare 
group values. A value of P < 0.05 was considered statistically 
significant (two-sided).

Results
Distribution of catecholaminergic nerve terminals in the 
hippocampal formation
We used immunofluorescence with an antibody against TH 
to characterize the distribution of catecholaminergic nerve 
terminals within the hippocampal formation. The catechol-
aminergic nerve terminals formed a dense fiber network 
that was not uniformly distributed within the various layers 
of the hippocampus or the DG (Figure 2A, B). However, 
it was difficult to correlate the location of the fibers with 

hippocampal subregions, such as the stratum pyramidale or 
stratum radiatum. The network was diffuse and did not co-
localize with dendrites or cell bodies. TH is the rate limiting 
enzyme in the synthesis of catecholamines, hydroxylating 
L-tyrosine to L-3,4,-dihydroxyphenylalanine, which is then 
sequentially converted to dopamine and noradrenaline. 
Therefore, the TH immunoreactivity identifies either dopa-
minergic or noradrenergic fibers. Smith and Greene found 
that dopaminergic fibers were sparsely distributed within 
the hippocampus and that the majority of detectable fibers 
were actually noradrenergic nerve terminals primarily orig-
inating from the locus coeruleus (Collier et al., 2004; Smith 
and Greene, 2012; Takeuchi et al., 2016).

TH levels in catecholaminergic fibers of the hippocampal 
formation several days after MPP+ administration
The effects of intracerebroventricularly administered MPP+ 
on TH levels in catecholaminergic nerve terminals in the 
hippocampal formation were analyzed by immunofluores-
cence and western blot assay 5 days after the MPP+ injection 
(Figure 3). Fluorescent fibers in the images were isolated 
using threshold operators in ImageJ software, and the size of 
the labeled area was measured. The area was then normal-
ized to the total area of the region of interest. The neurotox-
in evoked a significant reduction in detectable fibers 6 days 
after intracerebroventricular MPP+ administration (Figure 
3B). The ratio of the TH-positive area to the area of the to-
tal hippocampal section was 0.0559 ± 0.0050 in the saline 
group and 0.0261 ± 0.0051 in the MPP+ group. These results 
demonstrate that intracerebroventricular administration of 
MPP+ significantly reduces TH levels in the hippocampus. 
Whereas it could not be found that specific areas within the 
hippocampus remained unaffected, intact TH-positive ter-
minals were observed in the stratum radiatum, subiculum 
and entorhinal cortex (right, white arrows; Figure 3A). The 
immunofluorescence images in Figure 3A1 and 3A2 show 
TH-positive fibers and their distribution in the DG, CA1 
and CA3 areas at high magnification. It is unknown whether 
these remaining fibers are dopaminergic or noradrenergic. It 
should be noted that the hilus in the DG, normally charac-
terized by a dense network of catecholaminergic fibers, was 
nearly devoid of TH-positive fibers (Figure 3A1).

To further characterize the effects of MPP+ on TH levels 
in the hippocampus, we performed western blot assay. This 
revealed a significant difference in TH levels between the 
saline and MPP+ groups (Figure 3C). However, it is unclear 
whether this indicates axonopathy, leading to the degener-
ation and loss of nerve terminals, or just a reduction in TH 
levels.

Effects of BDNF and MPP+ on TH-positive terminals in 
the striatum and neurons in the SN
To examine if a single intracerebroventricular MPP+ admin-
istration induces dopaminergic cell death in regions linked 
to Parkinson’s disease, an immunohistochemical analysis 
of TH-positive neurons in the SN and dopaminergic termi-
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nals in the striatum was performed 5 days after injection of 
MPP+. As illustrated in Figure 4, MPP+ significantly reduced 
the number of dopaminergic neurons in the SN. The num-
ber of TH-immunoreactive neurons in the SN was 3310 ± 
114 in the saline group and 2600 ± 221 in the MPP+ group 
(Figure 4A, C). We next examined whether intracerebro-
ventricular BDNF injection 1 day after MPP+ administration 
was neuroprotective. A single BDNF administration did not 
alter the number of TH-immunoreactive neurons in the SN 
(Figure 4A, C). The number of TH-immunoreactive neu-
rons in the SN was 3337 ± 127 in the BDNF group and 2459 
± 128 in the MPP+/BDNF group. One-way analysis of vari-
ance revealed a significant difference in TH signal among 
the groups (F (3,18) = 9.57, P = 0.0005). Fisher’s least signifi-
cant difference test indicated significant differences between 
the groups, except for the saline group vs. the BNDF group 
and the MPP+ group vs. the MPP+/BDNF group (Figure 
4C). These results indicate that intracerebroventricular 
administration of MPP+ induced a significant reduction in 
TH-immunoreactive neurons in the SN and that BDNF did 
not attenuate this effect of MPP+.

