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a b s t r a c t

An extensive literature has shown a powerful neuroprotective action of Erythropoietin (EPO) both in vivo
and in vitro. This study shows that EPO, whether ectopically administered or released by neural pre-
cursors, does reverse MPTP-induced parkinsonism in mice. Unilateral stereotaxic injection of 2.5 � 105

erythropoietin-releasing neural precursor cells (Er-NPCs) rescued degenerating striatal dopaminergic
neurons and promoted behavioral recovery as shown by three independent behavioral tests. These ef-
fects were replicated through direct intrastriatal administration of recombinant human EPO. At the end
of the observational period, most of the transplanted Er-NPCs were vital and migrated via the striatum to
reach Substantia Nigra. The restorative effects appear to be mediated by EPO since co-injection of anti-
EPO or anti-EPOR antibodies antagonized the positive outcomes. Furthermore, this report supports the
neuroprotective action of EPO, which may also be achieved via administration of EPO-releasing cells such
as Er-NPCs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Cell therapy has long been considered a desirable regenerative
approach to compensate the loss of specific cell populations in
neurodegenerative disorders including Parkinson's disease (PD)
(Barker, 2014; Barker et al., 2013). Experimental use of dopamine-
containing neurons derived from human embryonic stem cells in
PD rat models has shown promising results (Bjorklund et al., 2002;
Kriks et al., 2011; Kim et al., 2002; Yang et al., 2008). Allografts of
ventral mesencephalon tissue can also be used as implants in that
they survive for a long period of time after transplantation, receive
and make synapses within the host brain and promote recovery of
affection in 6-OHDA exposed rats (Martínez-Cerde~no et al., 2010;
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Haque et al., 1997; Lindvall et al., 1990; Schultzberg et al., 1984;
Takahashi et al., 2007). Subsequent to all of these experiences,
transplantation of cells obtained from human fetal mesencephalon
was undertaken in human patients (Barker, 2014). These trans-
planted dopaminergic neurons were able to re-innervate the
striatum, restore dopamine release and, at least in some cases,
support the clinical amelioration of patients' conditions. Unfortu-
nately, these improvements were often associated with the onset of
disabling side effects such as dyskinesias of orofacial muscles and of
the upper and lower extremities (Barker, 2014; Hallett et al., 2015,
2014; Kefalopoulou et al., 2014). As was to be expected, use of
human embryonic or fetal central nervous system tissue gave rise
to numerous ethical concerns (Barker, 2014; Barker and de
Beaufort, 2013) and stimulated search for alternative cell sources.
In this context, dopaminergic neurons obtained from induced
pluripotent stem cells through somatic cell reprogramming gave
positive results in rodent and non-human primate models of PD
(Doi et al., 2014; Yu et al., 2007; Sundberg et al., 2013; Wernig et al.,
2008).

Erythropoietin (EPO) is a well-known cytokine, which is also
produced in the CNS, where it exerts neurotrophic and
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neuroprotective actions (Digicaylioglu et al., 1995; Konishi et al.,
1993; Marti, 2004; Jelkmann, 2011). Numerous animal and hu-
man studies have shown that EPO might be effective against hyp-
oxic, ischemic, and traumatic brain injuries as well as chronic and
progressive degenerative diseases (Erbayraktar et al., 2003; Brines
et al., 2004; Gorio et al., 2005, 2002; Heikal et al., 2016). Studies
performed in PD rat models suggest that the administration of re-
combinant human EPO (rhEPO) or its analogs could improve
behavioral outcomes (Erbaş et al. 2015; Kanaan et al., 2006; Signore
et al., 2006). Two recent pilot trials in humans have investigated
safety and efficacy of rhEPO administration (Jang et al., 2014;
Pedroso et al., 2012). In one of such trials 60 IU/kg body weight
ior-EPOCIM (Cuban recombinant human EPO) has been adminis-
tered subcutaneously once a week for five weeks (Pedroso et al.,
2012). This dosage resulted safe and well tolerated. Moreover,
some variables such as motor function, cognitive status and mood
resulted clinically improved with statistically significant changes
compared to the baseline pretreatment assessment (Pedroso et al.,
2012). In the second randomized, single-blind, exploratory pilot
trial, rh-EPO had been administered (40,000 IU) twice a week for 5
weeks to 13 PD patients. At 12 months after administration, non-
motor symptoms resulted significantly improved, while, motor
symptoms were not affected (Jang et al., 2014). In our opinion,
further studies are needed.

We reported the existence and isolation of a subclass of SVZ-
derived neural progenitors surviving after donor death with
higher neuronalelike dependence on autocrine erythropoietin
(EPO) release, which is innate and not induced by genetic modifi-
cation (Marfia et al., 2011). In particular, the administration of Er-
NPCs (formerly called post mortem-neural precursor cells; PM-
NPCs) after traumatic spinal cord injury in mice greatly attenu-
ated secondary degeneration and neuro-inflammation and mark-
edly enhanced recovery of hind limb function (Carelli et al., 2015,
2014a, 2014b). In order to determine the therapeutic potential of
Er-NPCs in a pre-clinical experimental model of PD, we unilaterally
transplanted Er-NPCs into the striatum of dopamine-depleted 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-exposed
C57BL/6 mice. Here we show that, 2 weeks after transplantation,
the majority (79%) of transplanted Er-NPCs were vital. We found
that Er-NPCs-treated animals displayed fast behavioral improve-
ment within the third day after cell transplantation, which was
accompanied by almost complete sparing of SN neurons. Moreover,
considering that co-injection of anti-EPO or anti-EPOR antibodies
totally prevented the recovery, Er-NPCs-derived EPO is likely to
mediate behavioral improvements. Finally, Er-NPcs are capable of
preventing the loss of tyrosine hydroxylase (TH) immunoreactivity
in the ipsilateral and contralateral side of both striatum and SN pars
compacta (SNpc).

