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BACKGROUND AND PURPOSE
Mild cognitive deficit in early Parkinson’s disease (PD) has been widely studied. Here we have examined the effects of
memantine in preventing memory deficit in experimental PD models and elucidated some of the underlying mechanisms.

EXPERIMENTAL APPROACHES

I.p. injection of 1-methyl-4- phenyl-1,2,3,6-tetrahydro pyridine (MPTP) in C57BL/6 mice was used to produce models of PD.
We used behavioural tasks to test memory. In vitro, we used slices of hippocampus, with electrophysiological, Western
blotting, real time PCR, eusa and immunochemical techniques.

KEY RESULTS

Following MPTP injection, long-term memory was impaired and these changes were prevented by pre-treatment with
memantine. In hippocampal slices from MPTP treated mice, long-term potentiation (LTP) —induced by 6 burst stimulation (10
bursts, 4 pulses) was decreased, while long-term depression (LTD) induced by low-frequency stimulation (1 Hz, 900 pulses)
was enhanced, compared with control values. A single dose of memantine (i.p., 10 mg-kg™") reversed the decreased LTP and
the increased LTD in this PD model. Activity-dependent changes in tyrosine kinase receptor B (TrkB), ERK and brain-derived
neurotrophic factor (BDNF) expression were decreased in slices from mice after MPTP treatment. These effects were reversed
by pretreatment with memantine. Incubation of slices in vitro with 1-methyl-4-phenylpyridinium (MPP*) decreased
depolarization-induced expression of BDNF. This effect was prevented by pretreatment of slices with memantine or with
calpain inhibitor Ill, suggesting the involvement of an overactivated calcium signalling pathway.

CONCLUSIONS AND IMPLICATIONS
Memantine should be useful in preventing loss of memory and hippocampal synaptic plasticity in PD models.

Abbreviations

DHPG, 3,5-dihydroxyphenylglycine; MPP*,1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4- phenyl-1,2,3,6-
tetrahydropyridine; PD, Parkinson'’s disease; PDD, Parkinson'’s disease with dementia; LTP, long-term potentiation; LTD,
long-term depression
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AP5 MPP+
BDNF NBQX
DHPG, 3,5-dihydroxyphenylglycine NMDA
Dopamine
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction

Parkinson’s disease (PD), characterized by both motor and
non-motor dysfunctions is the second most common neuro-
degenerative disease after Alzheimer’s disease (AD). Non-
motor features of PD, especially cognitive impairment have
increasingly attracted attention. In the early stages, PD
patients frequently experience mild cognitive impairment,
which is likely to progress into dementia in the later stages,
that is PD with dementia (PDD). Dopamine replacement
therapy with L-DOPA will ameliorate motor dysfunctions,
although it is less effective in reversing cognitive impairment
in PD (Kulisevsky et al., 2000; MacDonald et al., 2011; Miah
et al., 2012; Poletti and Bonuccelli, 2013). From a considera-
tion of the functional roles of memory in cognition, memory
impairment in PD might not be simply caused by dopamine
depletion and abnormality of the dopaminergic pathway or
some other pathological mechanisms may contribute to the
memory deficits in PD.

Neurotoxins, including 1-methyl-4- phenyl-1,2,3,6-
tetrahydro pyridine (MPTP), 6-hydroxydopamine, paraquat
and rotenone not only impair motor functions, but also affect
cognitive networks (Bezard etal., 1998; Chiasserini et al.,
2011; Martinez and Greenamyre, 2012). The hippocampus
has recently been proposed to play a role in the pathophysi-
ology of the non-motor symptoms of PD (Calabresi et al.,
2013), particularly in memory deficit (Shohamy et al., 2009).
Moreover, memory has been repeatedly reported to be
decreased in neurotoxin-lesioned experimental animals
(Costa et al., 2012; Moriguchi et al., 2012). In good agreement
with the effects on impaired memory, hippocampal long-
term potentiation (LTP), a cellular model for memory was
also reduced in PD models (Zhu et al., 2011; Costa et al., 2012;
Moriguchi et al.,, 2012). Although we and others demon-
strated that depletion of hippocampal dopamine was likely to
contribute to LTP deficit in PD models (Zhu et al., 2011; Costa
et al., 2012; Moriguchi et al., 2012), the mechanisms are still
unclear.

Brain-derived neurotrophic factor (BDNF) supports the
survival of nigral dopaminergic neurons and expression of
the BDNF protein and its mRNA are reduced in dopaminergic
neurons in PD (Hyman et al.,, 1991; Erickson et al., 2001).
In animal models, BDNF treatment reduced the loss of

dopaminergic neurons in the substantia nigra in neurotoxin-
induced lesions (Frim et al., 1994; Levivier et al., 1995). Thus,
the use of BDNF in PD therapy has been recently considered
(Nagahara and Tuszynski, 2011; Allen et al., 2013; He et al.,
2013), but limited to the motor aspects of the disease. Inter-
estingly, a functional role of BDNF in human memory is
supported by the correlation between the Val66Met polymor-
phism, which decreased activity-dependent BDNF release,
reduced hippocampal activation and impaired episodic
memory (Mandelman and Grigorenko, 2012). Therefore, the
hippocampal BDNEF-tyrosine kinase receptor B (TrkB) signal-
ling pathway in the hippocampus is likely to be modified in
PD, which would contribute to the dysfunction of hippocam-
pal LTP and memory.

Memantine is an non-competitive NMDA receptor
antagonist with rapid blocking and unblocking kinetics. It is
believed to block glutamate-related excitotoxicity and miti-
gate some of the symptoms of AD. In addition to the effects
against AD symptoms, memantine also prevented dopamin-
ergic neuron death and ameliorated PD symptoms (Aarsland
etal.,, 2009; Emre etal., 2010). Whether memantine pre-
vented memory deficits in experimental PD models and its
mechanisms were not disclosed.