In the striatum, TH levels were not uniformly reduced 
and were higher near the lateral ventricle. Therefore, the 
difference was expressed as the ratio of the signal intensity 
between the striatum near the ventricle and that in the lat-
eral parts of the striatum. MPP+ had a significant effect on 
the striatum (Figure 4B, D). This suggests that there is an 
MPP+ concentration gradient from the lateral ventricle to 
the striatum, a concept that has been proposed previously 
for intracerebroventricular drug administration for the hip-
pocampus (Valvassori et al., 2015). In addition, the findings 
indicate that the dose of MPP+ used in the present study is 
sufficient to induce changes in TH levels and the degenera-
tion of SN neurons.

In contrast to the SN, BDNF increased slightly, but signifi-
cantly, the TH ratio and reduced the MPP+-induced loss of 
TH. The striatal TH signal intensity ratio was significantly 
higher in the MPP+/BDNF group compared with the MPP+ 
group. The TH signal intensity ratio in the nerve terminals 
in the striatum was 0.89 ± 0.01 in the saline group (n = 4), 
0.98 ± 0.01 in the BDNF group (n = 4), 0.71 ± 0.03 in the 
MPP+ group (n = 4), and 0.82 ± 0.02 in the MPP+/BDNF 
group (n = 5). One-way analysis of variance revealed a sig-
nificant difference in TH signal among the groups (F (3,13) 
= 26.3, P < 0.0001), and Fisher’s least significant difference 
test indicated significant differences between the groups (P < 
0.0001), except for the saline group vs. the BDNF group and 
the saline group vs. the MPP+/BNDF group (Figure 4D). 
The findings indicate that BDNF significantly attenuates the 
effect of MPP+ on striatal TH expression. Photomicrographs 
of TH-immunoreactive structures in the striatum and SN 
are presented in Figure 4A, B.

Neurogenesis
There is emerging evidence that dopamine levels regulate 
neurogenesis not only in the substantia nigra but also in 
other brain areas such as the hippocampus, subventricular 

area and striatum. In addition, it has been shown for in-
traperitoneally administered MPTP that degeneration of 
the dopaminergic system can enhance neurogenesis in a 
time-dependent manner. However, not much information 
is available on the effects of intraperitoneally adminis-
tered MPP+ on neurogenesis. Therefore, we next examined 
whether a change in the rate of neurogenesis occurs several 
days after saline, MPP+ or MPP+/BDNF administration. 
As shown in Figure 1A, mitotic cells were labeled by in-
traperitoneal BrdU administration on day 6. On day 7, 
BrdU-positive cells in the SGZ and SN were counted. The 
number of BrdU-positive cells in the SGZ was not altered by 
the single-dose BDNF administration, but BDNF prevented 
the MPP+-mediated compensatory increase in neurogenesis 
(Figure 5B). Representative immunofluorescence images of 
BrdU-positive cells (red) in the SGZ of the DG are present-
ed in Figure 5A for the different treatment conditions. The 
number of BrdU-positive cells in the SGZ was 703 ± 64 in 
the saline group, 730 ± 43 in the BDNF group, 958 ± 50 in 
the MPP+ group, and 775 ± 37 in the MPP+/BDNF group. 
One-way analysis of variance revealed a significant differ-
ence in the number of BrdU-positive cells (F(3,15) = 5.6, P 
= 0.008), and Fisher’s least significant difference test indicat-
ed significant differences for the saline group vs. the MPP+ 
group, the BDNF group vs. the MPP+ group, and the MPP+ 
group vs. the MPP+/BDNF group (Figure 5B). The number 
of BrdU-positive cells in the MPP+ group was substantially 
elevated in comparison with the other groups. While BDNF 
did not alter the number of BrdU-positive cells in the SGZ, 
it did so in the MPP+/BDNF group. The results show that 
intracerebroventricular MPP+ strongly induces neurogenesis 
in the SGZ, and that BDNF diminishes this effect of MPP+.