2. Materials and methods

2.1. Animals and study approval

For at least 7 days before the experiments were carried out, male
C57BL/6 mice (Charles River, Milan, Italy), 12e16 weeks old and
weighing 20e24 g, were kept in standard conditions (22 ± 2 �C, 65%
humidity, and artificial light from 08:00 a.m. to 08:00 p.m.) with
food and water ad libitum. Moreover, the animals were handled
daily for 1 week prior to MPTP injection, in order to make them
amenable to behavioral testing. All animal handling was fully
compliant with good animal practices as defined by the Italian
Guidelines for Laboratory Animals, which in turn comply with the
European Community Directive of September 2010 (2010/63/UE);
the work was approved by the Review Committee of the University
of Milan.
2.2. Er-NPCs isolation

Green Fluorescent Protein (GFP) expressing post mortem neural
precursor cells was isolated from Adult C57BL/6-Tg (UBC-GFP)
30Scha/J mice weighing 25e30 g (Charles River) as previously
described (Carelli et al., 2015, 2014a, 2014b; Marfia et al., 2011).

2.3. Animal treatments

Parkinsonism was induced in C57BL/6 mice by intraperitoneal
(i.p.) administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) following the acute paradigm with a
minor modification (Corsini et al., 1985; Petroske et al., 2001).
Briefly, animals were subjected to 2 subsequent injections of MPTP
hydrochloride at different doses: a first i. p. injection of 36 mg/kg
MPTP and, seven days later, a second one of 20 mg/kg (Additional
Fig. 1). In order to investigate the stability of the lesion, a group of
animals were sacrificed 3 days after the second toxin administra-
tion (CTRL n ¼ 13; MPTP n ¼ 13; Additional Fig. 1). Animals were
transplanted with 2.5 � 105 cells/5 ml GFP expressing Er-NPCs
(n ¼ 24) or PBS (n ¼ 6), according to the following stereotaxic co-
ordinates in relation to bregma: 0.1 mm posterior, 2.4 mm
mediolateral and 3.6 mm dorsal at the level of the left striatum (Cui
et al., 2010). Fourteen days after transplantation (day 14; Additional
Fig. 1), ten animals from each treatment group (CTRL; MPTP;
MPTP þ Er-NPCs) were sacrificed by cervical dislocation and their
brains were removed and dissected. Immediately after dissection,
the whole striatum, frontal cortex andmidbrainwere frozen on dry
ice until they were assayed. The dissected brain areas of ten mice
were used for neurotransmitters determination (see below). Ten
animals for each of the groups CTRL, MPTP, MPTP þ Er-NPCs, and
nine animals for the MPTP þ Er-NPCs þ anti-EPO group were
anesthetized by intraperitoneal injection of sodium pentobarbital
(65 mg/kg of body weight), perfused through the left ventricle with
50 mL of saline solution and fixed with 200 mL of 4% para-
formaldehyde in 0.1 mol/L PBS. The brains were subsequently
removed from the skulls and then cryoprotected at 4 �C in sucrose
300 g/L in 0.1 mol/L PBS solution for further sectioning.

2.4. Behavioral tests

Recovery of motor dysfunction before and after cell trans-
plantation was investigated by means of Horizontal grid test
(Tillerson and Miller, 2003), Vertical grid test (Kim et al., 2010) and
olfactory test (Schintu et al., 2009).

2.4.1. Horizontal grid test
The grid apparatus was constructed according to Tillerson and

co-workers (Tillerson andMiller, 2003). The animal was videotaped
for 30 s and the videos were replayed for percentage forepaw fault
analysis using a recorder with slow motion option. The number of
unsuccessful forepaw steps divided by the total number of
attempted forepaw steps was evaluated (Tillerson and Miller,
2003). Before MPTP administration, the mice were acclimatized
to the grid twice a day for 1 week.

2.4.2. Vertical grid test
The vertical grid apparatus was constructed according to Kim

and co-workers (Kim et al., 2010). For this test, the mouse was
placed 3 cm from the top of the apparatus, facing upwards, and was
videotaped when turning around and climbing down. The score
reported was the time required by the mouse to make a turn, climb
down and reach the bottom of the grid with its forepaw within
180 s (Kim et al., 2010). Before MPTP administration, mice were
acclimatized to the grid twice a day for 1 week.



Fig. 1. The applied paradigm of MPTP impairs nigrostriatal dopamine neurons and causes functional impairment in mice. (A) TH immunoreactivity performed on brain
coronal sections of mice treated with MPTP and control healthy animals (scale bars: 500 and 100 mm). TH-ir was evaluated at day 10. Quantification was done by ImageJ picture
analysis. ***p < 0.001 vs CTRL. (B) DA, DOPAC, HVA, and 3-MT striatum levels in control and MPTP treated mice (day 10). Values are expressed as mean ± SD of two independent
experiments (n ¼ 5 mice in each group). *p < 0.05, **p < 0.01, ***p < 0.001 vs CTRL (C) Evaluation of functional impairment was performed by means of three different behavioral
tests (horizontal grid, vertical grid and olfactory tests). Data is expressed as mean ± SD of two independent experiments. ***p < 0.001 vs CTRL.
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2.4.3. Olfactory test
The mice were deprived of food for 20 h before the test. A corn

chip was buried under their bedding (1 cm) in a corner of the cage.
Eachmouse was positioned at the center of the testing cage and the
time to retrieve and bite the corn chip was measured (Schintu et al.,
2009).

