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Impact statement Abstract

Spinal cord injury (SCI), a serious neuro-
logical disease, has few therapeutic inter-
ventions. This study confirms for the first
time that P7C3 is conducive to functional
recovery and tissue repair after SCI. P7C3
treatment can rescue the nicotinamide
adenine dinucleotide level of the injured
spinal cord, which results in more survival
of neurons and oligodendrocytes (OLs) and
proliferation of OLs and their progenitors,
and thus increase myelination and tissue
repair. This result indicates that P7C3 plays
a role in improving neurological outcome
following SCI.

Spinal cord injury (SCI), a serious neurological disease, has few therapeutic interventions.
A small molecule, P7C3, has been confirmed to play a role in neuroprotection of some
neurological diseases. But the effect of P7C3 on acute SCI has not been investigated. Here,
we observed the therapeutic effect of P7C3 for alleviating the neurological damage by
direct subcutaneous injection after SCI once daily for 7 or 14days in a rat model.
The locomotion and histopathological changes were evaluated. Our results demonstrated
that P7C3 treatment contributed to functional recovery and tissue repair following SCI.
Improved locomotor function with P7C3 treatment was correlated with increased survival
of neurons and oligodendrocytes (OLs) and proliferation of OLs and their progenitors, which
resulted in tissue repair and myelination in the injured SC. P7C3 treatment also restored the

nicotinamide adenine dinucleotide level in the SC, which was reduced by SCI. These results
suggest that P7C3 plays a role in improving neurological outcome following SCI.
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Introduction

Spinal cord injury (SCI), a serious neurological disease,
gives rise to eternal neurological damage with limited
possibility for spontaneous repair."? SCI triggers a variety
of cellular and molecular events such as inflammatory
response,3 oxidative stress,*> and glutamate excitotoxic-
ity®” to neurons and oligodendrocytes (OLs), leading to
demyelination and further impairment of neurological
function. To date, there is no effective treatment strategy
for SCI, but therapeutic strategies that promote the survival
of neurons and OLs may prevent long-term neurological
dysfunction.®”

As an orally bioavailable and non-toxic small molecule,
P7C3 can cross the blood-brain barrier and promote
neuronal survival in neurodegenerative animal models
and neural cell damage,10~12 and its protective roles have
been confirmed in preclinical trials of Parkinson’s
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disease, traumatic brain injury, peripheral nerve
injury,'® amyotrophic lateral sclerosis,” age-associated cog-
nitive decline,’* and neurodegeneration-associated depres-
sion.”! However, the effect of P7C3 on acute SCI has not yet
been studied.

In this study, we demonstrate that P7C3 enhances the
survival of neurons and OLs and the proliferation of OLs
and their progenitors, thereby increasing tissue repair and
myelination in the injured SC and promoting recovery of
neurological function.

Materials and methods

Animals

Two-month-old female Sprague-Dawley rats were used
in this study. Experiments were performed according to
the Guide for the Laboratory Animals Care and Use
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(National Research Council, 1996) and validated by the Animal
Care and Use Committees of Bengbu Medical College. The
animals were housed under standard conditions.

SCI model and administration of P7C3

Rats received anesthesia using pentobarbital (50mg/kg)
prepared in phosphate-buffered saline (PBS) by intraperi-
toneal injection. A laminectomy at the T10 level was
performed. The exposed SC received contused injury
using a NYU Impactor (10-g rod and 12.5-mm height).”**
Then the animals were assigned to the control (ctr]l) and
P7C3 treatment group randomly. The postoperative nurs-
ing was performed according to previous reports.”**
In P7C3 treatment group, P7C3 (MedChem Express, NJ,
USA) was prepared as previously described,'® and animals
were intraperitoneally injected with 20 mg/kg P7C3 imme-
diately after SCI and once daily for 7 or 14 days. In the
control group, DMSO was injected intraperitoneally.
The rats were sacrificed on day 3, 7, 14, or 42 post injury.