The SN is also a site of neurogenesis in adult mice. BDNF 
substantially reduced the number of BrdU-positive cells 6 
days after injection. A similar reduction in the number of 
mitotic cells was also observed in the MPP+/BDNF group, 
indicating that BDNF did not suppress the MPP+-induced 
reduction in neurogenesis in the SN (Figure 5D). The num-
ber of BrdU-positive cells in the SN was 1336 ± 159 in the 
saline group, 416 ± 65 in the BDNF group, 906 ± 139 in the 
MPP+ group, and 266 ± 47 in the MPP+/BDNF group. One-
way analysis of variance revealed a significant difference in 
the number of BrdU-positive cells among groups (F(3, 13) 
=18.7, P < 0.0001), and Fisher’s least significant difference 
test indicated significant differences (P < 0.0001) for the sa-
line group vs. the BDNF group and the saline group vs. the 
MPP+/BDNF group. There were also significant differences 
between the other groups, except for the BDNF group vs. the 
MPP+/BDNF group (Figure 5D). Representative immuno-
fluorescence images of BrdU-positive (red) and TH-immu-
noreactive cells (green) in the SN are presented in Figure 5C 
for the different conditions.

Discussion
In this study, the dense network of TH-immunoreactive 
fibers in the hippocampus and DG were sensitive to a single 
dose of intracerebroventricularly-administered MPP+. In 
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addition, a loss of dopaminergic cells was observed in the 
SN, as well as a reduction in TH-immunoreactive fibers in 
the striatum adjacent to the lateral ventricle. MPP+ altered 
the number of BrdU-positive cells in the SN and the SGZ, 
and intracerebroventricularly-injected BDNF blocked the 
increase in BrdU-positive cells in the SGZ but not the reduc-
tion in the SN. BDNF alone strongly reduced the number of 
BrdU-positive cells in the SN.

Very little is known of the dense network of TH-positive 
nerve terminals within the hippocampus and the DG (Smith 
and Greene, 2012). In many studies, TH has been used as a 
marker of dopaminergic fibers (Liang et al., 2016; Wu et al., 
2016); however, specific retrograde or anterograde labeling 
of neurons in the SN or ventral tegmental area revealed low 
and non-uniform innervation within the septotemporal 
axis of the hippocampus (Gasbarri et al., 1997). In addition, 
dopamine receptors are anatomically separated from dopa-
minergic terminals, making it difficult to correlate function 
with anatomy. Nonetheless, the dense nerve terminal net-
work revealed by TH immunofluorescence might represent 
the neural substrate of various hippocampal functions. 
Indeed, it has been shown that TH-positive nerve terminals 
from the locus coeruleus innervate the hippocampus and 
are capable of releasing dopamine under certain conditions 
(Smith and Greene, 2012). Because TH is the rate limiting 
enzyme in catecholamine synthesis, anti-TH staining will 
reveal not only dopaminergic fibers but also noradrenergic 
fibers (Smith and Greene, 2012). Here, we did not examine 
the distribution of dopamine transporter or noradrenaline 
transporter-containing fibers. However, Smith and Greene 
(2012) clearly identified the sparse distribution within the 
hippocampus, making it very likely that most detected fibers 
represent noradrenergic nerve terminals.

A single MPP+ administration into the lateral ventricle was 
sufficient to induce cell death within the SN and a reduction 
in TH immunoreactivity in the parts of the striatum in close 
proximity to the lateral ventricle. Western blot assay con-
firmed that TH levels in the hippocampus and the DG were 
reduced. However, selectivity of MPP+ for specific fibers 
within the hippocampus could not be detected, although it 
was previously hypothesized that dopaminergic fibers in the 
stratum pyramidale would primarily be affected (Smith and 
Greene, 2012). It remains unclear how MPP+ evokes a re-
duction in TH levels in noradrenergic fibers, because they do 
not contain the dopamine transporter considered necessary 
for the detrimental effects of MPTP and MPP+ to manifest in 
neurons. However, in our previous study on the acute effects 
of MPP+, a difference in the effects of MPTP and MPP+ on 
hippocampal synaptic transmission was found. Specifically, 
the effect of MPTP, but not that of MPP+, on hippocampal 
synaptic transmission was dependent on the activation of 
dopamine receptors. Further study is needed to clarify the 
involvement of the noradrenergic system in the effects of 
MPP+ on hippocampal synaptic transmission.