2.5. Determination of dopamine and metabolites

For the analysis of dopamine and its metabolites, the protocol by
Vaglini and co-workers (Vaglini et al., 2004) was used. Briefly,
striatal tissue samples were homogenized in 600 mL ice-cold 0.1 N
perchloric acid containing 10 pg/lLdihydroxybenzylamine (DBA) as
internal standard. An aliquot of the homogenate was assayed for
protein. The homogenate was centrifuged and the levels of mono-
amines and their metabolites in the supernatant were determined
by reverse-phase HPLC coupled to an electrochemical detector.
Results were expressed as themean ± SD of at least five animals per
group (Corsini et al., 1985; Viaggi et al., 2009). Refer to Supple-
mentary Materials for details.
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2.6. Immunohistochemistry and quantitative analysis

Coronal sections (20 mm) of the whole brain were cut using a
cryostat (Leica) at �28 �C. Immunostaining was performed on free-
floating sections in 24-well plates. Sections were washed twice in
0.1 mol/mL PBS and then incubated in 3 g/L hydrogen peroxide in
0.1 mol/L PBS for 15 min to block endogenous peroxidase activity.
After two more washes in 0.1 mol/L PBS, sections were blocked in
1 g/L normal goat serum in 0.1 mol/L PBS for 1 h. The sections were
then incubated in rabbit anti-TH antibody (Millipore, 1:1000 dilu-
tion) in 0.1 mol/L PBS overnight at þ4 �C. After wash in 0.1 mol/L
PBS, sections were incubated for 1 h in anti-rabbit antibody (1:200
dilution) in 0.1 mol/L PBS. The antigeneantibody complex was
revealed with the avidinebiotin complex method with 30,30-dia-
minobenzidine (Sigma Chemical. Co., St Louis, MO, USA) as chro-
mogen and 0.01 g/L hydrogen peroxide in 0.1 mol/L PBS. The
reaction was arrested when the product turned dark brown by
rinsing with PBS. Controls consisting of alternate sections incu-
bated by omitting the primary antibody did not show any detect-
able immunoreactivity. For immunofluorescence, sections were
collected onto glass slides, rinsed with 0.1 mol/L PBS and treated as
previously published (Carelli et al., 2015, 2014a, 2014b). Then sec-
tions were exposed to anti-TH antibody (Millipore, 1:1000 dilution)
or anti-EPO (Santa Cruz, 1:200) in 0.1 mol/L PBS overnight at þ4 �C.
Alexa Fluor 546 goat anti-mouse IgG was used as secondary anti-
body (1:200).

The immunohistochemically-treated brain sections were then
digitally processed to quantify the loss of TH induced by MPTP
treatment. The slides were photographed using a Leica DC 480
digital camera mounted on a Leica DM5500B light microscope
(Leica, Germany) at 20� magnification, interfaced with an HP
personal computer. The three-midbrain DA cell regions were out-
lined at low magnification (�5 objective) and subsequently scan-
ned at higher magnificationwith�20 and�40 objectives (NA 0.65).
Images of SN immunostaining were acquired in the region corre-
sponding to bregma 2.80/3.52 mm as indicated in the Paxinos and
Franklin atlas (Paxinos and Franklin, 2001), on six alternate sections
per animal. Microphotographic digital analysis was performed us-
ing ImageJ software (Jensen, 2013) and without considering the
ventral tegmental area (Liang et al., 2004). Briefly, the average
optical density of immunoreactivity, on a scale from 0 to 355 units,
was determined within the selected area of SNpc. The mean optical
density was subtracted from the background optical density,
measured in a region adjacent to the location of immunostained
cells. The quantification of the positive pixels versus the negative
background elicits an index score that includes the contributions
from fibers and neuronal somata. The immunostaining conditions
were the same for all sections within a single brain, in that the
staining solutions were the same, as were the reaction times in the
solutions. The microscope light intensity was the same for
analyzing all given brain sections and for determining the back-
ground optical density. The quantification of TH-positive neurons in
Table 1
DAT, TH, and NET mRNA expression levels 7 days after treatment with Er-NPCs or PBS.
mice; three quantitative (Q)eRT-PCRs in each experiment were performed, each sample w
the number of fold increase versus control and is reported as mean ± SD.

Left striatum CTRL MPTP þ PBS

NET 1 ± 0 0,78 E-02 ± 0,
(p < 0.001 vs

DAT 1 ± 0 0,93 E-02 ± 0,
(p < 0.001 vs

TH 1 ± 0 0,94 E-01 ± 0,
(p < 0.001 vs
the Substantia Nigra was performed as described by Romeo et al.,
2013. Briefly, every sixth section was taken throughout the entire
Substantia Nigra, with a total of nine sections (three sections/ani-
mal for a total of three animals). In each section, the Substantia
Nigra area was traced at 5 � magnification and the count was
executed at 20 � magnification (Romeo et al., 2013).

2.7. RNA extraction and real time-PCR

Gene expression analyses were performed 7 days after trans-
plant (n ¼ 4 per group) in the striatal homogenates (Carelli et al.,
2015, 2014a, 2014b). Left and right striata were dissected out
rapidly, frozen on dry ice and stored at �80 �C for further analyses.
Total RNA was extracted using TRIZOL® reagent (Life Technologies)
following manufacturer's instructions, quantitated and processed
as described. Primers were designed using Oligo Perfect Designer
Software (Life Technologies). Primer sequences are shown in
additional Table 1. The following amplification conditions were
applied: AmpliTaq activation 95 �C for 10 min; PCR denaturation
step 95 �C for 15 s; PCR annealing step 60 �C for 30 s; PCR elon-
gation 75 �C for 30 s; 40 cycles of PCR were performed. PCR results
were normalized versus 18S.