In our present study, we produced memory deficits
through acute application of MPTP in C57BL/6 mice. Hip-
pocampal LTP and memory were decreased after treatment
with MPTP because of the inactivation of the BDNF-TrkB
pathway. Importantly, memantine, given systemically,
restored MPTP-impaired synaptic plasticity and memory
through the BDNF-TrkB pathway. These results provide
further advances in the characterization of memory deficits
in PD and also provide experimental evidence for the possible
clinical treatment of PDD.

Methods
MPTP models and drug treatment

All animal care and experimental procedures were approved
by the Animal Care and Use Committee of Anhui University
of Traditional Chinese Medicine. All studies involving
animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
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Figure 1

Memantine (M) reversed MPTP-induced impairment of long-term memory. (A) Scheme of the protocol for MPTP-induced acute Parkinson’s
disease model and memantine treatment. (B) Scheme of the protocol for MPTP-induced subchronic Parkinson’s disease model and memantine
treatment. (C) Novel object recognition was used to test the memory in acute MPTP model. During training session, preferences to the two objects
were not different in each group. However, 24 h memory was significantly decreased in the MPTP group compared with the control. However,
it was prevented by pretreatment with a high dose of memantine (10 mg-kg™', i.p.). (D) One-trial passive avoidance task was used to test the
memory. During training session, the latency to dark box was not different in different groups. In the MPTP group, 24 h memory was significantly
decreased compared with control. However, it was prevented by high dose of memantine treatment. (E) Novel object recognition was used to
test the memory in subchronic MPTP model. During training session, preferences to the two objects were not different in each group. In the MPTP
group, 24 h memory was significantly decreased compared with the control and this decrease was prevented by the high dose of memantine,
as consecutive treatment. (F) One-trial passive avoidance task was used to test the memory in subchronic MPTP model. During training session,
the latency to dark box was not different in different groups. In the MPTP group, 24 h memory was significantly decreased compared with control
and this decrease was reversed by the high dose of memantine, as consecutive administration. The data presented are means £ SEM (n = 5). *P

< 0.05, compared with corresponding level at training session; *P < 0.05 compared with the value in MPTP group; two-way anova followed by
Bonferroni test.

(Kilkenny et al., 2010; McGrath et al., 2010). A total of 112
animals were used in the experiments described here.

Adult (8-week-old, male) C57BL/6 mice, obtained from
the Animal Center of Chinese Academy of Sciences (CAS,
Shanghai, China) were divided into five groups: saline
control, MPTP group, high dose of memantine (10 mg-kg™)
plus MPTP, low dose of memantine (1 mg-kg™) plus MPTP
and the high dose of memantine alone. MPTP was adminis-
tered by four i.p. injections, each at a dose of of 20 mg-kg™ (in
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100 pL), every 2 h, as previously described (Fig. 1A) (Zhu
etal., 2011). Saline (control group) was administered in a
similar manner. Memantine was injected i.p., 1 h before the
MPTP regimen was started. The experimental assessments
were carried out 7 days or 30 days after last MPTP or saline
injection. A subchronic PD model was produced by injection
of MPTP for 7 consecutive days (20 mg-kg-day, 100 pL;
140 mg-kg™' cumulative) as described previously (Zhu et al.,
2014; Fig. 1B). Memantine (10 mg-kg'-day™') or saline was
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given i.p. over 3 days before MPTP injection and further for
another 7 days. One day after last injection, memory was
tested.

Hippocampal slice preparation

Brains were quickly removed and transferred to oxygenated,
ice-cold cutting medium (in mM): 124 NaCl, 26 NaHCO;, 10
D-glucose, 3 KCI, 1.25 KH,PO4, 5 MgSO,, and 1.5 CaCl,.
Transverse slices of hippocampus (350 um thick) were pre-
pared using a vibrotome (Leica, German) and transferred to
an interface recording chamber and exposed to a warm,
humidified atmosphere of 95%0,/5%CO, and continuously
perfused with oxygenated and preheated (33 £ 0.5°C) aCSF
(in mM) [110 NaCl, 5 KCl, 2.5 CaCl,, 1.5 MgSO,, 1.24
KH,PO4, 10 D-glucose, 27.4 NaHCO;] at a flow-rate of
1.6 ml-min™".

Electrophysiological recordings

After 2 h incubation in recording chamber, a single glass
pipette filled with 2 M NaCl was used to record field EPSPs
(fEPSPs) elicited by stimulation of Schaffer collateral pathway
with twisted nichrome wires (single bare wire diameter,
50 um) placed in CA1l stratum radiatum. Responses were
recorded through a differential amplifier (EXT-20F; npi elec-
tronic GmbH, Tamm, Germany) using 3 kHz low-pass and
0.1 Hz high-pass filters. Before each experiment, the input/
output (I/O) relation was examined by varying stimulus
intensity. Long term potentiation was induced by theta burst
stimulation (TBS, 10 bursts of 4 pulses at 100 Hz delivered at
5 Hz). Long term depression (LTD) was induced by low fre-
quency stimulation (1 Hz, 900 pulses). Bath application of
DHPG, a mGluRS agonist (100 uM, 10 min), was used to
induce chemical LTD. Data were collected and digitized by
Clampex, and the slope of the fEPSPs was analyzed. LTP level
was normalized to the 30 min baseline.