The DG is one of the most active areas of neurogenesis 
and neural differentiation in the adult mouse brain, and it is 
severely affected in Parkinson’s disease (Sairanen et al., 2005; 

Marxreiter et al., 2013; Schlachetzki et al., 2016). Within 7 
days of MPP+ administration, there was a substantial reduc-
tion in BrdU-positive cells in the SN, but notably, there was 
an increase in BrdU-positive cells in the SGZ. These findings 
are in agreement with studies on the effect of MPTP on 
adult neurogenesis in the SGZ and on the proliferation of 
newborn cells within the DG (Park and Enikolopov, 2010; 
Lesemann et al., 2012; Schlachetzki et al., 2016). Klein et 
al. (2014) found that the number of BrdU- and neuronal 
marker-positive cells increased by the sixth day after MPTP 
administration, although only small changes in the number 
of BrdU-positive cells were observed (Klein et al., 2014). All 
of these studies used intraperitoneal MPTP administration, 
and different MPTP doses and administration protocols 
were used. There are very few studies on the effects of intra-
cerebroventricularly-administered MPP+ on neurogenesis. 
Furthermore, it remains unclear how denervation of dopa-
minergic fibers impacts neurogenesis in the SGZ (Park and 
Enikolopov, 2010; Tapia-Bustos et al., 2017) or the subven-
tricular zone (Freundlieb et al., 2006). The mechanisms by 
which dopamine affects the division of neural precursors 
are still insufficiently understood but may involve dopamine 
signaling in dividing cells and compensatory mechanisms 
that are activated during neurogenesis (Peng et al., 2008; 
Park and Enikolopov, 2010). Since the initial observation 
of a dense network of TH-positive nerve terminals in the 
hippocampus and the observation that the majority of these 
TH-positive fibers indicate that these are noradrenergic 
(Smith and Greene, 2012), investigators have sought to ex-
amine the effects of noradrenalin depletion on neurogenesis 
in the hippocampus, adding further complexity to standard 
Parkinson’s disease models (Borodovitsyna et al., 2017; 
Braun et al., 2017; Moreno-Castilla et al., 2017).

Based on the premise that the observed neurogenesis in 
the SGZ after MPP+ administration might be enhanced by 
neurotrophic factors, we evaluated the effects of BDNF on 
neurogenesis in the SN and SGZ. BDNF can promote dopa-
minergic cell development, which might promote the res-
toration of dopaminergic function (Mao and Wang, 2003). 
Some drugs for treating depression and Parkinson’s disease 
act through the BDNF/TrkB signaling pathways (Nie et al., 
2015; Zhu et al., 2015; Pollock et al., 2016). However, we 
found that BDNF administration 1 day after MPP+ injection 
did not induce neurogenesis in the SGZ but prevented the 
increase in BrdU-positive cells after MPP+ administration. 
Moreover, BDNF administration did not promote, but 
rather inhibited, neurogenesis in the SN. It is possible that 
the survival of newborn cells that migrated to the SN de-
creased after the administration of MPP+ or BDNF or that a 
transient increase in the proliferation of precursors did not 
result in increased net neurogenesis (Lazarov and Hollands, 
2016). Other studies have shown that growth factors such 
as epidermal growth factor and fibroblast growth factor 2 
promote the maintenance of adult neural stem cells and cell 
proliferation (Zhao et al., 2008; Usui et al., 2017). It remains 
unknown whether noradrenergic fibers innervating the 
hippocampus from the locus coeruleus have an impact on 



725

Chen JF, Wang M, Zhuang YH, Behnisch T (2018) Intracerebroventricularly-administered 1-methyl-4-phenylpyridinium ion and brain-derived neurotrophic factor affect 
catecholaminergic nerve terminals and neurogenesis in the hippocampus, striatum and substantia nigra. Neural Regen Res 13(4):717-726. doi:10.4103/1673-5374.230300

neurogenesis.
In summary, a dose of MPP+ that causes cell death in the 

SN reduced TH levels in catecholaminergic nerve terminals 
in the striatum and hippocampus. In addition, it promoted 
neurogenesis in the hippocampus but not the SN. Because 
most TH-positive nerve terminals in the hippocampus are 
noradrenergic, our findings suggest that MPP+ might also 
interfere with the noradrenergic system.
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