2.8. Statistical analyses

Statistical analyses between groups were evaluated using
GraphPad Prism 4.0 version and the data was expressed as
mean ± SD. Behavioral datawas analyzedwith a repeatedmeasures
ANOVA model with time and group (CTRL, MPTP, MPTP þ PBS and
MPTP þ Er-NPCs; MPTP þ rh-EPO; MPTP þ Er-NPCs þ anti-EPO;
MPTP þ Er-NPCs þ anti-EPOR) as factors. ANOVA test was followed
by Bonferroni post-test. The effects of MPTP and the various com-
bined treatments on striatal catecholamine levels were evaluated
statistically by using ANOVA with Scheffe-F analysis. The null hy-
pothesis was rejectedwhen p< 0.05. Gene expressionwas analyzed
in triplicate and results were expressed as the average of four an-
imals. The profile of each gene was analyzed by a repeated mea-
sures ANOVA followed by Bonferroni's multiple comparisons test to
assess statistical significance versus respective control (CTRL).

3. Results

3.1. MPTP model characterization

It is known that MPTP administration causes a highly significant
loss in TH-positive cell bodies and axons. We assessed the effects of
MPTP administration on TH-positive neurons and axons in the
nigrostriatal system 10 days after the first toxin injection (addi-
tional Fig. 1). TH immunoreactivity was investigated in the striatum
and SNpc of control (healthy) and MPTP-treated mice (Fig. 1A). The
quantification shows a reduction by over 50% of TH-positive
labelling in both the nigra and the striatum (Fig. 1A). The ventral
mRNA levels were evaluated by real time RT-PCR. Each group was comprised of four
as run in triplicate. 18S ribosomal RNAwas used as reference gene. Values represent

MPTP þ Er-NPCs

29 E-03
CTRL)

5,9E-02 ± 0,14E-02
(p < 0.001 vs MPTP þ PBS; p < 0.001 vs CTRL)

08E-01
CTRL)

9,99E-02 ± 0,12E-02
(p < 0.001 vs MPTP þ PBS; p < 0.001 vs CTRL)

47 E-02
CTRL)

31,8 E-02 ± 0,79E-02
(p < 0.001vs MPTP þ PBS; p < 0.001 vs CTRL)



S. Carelli et al. / Neuropharmacology 119 (2017) 76e9080
tegmental area (VTA) provided the internal control zone as VTA
dopaminergic neurons are affected byMPTP to amuch lower extent
than SNpc neurons (Goldberg et al., 2011; Phani et al., 2010). In
addition to the neuropathological changes, we observed that
striatal DA and related DOPAC and HVA metabolites were reduced
by MPTP exposure (Fig. 1B) (Corsini et al., 1985). Three behavioral
tests were performed to support histological and biochemical data
(Fig. 1C). The horizontal grid test allowed assessment of the fore-
paw faults in healthy and MPTP-treated mice. The behavioral
impairment was already marked as early as 1 day after MPTP
administration with 73 percent of forepaw faults (p < 0.005 vs
control mice, CTRL). This behavioral impairment remained signifi-
cantly high throughout the complete experimental period (Fig. 1C).
Through the vertical grid test, we assessed the time required by the
Fig. 2. Therapeutic effect of Er-NPCs injection in mouse experimental model of PD. (A)
steps. Vertical grid test. Er-NPCs treated animals recover from motor deficit and climb dow
capabilities. Two observers in blind rated each trial for vertical grid, forepaw faults per step a
and MPTP þ Er-NPCs groups; n ¼ 3 mice MPTP þ PBS group). We determined the statis
**p < 0.01, ***p < 0.001 vs CTRL; ###p < 0.001; # #p < 0.01; #p < 0.05 vs MPTP. ���p <
treated with Er-NPCs were immune-decorated with anti-TH antibody (bars ¼ 500 mm; an
xxxp < 0.001 vs MPTP.
mouse to turn around and descend the grid once positioned on the
top. Following MPTP treatment, the mice hesitated and remained
on the top of the grid much longer, therefore the time required to
turn and descend from the top to the bottom of the grid was much
longer from day 1 (Fig. 1C). The average time was 112.8 ± 19.4 s and
14.1 ± 7.76 s for MPTP-treated mice and for controls (p < 0.001),
respectively. At later times, after the second injection of MPTP, the
mice required even more time to perform the test (126.33 ± 14.2 s),
while in controls it was only slightly higher (20.5 ± 4.5 s). Olfactory
impairment is a characteristic symptom of PD. Thus, the olfactory
capabilities of the mice were evaluated at day 10 after the second
MPTP administration (Fig. 1C). MPTP-treated mice did not find and
bite the buried chip as quickly as controls (MPTP ¼ 350.0 ± 10.58 s;
CTRL ¼ 100.8 ± 19.44 s; p < 0.001).
Horizontal grid test. Er-NPCs treated mice reduce the percentage of forepaw faults per
n quickly from the grid. Olfactory test. Er-NPCs treated animals recover their olfactory
nd bite of the buried chip. Data is expressed as mean ± SD (n ¼ 15 mice for CTRL, MPTP
tical differences by means of one-way ANOVA test followed by Bonferroni post-test.
0.001 vs MPTP þ PBS. (B) SN coronal slices of CTRL mice, MPTP mice treated or not
d 100 mm). Quantification was done by ImageJ picture analysis. ***p < 0.001 vs CTRL,
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3.2. Er-NPCs transplantation significantly improves the behavioral
performance of parkinsonian animals