Biochemical experiments

As the active metabolite of MPTP, MPP* is a more effective
neurotoxin in cultured cells or slices in vitro, we tested the
effects of MPP* on BDNF level after KCl-induced depolariza-
tion, as previously reported (Maharana et al., 2013). The drug
treatments for hippocampal slices are shown in Fig.4A. Acute
hippocampal slices including dentate gyrus were incubated in
normal aCSF one hour for recovery. After recovery, the slices
were treated with memantine alone (1 uM, 30 min), MPP*
alone (25 uM, 2 h) or MPP* and memantine together. After
treatment, drugs were washed out and the slices from differ-
ent groups were depolarized by KCl (90 mM, 3 min), using
KCl-aCSE. The composition of KCl-aCSF was as follows:
37.5mM NaCl, 90 mM KCl, 1.25 mM NaH,PO,;, 25 mM
NaHCOs, 2 mM CaCl,, 1 mM MgCl,, 25 mM glucose. One
hour after depolarization, the slices were collected in dry ice
and kept at —80°C until use

BDNF ELISA

Hippocampi were dissected, trimmed and homogenized in
lysis buffer. Sample protein contents were measured using BCA
protein assay kit. Volumes were adjusted to normalize protein
content (ug-uL™") and then aliquots were processed for ELISA
using the BDNF Emax Immunoassay System (Promega,

Madison, WI, USA). BDNF levels were determined relative to a
standard curve constructed from measures of BDNF protein
standards (0-500 pg BDNF protein) that were assayed simul-
taneously with experimental samples. Data are presented as
mean + SEM pg BDNF/100 ug of sample protein content.

Western blotting

Whole hippocampus homogenates or collected hippocampal
slices including dentate gyrus after in vifro drug treatments
were obtained and lysed. Protein concentrations were meas-
ured using BCA protein assay kit (Thermo, Waltham, MA,
USA). Equivalent amounts of proteins were processed for
SDS-PAGE and Western blot. The primary antibodies used
were BDNF (1:1000, Millipore, Darmstadt, Germany), Actin
(1:10000, Millipore), phospho-Trk B (1:3000, Cell Signaling,
Danvers, MA, USA), Trk B (1:3000, Cell signalling).

Real-time PCR

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, USA). Reverse transcription was carried out using
random primer and Moloneymurine leukemia virus reverse
transcriptase (Promega, Madison, USA). Real-time PCR was
performed for the quantification of BDNF and TrkB with a
quantitative thermal cycler (Mastercyclerep realplex, Eppen-
dorf, Germany). Relative expression values were calculated as
the ratio of target cDNA to B-actin; B-actin was used as the
reference gene based on previous publications (Grunblatt
et al., 2001; Domenger et al., 2012), which used experimental
conditions similar to ours.

Immunohistochemistry

Ten minutes after TBS, hippocampal slices were fixed in 4%
paraformaldehyde for 1 h and cryoprotected in 30% sucrose
for 1 h and sectioned on a freezing microtome at 20 pm.
Sections were blocked in 0.1 M PBS containing 10% goat
serum and 0.4% Triton X-100, and then incubated with
primary antibody mixture, including rabbit anti-p-TrkB
(1:1000), mouse anti-PSD95 (1:500, MA1-045, Thermo),
mouse anti-p-ERK (1:600) in 0.1 M PBS containing 5% goat
serum and 0.4% Triton X-100 overnight at 4°C. Sections were
washed 3 times (10 min each) in PBS and incubated in Alexa
Fluor 594 goat anti-rabbit IgG (A-11037, Life Technologies)
and Alexa Fluor 488 goat anti-mouse IgG (A-11001) for 2 h at
room temperature. Mean fluorescence intensity in the area
between stimulus and recording electrodes was analyzed. For
puncta analysis, a Nikon C1 confocal laser-scanning micro-
scope 100x objective was used. The localization of PSD95
with p-TrkB was analyzed by Image] software.

Novel object recognition

The novel object recognition task was conducted in an open
field arena (40 cm x 50 cm open field surround by 50 cm high
walls) with two different kinds of objects. Both objects were
generally consistent in height and volume, but were different
in shape and appearance. There was no object preference for
all the animals before MPTP modelling and drug treatment.
During habituation, animals were allowed to explore an
empty arena for 5 min. Twenty-four h after habituation,
animals were exposed to the familiar arena with two identical
objects placed at an equal distance. The next day, mice were
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allowed to explore the open field for 5 min in the presence of
one familiar object and a novel object to test long-term rec-
ognition memory. The discrimination index percentage was
calculated as Tpew/(Thew + Toia) X 100%.

One-trial passive avoidance task

Briefly, the mice were put into a light compartment of a
light-dark box. During habituation, mice were allowed to
freely explore the box for 5 min with the sliding door
between the light and dark compartments open. For condi-
tioning, which was carried out 2 h after habituation, the mice
were introduced into the light compartment, the sliding door
was closed when both hindlimbs had entered into the dark
box, and an electrical footshock was delivered via the floor
grid in the dark compartment (0.2 mA, 3 s duration). The
mice were left in the light-dark box for 5 min and then
returned to their home cage. Tests were carried out 24 h after
the conditioning by re-introducing the mice into the light
compartment of the light-dark box. The latency time for
mice to enter the dark compartment was measured (light-
dark latency, with a 5 min cut-off). This procedure has been
described previously (Jarvik and Kopp, 1967).

Data analyses

Data are presented as means £ SEM. All the statistical analyses
were performed by one-way ANOvA or two-way ANOvA with
GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA,
USA). Bonferroni correction for post hoc t-test was performed
to compare the differences among groups when the first
analysis revealed significant differences. P values less than
0.05 were considered statistically significant.

Materials

Recombinant BDNF (Millipore); NBQX (10 uM), APS (50 uM)
(Tocris); calpain inhibitor III (10 uM, Calbiochem); Stock
TrkB-Fc or control IgG-Fc (R & D Systems, Minneapolis, MN)
was prepared in Tris-buffered saline containing 0.1% bovine
serum albumin and diluted to working concentrations in
artificial cerebrospinal fluid (aCSF); MPP*, MPTP (Sigma);
memantine (Forest Laboratories, Jersey City, NJ; Purity:
99.3%); (RS)-3,5-DHPG (100 uM, Tocris); K252a (100 nM,
Abcam); NMDA (25 uM, Tocris).

Results

Memantine prevents memory deficits in
MPTP models

An acute PD model in mice was produced by i.p.injection of
MPTP (Fig. 1A) (four times, 20 mg-kg ' each time at 2 h inter-
val) (Zhu etal., 2011). Seven days after MPTP treatment,
TH-positive neurons in substantia nigra were reduced to 25%
of the control level. High-frequency stimulation (three
repeats of 100 Hz, 1s, at 10 min intervals) induced LTP at
Schaffer collateral-CA1 synapses was reduced in hippocampal
slices from the mice with acute MPTP treatment. Here, we
tested whether memantine prevented memory deficits in this
MPTP-induced experimental PD model.
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We then tested 24h memory 7 days after MPTP by apply-
ing the novel object recognition and one-trial passive avoid-
ance tasks. As shown in Fig. 1C and D, treatment with MPTP
inhibited the memory as shown by the decrease of discrimi-
nation index [interaction: F(4, 40) = 6.8, P < 0.05; row: F(1,
40) = 70.067, P < 0.05; column: F(4, 40) = 4.0, P < 0.05] and
latency to dark box [interaction: F(4, 40) = 6.8, P < 0.05; row:
F(1, 40) = 299.0, P < 0.05; column: F(4, 40) = 6.6, P < 0.05].
The decreased memory after MPTP was prevented by the
high dose of memantine (10 mg-kg™). Pretreatment with the
low dose of memantine (1 mg-kg"') did not significantly
affect the loss of memory. Of note, high dose treatment
(10 mg-kg™") with memantine in control mice did not affect
24h memory. A subchronic PD model was used to confirm
the protective effects of memantine on MPTP-induced
memory loss (Fig. 1B). In this subchronic model, TH-positive
neurons in the substantia nigra are reduced to 30% of the
control level (Zhu et al., 2014) and we found 24h memory
was decreased as shown by the novel object recognition and
one-trial passive avoidance tests. Consistent with its effects
in the acute PD model, memantine prevented memory loss
in the subchronic model [interaction: F(2, 24) = 6.7, P < 0.05;
row: F(1, 24) = 183, P < 0.05; column: F(2, 24) = 6.4, P < 0.05)
(Fig. 1E and F). These data suggest that treatment with MPTP
caused memory deficit, which was preserved by pretreatment
with memantine.

Memantine reverses MPTP-mediated
hippocampal synaptic plasticity in the acute
MPTP model

A different LTP-inducing paradigm — 6 burst stimulation (TBS,
10 bursts, 4 pulses) in hippocampal slices was used to confirm
the effects of MPTP on LTP. In the slices obtained from
control mice, TBS induced a consolidated LTP (Fig. 2A),
whereas in slices from the MPTP mice, the amplitude of LTP
was reduced. Pretreatment with a single dose of memantine
(10 mg-kg™") 1 h before the MPTP injections prevented the
LTP decrease in this PD model. Summary data showed that
compared with control, treatment with MPTP significantly
decreased the LTP amplitude at 120 min after LTP induction
(Fig. 2B), which was preserved by 10 mg-kg™', but not by
1 mg-kg' , memantine pretreatment [F(4, 19) = 18.20, P <
0.05]. In control mice, the high dose of memantine
(10 mg-kg™") did not increase the hippocampal LTP. Neverthe-
less, bath application of 1 uM memantine for 30 min, which
rescued impaired LTP in an AD model (Martinez-Coria et al.,
2010), did not rescue the decreased LTP in our MPTP model
(Fig. 2C). To determine the stability of the LTP deficit in our
acute MPTP model, we tested TBS-induced LTP in the slices
obtained from mice 30 days after MPTP treatment. After
memantine (10 mg-kg™) pretreatment, the TBS-induced LTP
decrease in MPTP model was also reversed (Fig. 2D). These
data suggest that memantine prevents the hippocampal LTP
deficit in the MPTP model.

Low-frequency stimulation and DHPG-induced LTD were
proposed as models for memory consolidation or extinction
(Collingridge et al., 2010). We further asked whether MPTP
treatment or memantine application altered hippocampal
LTD. Low-frequency stimulation induced LTD and this was
enhanced in slices from mice 7 days after MPTP treatment,
compared with control (Fig. 2E). However, pretreatment with
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Figure 2

Memantine (M) pretreatment prevented the impairment of hippocampal synaptic plasticity in the MPTP model (A) © burst stimulation (TBS)
induced LTP in acute hippocampal slices and this was decreased in the MPTP group, which was prevented by a high dose of memantine
(10 mg-kg™, i.p.). Black arrow indicates TBS. Inserts are analogue traces from baseline (grey) and 120 min after LTP induction (black). Scale bar:
1 mV/10 ms. (B)Summary data of the LTP values at 120 min after TBS. The data presented are means £ SEM (n = 5-10 slices from at least five
animals). *P < 0.05 compared with control; *P < 0.05 compared with MPTP group; one-way anova followed by Bonferroni test. (C) Bath application
of 1 uM memantine for 1 h did not ameliorate the decreased LTP in MPTP model. Inserts are analogue traces from baseline (grey) and 120 min
after LTP induction (black). Scale bar: 1 mV per 10 ms. (D) Thirty days after MPTP treatment, TBS-induced LTP was still decreased compared with
saline control group, which was rescued by memantine administration. Inserts are analogue traces from baseline (grey) and 120 min after LTP
induction (black). Scale bar: 1 mV per 10 ms. (E) The low-frequency stimulation (LFS) induced LTD was enhanced in MPTP model compared with
control. However, memantine administration reversed the abnormality of LTD in the MPTP model. Grey square indicates LFS. Inserts are analogue
traces from baseline (grey) and 60 min after LTD induction (black). Scale bar: T mV per 10 ms. (F) The LTD induced by the mGIuR5 agonist, DHPG,
was not affected by MPTP treatment or memantine application. Black line indicates DHPG application. Inserts are analogue traces from baseline
(grey) and 60 min after LTD induction (black). Scale bar: T mV per 10 ms.