In order to evaluate the effects of Er-NPCs intrastriatal injection
(2.5 � 105 cells/5 ml) on the functional recovery of MPTP-treated
mice, the 3 behavioral tests described above were performed
(Fig. 2A). All tests showed a statistically significant improvement
for MPTP mice injected with Er-NPCs compared to controls. In
particular, 3 days after cells injection, the percentage of forepaw
faults of Er-NPCs-transplanted mice was 42.6 ± 9.6% (horizontal
grid test) compared to 69.8 ± 5.1% of saline-treated (p < 0.001 vs
CTRL; p < 0.001 vs MPTP saline-treated). The early improvement
observed in Er-NPCs-transplanted mice was then maintained
throughout the period of observation, while saline-treated MPTP
mice gradually worsened, reaching the maximum deficit 8 days
after treatment with values similar to untreated MPTP-mice. The
difference between cell-treated and saline-treated mice was even
more conspicuous when their motor coordination ability was
tested by means of the vertical grid test. At 3 days after
Fig. 3. Outcome of Er-NPCs treated MPTP mice is stable for a long observation period
transplantation show the stability of recovery in MPTP animals transplanted with Er-NPCs.
were determined by means of one-way ANOVA test followed by Bonferroni post-test. ###
transplantation, the animals treated with Er-NPCs showed a sig-
nificant improvement in the time required for turning and
descending the grid (62.7 ± 8.4 s), while the time employed by PBS-
treated mice was almost twice as long (112.7 ± 2.7 s), even worse
than MPTP alone. The deficit was comparable between these two
latter groups at day 8. The functional improvement promoted by Er-
NPCs treatment steadily increased reaching values similar to
healthy mice in vertical grid test within two weeks after cell in-
jection (Fig. 2A). The loss of olfactory capabilities caused by MPTP
was also evaluated after the Er-NPCs infusion. An improvement was
observed as early as 3 days after transplantation and was main-
tained throughout the observation period (Fig. 2A). The histology
performed at two weeks after transplantation shows that TH-
positive cell bodies of the SN were less detectable after MPTP
intoxication, and the total TH-immunoreactivity was reduced to
about 30%. In contrast, Er-NPCs infusion lead to about 60% of TH
positive cell bodies (Fig. 2B). Interestingly, the neuroprotective ef-
fects of exogenous Er-NPCs were also present in the SNpc contra-
lateral to the injection site (Additional. Fig. 1). The histological
of research. Horizontal and Vertical grid tests performed from day 14 to day 50 after
Data is expressed as mean ± SD (n ¼ 3 animals for each group). Statistical differences
p < 0.001 vs MPTP; ***p < 0.001 vs CTRL; ���p < 0.001 vs MPTP þ PBS.
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evaluation showed that the reduced number of TH profiles after
MPTP in the untreated group was not due to neural loss (Additional
Fig. 2). The functional recovery was also monitored up to 50 days
after Er-NPCs transplantation (Fig. 3) and both tests (horizontal and
vertical grid tests) showed stability of the positive outcome
described in Fig. 2A.

3.3. Er-NPCs transplantation does not increase DA levels in MPTP-
Treated mice

Striatal levels of dopamine and its metabolites were determined
by HPLC. MPTP exposure caused a 50% reduction of dopamine in
both the left and right striatum that was maintained until the end
of the experimentation period (24 days after 1st MPTP adminis-
tration). In MPTP mice, Er-NPCs transplantation did not increase
dopamine levels (Fig. 4A), meaning that behavioral recovery occurs
in the absence of DA restoration. In addition, DOPAC, HVA and 3-MT
were reduced bilaterally and remained unaffected following Er-
Fig. 4. Striatal levels of neurotransmitters after Er-NPCs transplantation. The determinat
of DA, DOPAC, HVA, and 3-MT were determined separately in the left (ipsilateral to th
hydroxytriptamine (5-HT), norepinephrine (NE) and 5-Hydroxyindoleacetic acid (5-HIAA)
of two experiments ± SD (n ¼ 5 mice in each group). ***p < 0.001; **p < 0.01; *p < 0.05 v
NPCs infusion. 5-hydroxytriptamine, 5-HIAA, and norepinephrine
did not change after MPTP exposure and cell transplantation
(Fig. 4B). Neurotransmitters were also measured in the frontal
cortex and midbrain homogenates from CTRL, MPTP and
MPTP þ Er-NPCs animals. No differences were found among these
groups (data not shown). Loss of striatal DA and DA synapses
determined a dramatic decrease in the expression of both dopa-
mine and norepinephrine transporters, as assessed by real time RT-
PCR (Table 1). These mRNA levels, however, increased ten and six
fold respectively as a result of Er-NPCs treatment (Table 1). In
addition, TH expression increased 18 fold (Table 1). These results
suggest that transplantation may have improved synaptic efficacy
in the striatum.

3.4. EPO signaling is responsible for the beneficial effect of Er-NPCs
transplantation in PD mice

We have previously reported that Er-NPCs differentiation was
ion was performed 2 weeks after cells transplantation (day 14 post-injection). (A) Levels
e injection) and right (contralateral to the injection site) striatum. (B) Levels of 5-
were determined separately in the left and right striatum. Data is expressed as mean
s CTRL.
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dependent on the autocrine release of EPO (Digicaylioglu et al.,
1995). In the light of this finding, we wondered whether the
functional recovery promoted by Er-NPCs in MPTP-treated mice is
mediated by EPO. Er-NPCs inoculation was performed with or
without co-administration of anti-EPO or anti-EPOR specific
Fig. 5. Erythropoietin released by transplanted Er-NPCs promotes functional recovery. (
treated animals either transplanted with Er-NPCs or treated with recombinant human er
received specific antibodies against erythropoietin (anti-EPO) and EPO receptor (anti-EPOR)
(n ¼ 3 animals for each group). We determined the statistical differences by means of repea
CTRL; ###p < 0.001 vs MPTP.
antibodies at 3 mg/mL (Marfia et al., 2011). Behavioral tests show
that co-treatment with either antibodies abrogated the positive
effects of Er-NPCs, suggesting that EPO could be a crucial cue for the
behavioral improvements observed in the parkinsonian animals
(Fig. 5). To corroborate this conclusion, we administered
A) Horizontal grid test and (B) Vertical grid test showed recovery of function in MPTP-
ythropoietin (rh-EPO; 1U/gr of animal. body weight). Other groups of MPTP animals
in addition to Er-NPCs. Data is expressed as mean of three different experiments ± SD
ted measures ANOVA test followed by Bonferroni post-test. ***p < 0.001, **p < 0.01 vs
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recombinant human-EPO (rh-EPO; 1U/gr of animal body weight)
via the same route. In MPTP parkinsonian mice, we observed a
significant behavioral improvement as early as 3 days after injec-
tion of rh-EPO, replicating the effects detected with Er-NPCs in-
jection (Fig. 5). Such a counteractive effect was observed with both
vertical and horizontal grid motor tests. The intrastriatal injection
of anti-EPO and anti-EPOR antibodies alone did not modify the
animal behavioral impairment caused by MPTP (Additional Fig. 5).
This data suggests that the positive action of Er-NPCs in MPTP mice
was likely due to EPO release by transplanted Er-NPCs (Fig. 5 and
additional Figs. 4 and 5).

3.5. Localization of transplanted Er-NPCs

Brains from healthy and lesioned animals with or without Er-
NPCs injection were dissected and sectioned. A large portion
(78.50± 7.51%) of the 2.5� 105 injected cells was still present in the
left striatum of each animal 2 weeks after transplantation of the
same. The vast majority (69.56 ± 4.5%) of GFP-positive transplanted
Er-NPCs were localized within the striatum (Fig. 6A) where they
showed an elongated morphology, which is typical of mature
neural cells and erythropoietin expression (Fig. 6A). In contrast,
cells infused in the presence of an anti-Epo antibody do not reach a
mature morphology and only a few express erythropoietin
(Fig. 6A). The infusion of anti-EPOR antibody with Er-NPCs caused
complete loss of transplanted Er-NPCs two weeks after cells
transplantation (Fig. 6A). Grafted Er-NPCs appeared rather differ-
entiated with an oval soma and abundant neuritic processes, as
long as 30 mm (Fig. 6B). These processes are totally absent when Er-
NPCs were infused in the presence of anti-EPO antibody (Fig. 6B).
The cellular expression of EPO was evaluated by immunofluores-
cence in striatum of coronal brain sections of CTRL (healthy) ani-
mals, MPTP animals, and in MPTP animals treated with Er-NPCs co-
injected or not co-injected with anti-EPO antibody. Striatal sections
were taken in close proximity to the area where cells were trans-
planted. EPO-positive immunoreactive profiles were abundant in
the striatum of healthy control animals (additional Fig. 6), whereas
they were strongly reduced after MPTP exposure (additional Fig. 6).
Such an MPTP-mediated reduction was successfully prevented by
Er-NPCs application (MPTP þ Er-NPCs), whose positive effect was
prevented by co-administration of anti-EPO (MPTP þ Er-
NPCs þ anti-EPO; additional Fig. 6).

3.6. Er-NPCs and recovery of TH immunoreactivity

As described above, MPTP administration is responsible for the
massive degeneration of dopaminergic neurons and projections in
the striatum and SNpc. Such loss is bilateral and is represented by a
reduction of approximately 70e80% in TH immunoreactivity even
at 1 month after MPTP administration. However, when Er-NPCs
were administered, the prevention of such a loss was observed in
SNpc of cells treated animals (Fig. 7). In all investigated specimens
without exception (n ¼ 3 animals), TH immunoreactivity signifi-
cantly recovered in both areas. This effect is apparentlymediated by
EPO, as the co-injection of Er-NPCs with an anti-Epo antibody
inhibited the recovery of TH immunoreactivity in MPTP-lesioned
mice (Fig. 7). This observation correlates with the number of TH-
positive cells quantitatively assessed in SNpc of Er-NPCs treated
MPTP animals (Additional Fig. 7). The qualitative and quantitative
evaluation of the distribution of GFP fluorescent cellular profiles in
coronal brain sections of Er-NPCs transplanted MPTP mice has
revealed that the vast majority of Er-NPCs were localized in the
striatum, while a small number of them migrated beyond the
borders of the striatum and reached the SNpc (Fig. 8). Several
labelled cells were also detected in the contralateral SN.
3.7. Er-NPCs modulate Interleukin-6 expression

Inflammation is part of the physiological response to MPTP as
indicated by astroglia activation (Gao et al., 2003; Wirdefeldt et al.,
2011), and EPO was shown to counteract the expression of in-
flammatory cytokines (Chen et al., 2007; Gorio et al., 2002; Shen
et al., 2010). In addition, stem cells have anti-inflammatory prop-
erties (Aggarwal and Pittenger, 2005; Carelli et al., 2015, 2014a,
2014b; Martino and Pluchino, 2006; Ortiz et al., 2007). If Epo me-
diates Er-NPCs restorative action, we reasoned that its anti-
inflammatory activity should be present too. IL-6 mRNA levels
were measured in both left and right striatum and results
confirmed a decrease in IL-6 mRNA in Er-NPC treated mice (Fig. 9).
The effect was significant in the left striatum, while the anti-
inflammatory action of Er-NPCs was less marked in the right
striatum (contralateral to the transplant) (Fig. 9).