10 mg-kg™"' memantine fully prevented the enhanced LTD. Memantine reverses the decrease Of

The mGIuRS agonist, DHPG, also induced LTD (Fig. 2F) but hippocampal BDNF level in MPTP model
neither MPTP nor memantine affected this chemically TBS-induced LTP in hippocampus requires activation of the
induced LTD. These data suggest that systemic application of BDNF/TrkB signalling pathway (Minichiello etal., 2002;
memantine before MPTP treatment could protect against Minichiello, 2009). As LTP was decreased after MPTP, we
abnormalities of hippocampal synaptic plasticity involving looked for changes in hippocampal BDNF content in the
activation of NMDA receptors. acute MPTP model, using eLisA and Western blotting. The
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presented are means + SEM (n = 3). *P < 0.05, compared with control; *P < 0.05, compared with MPTP group; one-way anovA followed by

Bonferroni test.

BDNF content of hippocampus homogenates assayed by
ELISA, was significantly decreased in the MPTP group, com-
pared with saline control, 7 days after MPTP treatment [F(4,
10) = 5.739, P < 0.05] (Fig. 3A). This decrease was prevented
by the high dose of memantine. The low dose of memantine
did not affect BDNF levels. Of note, the high dose of meman-
tine did not affect BDNF expression in control mice. Similar
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results were obtained using Western blotting (Fig. 3B and C).
There was a fall in hippocampal BDNF after MPTP, which was
reversed by the high dose of memantine treatment [F(4, 10) =
3.232, P < 0.05] . The BDNF receptor, TrkB was also detected
in the different experimental groups. Neither TrkB nor p-TrkB
was affected by MPTP or memantine treatment (Fig. 3B and
D). To ascertain the expression changes, BDNF and TrkB at
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mRNA level were also measured. Consistent with assays of the
protein, MPTP treatement decreased expression of mRNA for
BDNF and this decrease was reversed by memantine admin-
istration [F(4, 10) = 6.52, P < 0.05] (Fig. 3E). Levels of mRNA
for TrkB were not affected by MPTP or memantine treatment
(Fig. 3F). These results suggest that BDNF expression is
reduced after treatment with MPTP and that memantine pre-
treatment prevented this decrease.

In vitro incubation with memantine reverses
the effect of MPP* on depolarization-mediated
BDNF expression
In vitro experiments were carried out to assess the effects of
MPP*, the active metabolite of MPTP on activity-dependent
regulation of BDNF expression in the hippocampus. The drug
treatment schemes are indicated in Fig. 4A. MPP* or meman-
tine incubation alone did not affect BDNF expression in
control slices (Fig. 4B). KCI depolarization significantly
increased BDNF expression in control slices and this stimu-
lated increase was lower in slices incubated with MPP*. Pre-
incubation with memantine (1 uM, 20 min before MPP")
blocked the MPP*-induced decrease of activity-dependent
BDNF expression which was comparable with control levels.
By contrast, post-treatment with memantine (immediately
after MPP* for 30 min) did not block the effect of MPP* on
KCl depolarization-induced BDNF expression. Importantly,
memantine only inhibited the effect of MPP* on hippocam-
pal BDNF synthesis, but did not change BDNF synthesis in
control slices [interaction: F(4, 40) = 10.2, P < 0.05; row: F(1,
40) = 158.0, P < 0.05; column: F(4, 40) = 8.8, P < 0.05].
Next, we asked whether this decrease of depolarization-
induced BDNF expression after MPP* was a synaptic event.
Incubation with the NMDA receptor antagonist (50 uM APS),
but not the AMPA receptor antagonist (10 uM NBQX)
blocked the effect of MPP* on depolarization-induced BDNF
expression (Fig. 4C). In addition, a non-selective calpain
inhibitor (calpain inhibitor III, 10 uM) also blocked the effect
of MPP* on depolarization-induced BDNF expression. Inter-
estingly, incubation with artificial CSF containing a high
concentration of calcium (4 mM) or 25 uM NMDA could
mimic the effect of MPP* on BDNF [F(6, 28) =17.2, P < 0.05].
Furthermore, we tested the direct effects of memantine or
APS on KCl-induced BDNF expression, i.e., in the absence of
MPP*. Depolarization-induced BDNF expression was blocked
by APS, but not by memantine [interaction: F(2, 24) = 6.5, P
< 0.05; row: F(1, 24) = 105.0, P < 0.05; column: F(2, 24) = 4.8,
P < 0.05] (Fig. 4D and E). These data suggest that MPP* prob-
ably over-activated a calcium signalling pathway in order to
depress subsequent activity-dependent BDNF expression.

Memantine reverses inactivation of TrkB and
ERK pathway during TBS in MPTP model
TrkB activation is an initial step for TBS-induced hippocampal
LTP. As MPTP administration decreased BDNF level in the
hippocampus, we looked for in situ p-TrkB expression after LTP
induction using immunohistochemical methods (Fig. 5A). In
slices from control mice, LTP induction increased p-TrkB
expression significantly when compared with basal level
(Fig. 5A and B) and this increase was blocked by treatment
with MPTP. However, pretreatment with memantine before

the MPTP treatment preserved the TrkB activation induced by
LTP [interaction: F(2, 24) = 8.9, P < 0.05; row: F(1, 24) = 52.1,
P < 0.05; column: F(2, 24) = 6.7, P < 0.05]. Using a high
magnification to count p-TrkB-immunopositive synapses,
similar results were obtained (Fig. 5C and D). Thus, these
counts were increased after LTP induction, compared with
baseline, in the control group but the increase was blocked by
MPTP treatment and restored by memantine pre-treatment
before MPTP [interaction: F(2, 24) =8.98, P<0.05; row: F(1, 24)
=221.0, P < 0.05; column: F(2, 24) = 6.4, P < 0.05].