4. Discussion

The aim of the study was to assess the effects of Er-NPCs in the
MPTP mouse model of PD. Our data shows that the behavioral
impairment is ameliorated by a single administration of both rhEPO
or Er-NPCs. In addition, Er-NPCs were able to reduce MPTP-induced
IL-6 expression and reverse the loss of TH expression both in the
striatum and in the Substantia Nigra.

Er-NPCs are adult neural stem cells isolated from the SVZ several
hours after the death of the donormouse (Marfia et al., 2011). These
precursors have the peculiarity of expressing inherently erythro-
poietin without the requirement of any exogenous genetic modi-
fication (Marfia et al., 2011). We demonstrated previously that,
when administered after experimental spinal cord injury, Er-NPCs
attenuate secondary degeneration and significantly enhance hind
limb recovery (Carelli et al., 2015, 2014a, 2014b). In a strongly un-
favorable environment such as the site of a traumatic lesion of the
spinal cord, Er-NPCs are able to survive, differentiate in cholinergic
neuronal-like cells and counteracted post-traumatic neuro-
inflammation (Carelli et al., 2015, 2014a, 2014b). Er-NPCs have the
peculiar property of releasing erythropoietin (EPO), which is a
critical factor for their own differentiation (Marfia et al., 2011).
Therefore, it is conceivable that the release of such neuroprotective
factor may also have had a favorable impact on the striatal dopa-
minergic functions and, consequently, on behavioral recovery. EPO
neuroprotective and anti-inflammatory effects are very well known
and supported by a large body of literature (Brines and Cerami,
2005). In vivo administration of EPO promotes recovery of func-
tion after CNS lesions (Brines et al., 2004; Jia et al., 2014). Moreover,
it has been shown that the administration of rh-EPO, EPO analogs
or non-erythropoietic mutant Epo variants had neuroprotective
actions against MPTP-induced neurotoxicity and had neuro-rescue
effects in rodent models of PD (Dhanushkodi et al., 2013; Thomas
et al., 2013; Erbaş et al. 2015; Shingo et al., 2000). We also
describe here that the direct EPO-administration into MPTP
affected striatum promoted a comparable prompt behavioral
improvement. Since Er-NPCs-mediated behavioral recovery was
prevented by the intrastriatal blockade of EPO or EPOR by specific
antibodies, we believe that EPO may be the effective released agent
responsible for striatal Er-NPCs activities. In this study, we also
report that the administration of anti-EPO antibody negatively
affected the local microenvironment, with total abolishment of
intrinsic and Er-NPCs EPO-positive cellular profiles. The anti-EPO
procedure clearly affected the Er-NPCs restorative action and, as a
consequence, the MPTP-mediated toxic insults such as neuro-
inflammation and oxidative stress remained unaffectedwith lack of
functional recovery. In addition, the antibody-mediated local
sequestration of EPO also impaired Er-NPCs differentiation, as



Fig. 6. Intrastriatal Er-NPCs express Erythropoietin twoweeks after transplantation and reachmature morphology. (A) Erythropoietin (EPO) expression by Er-NPCs twoweeks
after infusion in MPTP affected animals in the presence or absence of anti-EPO or anti-EPO-R antibody. Anti-EPO impaired the differentiation of grafted Er-NPCs and the consequent
autologous production of EPO. Instead, antiEPOR caused the death of Er-NPCs that were totally absent in the recipient brain. EPO staining is shown in red, Er-NPCs are shown in
green (GFP), nuclei are stained in blue (DAPI). Scale bar represents 50 mm. Pictures refer to coronal sections of animals sacrificed 2 weeks after cells transplantation. Distances shown
below the picture indicate the distance from the injection site where the acquisition took place. The percentage of GFP-positive cells expressing EPO is shown in the graph. Data is
expressed as mean of six different fields for each condition ± SD (n ¼ 2 mice each group; 3 fields/mouse). ***p < 0.001 vs CTRL; ###p < 0.001 vs anti-EPO. (B) Confocal images of
striatal coronal sections at high resolution showing mature neural morphology of Er-NPCs two weeks after transplantation. When NPCs are infused with anti-EPO antibody their
morphology is round, which is typical of immature cells. Er-NPCs are shown in green (GFP). Nuclei were stained in blue (DAPI). Scale bars represent 50 mm.
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described in vitro (Marfia et al., 2011). Since Er-NPCs were localized
in the striatum and SN, the EPO neuroprotective actions might have
been exerted in the microenvironment of both areas (Block and
Hong, 2007; McGeer et al., 1988; Morse et al., 1993; Chandra
et al., 2016). The results of such actions may be the re-expression
of TH by MPTP-lesioned SN neurons. Similar effects were re-
ported after gene transfer treatment bymeans of EPO delivery with
the inoculation of a herpes simplex virus-based vector into the
striatum ofMPTP treatedmice (Puskovic et al., 2006). Moreover, we
can speculate also that EPO could have had its protective effects on