To confirm the effects on activity-dependent BDNF syn-
thesis, hippocampal slices from control, and MPTP- and
memantine+MPTP-treated groups were depolarized by KCl
for 3 min. As shown in Fig. S5E and F, depolarization induced
BDNF expression only in the control and memantine+MPTP-
treated groups and not in the MPTP group [interaction:
F(2,24)=8.2, P<0.05; row: F(1, 24) = 149.0, P < 0.05; column:
F(2, 24) = 6.8, P < 0.05] (). Consistent with these results,
KCl-induced p-TrkB activation was not found in the MPTP
group [interaction: F(2, 24) = 5.2, P < 0.05; row: F(1, 24) =
88.0, P<0.05; column: F(2, 24) =4.9, P <0.05] (Fig. SE and G)
but was restored by memantine pretreatment. These data
support the general conclusion that MPTP impaired activity-
dependent BDNF expression in the hippocampus.

Activation of ERK is required for TBS-induced LTP and this
event is thought to be downstream of the BDNF/TrkB signal-
ling pathway (Wang et al., 2014). In the present experiments,
we detected p-ERK expression using immunostaining,
through analysing mean fluorescence intensity around the
stimulus electrode in dendrites. The basal level of p-ERK was
not altered in the different groups (Fig. 6A and B) and LTP
induction activated ERK in slices from control mice, but not
in MPTP-treated mice and pretreatment with memantine at
the high dose restored ERK activation in MPTP-treated mice
[interaction: F(2, 36) = 9.5, P < 0.05; row: F(1, 36) = 165.0,
P < 0.05; column: F(2, 36) = 6.1, P < 0.05]. These data show
that pretreatment with memantine protected the ERK
pathway from the lack of activation induced by MPTP.

Memantine-rescued LTP was decreased by
TrkB receptor blockers

We confirmed that pretreatment with memantine rescued
LTP after exposure to MPTP model, through activating the
BDNEF-TrkB pathway, by using inhibitors of TrkB. The BDNF
blocker (TrkB-FC) or control IgG-Fc was added in vitro to slices
obtained from memantine+MPTP-treated mice. As shown in
Fig. 7A, after incubation with TrkB-FC (2 ug-mL™) for 1 h, the
LTP amplitude was reduced, while the LTP was normal in
IgG-Fc incubation group. Neither TrkB-FC nor corresponding
IgG-Fc affected the baseline values (Fig. 7B). The non-specific
TrkB inhibitor K252a also reduced LTP in memantine+MPTP-
treated mice (Fig. 7C).

As memantine protected against the MPTP-induced
decrease of BDNF and LTP, we tested the direct effect of
exogenous BDNF on LTP in our MPTP model. As shown in
Fig. 7D, incubation of hippocampal slices with BDNF
(500 ng-mL™"; 30 min before TBS) rescued the decreased LTP
in slices from the MPTP model. The final LTP level after BDNF
treatment in the MPTP- and memantine-treated groups
was comparable. It is notable that BDNF at 500 ng-mL™" did
not affect baseline synaptic transmission (Fig. 7E). A higher
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MPP* incubation induced a decrease of BDNF expression after KCl depolarization and this was prevented by pre-application of memantine (M).
(A) Scheme of the in vitro experimental procedure. The slices from control mice were incubated with memantine, NMDA receptor antagonist
(AP5), calpain inhibitor (CI-lIl) or AMPA receptor inhibitor (NBQX) for 20 min, and then treated with MPP*, NMDA, or 4 mM Ca?*" for 2 h. After
washing out the drug for about 20 min, the slices were depolarized by KCl for 3 min. One hour later, the slices were collected for protein assay.
(B) Upper panel shows representative blots after different drug treatments. Lower panel shows summary data of BDNF expression after different
drug treatments. (C) Left panel shows representative blots after different drug treatments. Right panel shows summary data of BDNF expression
after different drug treatments. The data presented are means + SEM (n = 5). *P < 0.05 compared with control group after KCI depolarization;
two-way ANova followed by Bonferroni test. (D) Direct effect of AP5 or memantine on KCl-induced BDNF expression was analysed as shown in the
scheme. (E) Direct effect of AP5 or memantine on KCl-induced BDNF expression. Upper panel shows representative blots after different drug
treatments. Lower panel shows summary data of BDNF expression after different drug treatments. The data presented are means = SEM . Three
slices from each animal and a total of three animals in each group were used. *P < 0.05 compared with corresponding basal level; P < 0.05
compared with control group after KCl depolarization; two-way anova followed by Bonferroni test.

concentration of BDNF (2 ug-mL™) was also tested. As shown groups. Moreover, BDNF-induced chemical LTP was TrkB
in Fig. 7F, potentiation induced by exogenous BDNE, at pathway dependent (Fig. 7F, black square). These data dem-
this concentration, was similar in hippocampal slices onstrated that the induction of LTP by BDNF was normal in
obtained from control, MPTP- and memantine-treated the mice treated with MPTP.
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Figure 5

TrkB activation after LTP induction was abolished in the MPTP model, and was restored by memantine (M) pretreatment. (A) A representative
image of p-TrkB after TBS. (B) Summary data of the mean fluorescence intensity (MFI) around stimulus electrode. The data presented are means
+ SEM (n = 5). *P < 0.05 compared with corresponding basal level; *P < 0.05 compared with TBS in MPTP group; two-way anova followed by
Bonferroni test. (C) Representative images of apical dendrite. Green: PSD95, Red: p-TrkB. (Scale bar: 5 um). (D) p-TrkB positive synapses were
significantly increased after LTP induction compared with baseline in control group. In MPTP group, p-TrkB positive synapses after TBS was not
obviously increased. Memantine pretreatment reversed the defect caused by MPTP. (E) KCI depolarization was applied to activate BDNF
expression and TrkB activation in hippocampal slices from different groups. Representative blots of BDNF and p-TrkB are shown. (F) Summary data
of BDNF expression after different drug treatment. (G) Summary data of p-TrkB/TrkB after different drug treatment. The data presented are means
+ SEM . In each group, three slices from each animal and a total of 5 animals were used. *P < 0.05 compared with corresponding basal level; *P
< 0.05 compared with MPP* group after KCI depolarization; two-way anova followed by Bonferroni test.

Discussion plasticity and memory. Importantly, memantine effectively

blocked the decrease in activity-dependent BDNF expression,
In this study, we present evidence for the inhibition of the induced by MPTP or MPP" in acute hippocampal slices, thus
BDNEF-TrkB signalling pathway as a potential mechanism restoring the BDNF-TrkB pathway, synaptic plasticity and
for MPTP-induced impairment of hippocampal synaptic memory abnormalities in the MPTP model.
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TBS-induced ERK activation during LTP was abolished in MPTP model, and was recovered by memantine (M) pretreatment. (A) The region of
interest of p-ERK staining in different groups. (Scale bar: 20 um) (B) Summary data of the mean fluorescence intensity (MFI) around stimulus
electrode. The data presented are means + SEM. In each group, three slices from each animal and total five animals were applied. *P < 0.05
compared with corresponding basal level; *P < 0.05 compared with TBS in MPTP group; two-way anova followed by Bonferroni test.

MPTP impairs activity-dependent regulation
of BDNF expression and hippocampal LTP

PD patients often suffer from depression, and patients suffer-
ing from depression exhibit specific reductions in hippocam-
pal volume and hippocampal BDNF levels. In this study, we
found that BDNF expression was reduced in the hippocam-
pus after MPTP treatment, although Lesemann et al. (2012)
have reported that MPTP injections for 3 consecutive days did
not affect hippocampal BDNF expression in female trans-
genic mice. The reduced BDNF in the hippocampus contrib-
utes to impairment of synaptic plasticity and memory rather
than cell death [the input-out response was not altered in the
MPTP model (Zhu et al., 2011) ]. In the late stage of PD, BDNF
abnormalities might lead to atrophy or cell death in the
hippocampus, which has been widely reported in PD patients
(Camicioli et al., 2003; Erickson et al., 2011). MPTP treatment
could lead to decreased mRNA and protein levels of BDNE,
not only in the substantia nigra as previously reported
(Fumagalli et al., 2006), but also in the hippocampus, a region
integrally involved in memory formation. The mechanisms
underlying the reduced BDNF in the substantia nigra and
hippocampus might be identical, but the functional pheno-
types are different. The decrease of BDNF in dopaminergic
neurons abolished neuroprotection, leading to cell death
(Porritt et al., 2005). However, in hippocampal neurons, the
lack of BDNF appeared only to decrease synaptic plasticity
and memory storage. The important question of how endog-
enous BDNF cuodl be down-regulated in the brain of this PD
model, is still not clear. One possible explanation is that the
toxic oxidative product of MPTP, MPP* accumulates in the
mitochondria and causes oxidative stress, which is supposed
to be a mechanism for the reduction of BDNF expression
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(Kapczinski et al., 2008). In addition, acute MPTP application
is able to regulate hippocampal synaptic transmission and
activity-dependent plasticity (Zhu et al., 2012).

Memantine reverses the abnormality of BDNF
expression and plasticity in MPTP model
Memantine is efficient at ameliorating PDD or dementia with
Lewy bodies (Aarsland et al., 2009). In this study, we found
that the MPTP-induced decrease of BDNF expression was
reversed by memantine pretreatment. In vitro experiments
confirmed that MPP*, the active metabolite of MPTP abol-
ished depolarization-induced BDNF synthesis, although MPP*
or memantine incubation alone did not affect BDNF expres-
sion. Pre-application but not post-application of memantine
blocked the effect of MPP* on BDNF expression. These data
suggest that the hippocampus can be directly affected by
MPTP or MPP*, even though the substantia nigra is particu-
larly sensitive to MPTP. In addition, memantine only inhib-
ited the effects of MPP* on hippocampal BDNF and did not
evoke BDNF expression in control slices. Besides memantine,
APS and the calpain inhibitor also blocked the effects of MPP*
on depolarization-induced BDNF expression. Incubation with
a high concentration of calcium or NMDA treatment for 2 h
mimicked the effect of MPP*, which implied that an overac-
tive calcium signalling pathway might underlie the MPP*
insult in the hippocampus. Although APS and the calpain
inhibitor have similar protective effects to those of meman-
tine against MPP* insult, the time window for these drug
applications is critical (as shown in Fig. 4A and D). APS5 not
only blocked the effects of MPP*, but it also affected
depolarization-induced BDNF expression.
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Figure 7

Memantine (M) prevented MPTP-induced decrease of hippocampal LTP through BDNF pathway. (A)The BDNF blocker, TrkB-FC (1 h incubation)
blocked the memantine-induced reversal of LTP in the MPTP model. Inserts are analogue traces for baseline (grey) and 120 min after LTP induction
(black). Scale bar: 1 mV per 10 ms. (B) TrkB-FC and Ig-FC did not affect basal responses. Black line indicates TrkB-FC and Ig-FC application. Inserts
are analogue traces for baseline (grey) and 120 min after drug treatment (black). Scale bar: T mV per 10 ms. (C) The TrkB nonspecific inhibitor
K252a also blocked the LTP in memantine + MPTP group, but did not affect baseline values. Black line indicates K252a application. Inserts are
analogue traces from baseline (grey) and 90 min after LTP induction or drug treatment (black). (D) Incubation with a low concentration of BDNF
(500 ng-mL™") for 1 h rescues the impaired LTP in slices from the MPTP model. Inserts are analogue traces from baseline (grey) and 120 min after
LTP induction (black). Scale bar: 1 mV per 10 ms. (E) Low concentration of BDNF did not affect the baseline values from the slices obtained from
MPTP, and memantine treatment groups. Black line indicates BDNF application. Inserts are analogue traces from baseline (grey) and 120 min after
drug treatment (black). Scale bar: 1 mV per 10 ms. (F) Incubation with a high concentration of BDNF (2 ug-mL™) elicits comparable potentiation
in control, MPTP, memantine and MPTP groups. Black line indicates BDNF application. Moreover, BDNF-induced chemical LTP was TrkB pathway
dependent. Inserts are analogue traces from baseline (grey) and 120 min after drug treatment (black). Scale bar: 1 mV per 10 ms.