Fig. 7. Er-NPCs promotes the recovery of TH immunoreactivity. Confocal images of TH staining of striata (A) and SN (B) of healthy mice, mice treated with MPTP without
treatment or treated with Er-NPCs in the presence or absence of anti-Epo antibody. Scale bars represent 50 mm. Quantification was done by ImageJ picture analysis software.
***p < 0.001 vs CTRL; #p < 0.05, ##p < 0.01, ###p < 0.001 vs MPTP; �p < 0.05 anti-EPO.
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the PD affected areas by activating autophagy signaling pathways,
that was recently proposed for explaining EPO neuroprotective
effects in SH-SY5Y affected by rotenone-induced neurotoxicity
(Jang et al., 2016). Considering the long history of cell trans-
plantation in PD, Er-NPCs may represent an ideal candidate for PD
therapy. Various fetal tissue transplantation procedures (with fetal
grafts being the most studied) for the treatment of patients with
advanced PD have been reported (Li et al., 2016; Barker, 2014;
Barker et al., 2013; Brundin and Kordower, 2012; Tsui and
Isacson, 2001). Despite the long series of encouraging open-label
studies, the initial enthusiasm for such procedures almost van-
ished when two double-blind placebo-controlled clinical trials
showed only moderate symptomatic improvements that were
accompanied by the development of dyskinesias (Barker, 2014; Tsui
and Isacson, 2001). To overcome such negative outcomes, recent
work has been centered on the generation of TH-positive neurons
from ESCs (Cai et al., 2009), embryonic NSCs, MSCs and, more
recently, iPS for transplantation in experimental models of PD



Fig. 8. Injected Er-NPCs reach the Substantia Nigra. Schematic representation of mouse brain transversal section with boxes representing the localization of Er-NPCs (green).
Images were acquired two weeks after transplantation. Er-NPCs migrate rostro-caudally for more than 3 mm reaching the Substantia Nigra. Slices were also immunostained with
anti-TH (red), GFP is shown in green and nuclei were stained with DAPI (blue) (bars ¼ 100 mm N). VTA: ventral tegmental area; SNC: Substantia Nigra pars compacta. Images are
representative of n ¼ 3 investigated brains. Quantification was performed (2 weeks after Er-NPCs transplantation) on coronal mid-brain tissue slices chosen in the region cor-
responding to bregma 2.80/3.52 mm as indicated in the Paxinos and Franklin atlas (Paxinos and Franklin, 2001). The percentage of cells expressing TH versus the total number of
nuclei is shown. Data is expressed as mean of three different fields for each condition ±SD. *p < 0.05, ***p < 0.001 vs MPTP; ###p < 0.001 vs MPTP þ Er-NPCs.
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(Barzilay et al., 2009; Friling et al., 2009; Hallett et al., 2015; Kim
et al., 2002). In this work we demonstrate that, after intrastriatal
infusion, more than 75% Er-NPCs survive and localize in the stria-
tum. In addition, this particular feature could be due to the capa-
bility of these cells to produce and release EPO. This positive effect
has been observed when EPO has been exogenously added to em-
bryonic mesencephalic neurons transplanted into the striatum of
6-OHDA-lesioned rats (Kanaan et al., 2006). Ten days after MPTP
administration, the mice made several errors in forepaw placement
when tested in the horizontal grid. Moreover, they were practically
unable to descend properly from the top of the vertical grid and
showed severe olfactory impairment. Such deficits were promptly
reverted when Er-NPCs were administered. Within 3e4 days, the
recovery was highly significant and 4 days later the behavioral
parameters were practically identical to lesion-free control ani-
mals. Such a recovery was likely independent of any improvement
in striatal dopamine content, since the MPTP-dependent dopami-
nergic loss was unaltered after transplantation. Moreover, HPLC
analysis showed that MPTP administration caused the loss of about
50% of dopamine content in the striatum, and such decrease was
not rescued by Er-NPCs. It is therefore clear that the protective or
reparative action of Er-NPCs is not mediated by the simple recovery
of dopamine levels in the striatum, but rather by different mech-
anisms that may lead to an enhanced efficacy of the synaptic
dopaminergic transmission by the surviving striatal axon terminals.
It is conceivable that the suppression of the MPTP-mediated
inflammation may have increased the efficacy of the remaining
DA (Hantraye et al., 1992). The improved functionality of the



Fig. 9. IL-6 mRNA expression levels 7 days after treatment with Er-NPCs or PBS.
Expression of IL-6 mRNA levels was evaluated through real-time RT-PCR. Each inves-
tigated group was comprised of four mice; three quantitative (Q)eRT-PCRs in each
experiment were performed, each sample was run in triplicate parallel PCR for the
gene of interest and the reference gene 18S. Values represent the number of fold in-
crease versus control (CTRL, healthy animals) and shown as mean ± SD. **p < 0.01,
*p < 0.05 vs CTRL (healthy animals); #p < 0.05 vs MPTP þ PBS.
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surviving dopaminergic axons as an Er-NPCs mechanism of action
is also supported by the fact that, after transplantation, the SN cell
bodies do not die and re-acquire the expression of TH, strongly
reduced at 10 days after MPTP treatment. The restoration of TH
labeling occurred bilaterally. In addition, accurate analyses also
revealed that EPO-positive cellular profiles are maintained at
normal density in the striatum of grafted lesioned mice. Moreover,
thanks to longer observational periods (up to 50 days after trans-
plantation) we have showed that the improved functional recovery
was stable and comparable to the earlier evaluations. This study
adopted toxic model of PD to investigate the efficacy of Er-NPCs
transplantation. However, it is well known that MPTP animal
experimental model does not reflect accurately the human PD
(Beal, 2001), and this may represent a partial limitation of our
study. Several genetic animal models of PD lead to neuro-
inflammation (Sekiyama et al., 2012), and it could be useful to
evaluate also in these conditions the effects of EPO or o Er-NPCs.
5. Conclusions

Er-NPCs markedly improve the morphological biochemical and
behavioral dysfunctions caused by MPTP intoxication. This effect is
likely mediated by local EPO release by transplanted NPCs, which
may be the key factor for achieving recovery of function. Therefore,
transplantable non-genetically modified cells capable of releasing
anti-inflammatory factors may represent a promising path for
treating neurodegenerative disorders. Our study also supports the
possible use of intrastriatal EPO in the treatment of PD.
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