2+

The acute application of memantine can rescue Mg and dominant cAMP response element-binding protein shut-

reduction- or amyloid § oligomer-induced impairment of LTP off pathway and blocked induction of BDNF expression
(Frankiewicz and Parsons, 1999; Martinez-Coria et al., 2010) (Hardingham et al., 2002). Therefore, it is probable that
possibly through inhibiting the overactivated NMDA recep- MPTP/MPP* activates extrasynaptic NMDA receptors and
tors, especially extrasynaptic NMDA receptors. In our study, switches off BDNF expression system.

bath application of memantine did not reverse the decrease Using electrical stimulation under a protocol of TBS,
of LTP in slices from the MPTP model, implying that activa- mature BDNF can be synthesized rapidly and activates its
tion of extrasynaptic NMDA receptors was not directly specific receptor, TrkB receptor (Gartner and Staiger, 2002). In
responsible for LTP impairment in the MPTP model, or at the present study, immunofluorescence and Western blot
least extrasynaptic NMDA receptors were affected in the early methods confirmed that p-TrkB levels were not affected 7
phase after MPTP administration. Calcium entry through days after MPTP injection in CA1 region or whole hippocam-
extrasynaptic NMDA receptors, triggered by bath glutamate pal homogenate (Fig. 3D, 5B and E), although the BDNF level
exposure or hypoxic/ischemic conditions, activated a general was reduced. This difference between expression of BDNF and
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p-TrkB is surprising. This discrepancy might be explained by
the generation of a compensatory substance that can activate
TrkB, 7 days after MPTP injection. A similar discrepancy was
found in aged mice, where BDNF levels were reduced, but not
those of p-TrkB (Martin et al., 2008). However, whether cel-
lular cholesterol content is regulated to activate TrkB in the
MPTP model still needs clarification. Although p-TrkB at the
basal level was not affected following MPTP or memantine
treatment, TBS-induced TrkB activation was inhibited in the
MPTP model, and was rescued by memantine pretreatment.
These results suggest that synaptic activation-related BDNF
synthesis was impaired by MPTP treatment. To support that
conclusion, KCl depolarization-induced BDNF expression
was also impaired in the slices obtained from MPTP-treated
mice.

The MAPK/ERK pathway is a critical signalling pathway
for TBS-induced hippocampal LTP (Selcher et al., 2003; Wang
etal., 2014). Activation of ERK can affect actin polymeriza-
tion and gene expression, which are necessary for enlarge-
ment or formation of new spines (Huang et al., 2007). Here,
we detected p-ERK under basal conditions and after LTP
induction, with no difference in basal p-ERK levels with
MPTP treatment or with memantine pretreatment. However,
after LTP induction, p-ERK was decreased in the MPTP group.
The decreased p-ERK was consistent with the decreased LTP in
the MPTP group and memantine also rescued TBS-induced
ERK activation in the MPTP model.

In this study, we have demonstrated that LTP impairment
in the MPTP model was due to the reduction of hippocampal
BDNF. Either protection of endogenous BDNF synthesis by
memantine or application of exogenous BDNF restored the
LTP deficit in the MPTP model. These data would suggest that
compounds that can activate BDNF synthesis have the poten-
tial to protect memory in PD. In addition to the effects of
memantine on LTP, MPTP-enhanced LTD was also reversed by
memantine administration. Based on previous publications
(Akaneya etal., 1996; Kumura etal.,, 2000; Aicardi etal.,
2004), LTD did not benefit from endogenous BDNF release.
Ikegaya et al. (2002) reported that the application of BDNF
reduced LTD via the PLC-y signalling pathway (Ikegaya et al.,
2002). A recent study has shown that blocking of the BDNE-
TrkB signalling pathway caused a switch from chemically
induced LTP to LTD (Montalbano et al., 2013). However, in
some other studies, pro-BDNF was suggested to promote
NR2B-dependent LTD (Rosch et al., 2005; Woo et al., 2005),
which was inconsistent with our recent study. In addition, a
low level of BDNF and pro-BDNF in BDNF+/— mice affected
the maintenance of LTD (Novkovic et al., 2014).

Memantine prevents against the impaired
memory in the MPTP model

MPTP treatment caused motor dysfunction in mice, rats and
primates (Fredriksson et al., 1997), but also affected memory
(Moriguchi et al., 2012). However, the latencies for cognitive
deficits are inconsistent in different MPTP models. In a
subchronic MPTP model, memory was enhanced in the first 2
weeks, and then gradually decreased (Moriguchi et al., 2012).
It is well known that MPTP has different effects in rats and
mice (Tieu, 2011). Even in mice, the strains, age and sex
should be taken into consideration regarding the behavioural
results (Filipov etal., 2009). Here, using the novel object
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recognition and one-trial passive avoidance task, we obtained
consistent results that in both acute and subchronic MPTP
treatment regimens, the long-term memory was impaired.
However, single or consecutive systemic administration with
memantine could block the deleterious effects of MPTP.

Conclusion

In this study, we present a mechanism that potentially
explains the memory deficits exhibited in PD. A deficiency in
the activity-dependent regulation of BDNF expression in hip-
pocampus might be the basis of memory loss and later
dementia. Our data indicate that memantine would be a
useful compound for preventing memory deficit in PD.
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