Behavioral assessment

Locomotion was evaluated using Basso, Beattie, and
Bresnahan (BBB) locomotor scale by two trained investiga-
tors®*at0,1,3,7,14, 21, 35, and 42 days after injury. A score
ranging from 0 to 21 was assigned on the basis of crawling
ability of animals.

Tissue preparation

At predetermined time points following SCI, pentobarbital
(60mg/kg) was used to anesthetize the rats. The animals
were perfused with PBS and then 4% paraformaldehyde
(PFA). The injury site of SC was separated, post-fixed
with 4% PFA at 4°C overnight, and cryoprotected in 30%
sucrose. Finally, the 20-pum-thick serial transverse sections
were cut with a cryostat (Thermo Fisher Scientific) and
mounted on gelatin-coated slides for staining.

Histological analysis

Luxol fast blue (LFB), hematoxylin and eosin (H&E), and
Nissl staining were performed for histopathological exam-
ination of SC tissue sections. Lesion and myelinated areas
of SC at six weeks post SCI were measured by H&E and
LFB, and motor neurons were quantified with Nissl stain-
ing.”> The cavitation and LFB-stained tissue at the injury
epicenter and the epicenter to rostral and caudal 1, 2, 3, and
4mm in axial sections were measured and normalized to
the percentage of total stained area.

Immunohistochemistry

Frozen sections were unfreezed at room temperature and
washed twice with PBS. The immunohistochemistry was
performed as previously described.”” The primary antibod-
ies and the corresponding secondary antibodies were used
as follows: rabbit anti-caspase-3, mouse anti-f III tubulin,
and mouse anti-CNP antibodies (all at 1:200 and from
Abcam, Cambridge, MA, USA), fluorescein isothiocyanate
(FITC)- or rhodamine-conjugated donkey anti-rabbit or
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mouse IgG (1:200; Jackson Laboratories, West Grove, PA,
USA). Photographs were acquired using a fluorescence
microscope (Zeiss, Oberkochen, Germany). The number
of cells was counted as previously described.”

NAD quantification

For assessment of nicotinamide adenine dinucleotide
(NAD) level, the injury site of SC was dissected after
animal was sacrificed at 48h following SCI. The sample
was flash frozen immediately. Homogenization of tissue
specimens were performed using a Dounce homogenizer
in buffer (0.1M PBS containing 0.125ug/mL pepstatin,
25pug/mL aprotinin, 1pg/mL leupeptin, and 02N
NaOH) at 4°C, and the homogenates were flash frozen in
liquid nitrogen. The NAD+/NADH Assay Kit (Beyotime
Institute of Biotechnology, Shanghai, China) was used to
quantify NAD level.
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Figure 1. Treatment with P7C3 promotes the recovery of locomotor function
after SCI. Locomotor function at three to six weeks post SCI was evaluated using
the BBB scale. Data represent mean + SD (n=8). *P < 0.05. SClI: spinal cord
injury; BBB score: Basso, Beattie, and Bresnahan score. (A color version of this
figure is available in the online journal.)
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Figure 2. Treatment with P7C3 reduces SC tissue damage following contusion.
(a) Representative images of the lesion center with H&E staining at six weeks
post SCI. (b) Quantification of total area of lesion in axial sections at the lesion
epicenter and at 1, 2, 3, and 4 mm rostral (+) and caudal () to the epicenter.
Data represent mean + SD (n = 6). *P < 0.05; **P < 0.01. Scale bar =200 pm.

(A color version of this figure is available in the online journal.)
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BrdU incorporation detection

To evaluate cell proliferation after P7C3 treatment, bromo-
deoxyuridine (BrdU) incorporation detection was per-
formed as previously described.”” The primary antibodies
and the corresponding secondary antibodies were as
follows: mouse anti-CNP (1:200; Abcam), mouse anti-O4
(1:50; Chemicon, Temecula, CA, USA), or mouse anti-Ibal
(1:50; Abcam) and rabbit anti-BrdU (1:100; Sigma-Aldrich),
rhodamine-conjugated anti-mouse and FITC-conjugated
anti-rabbit secondary antibodies (at 1/300 dilution).
Fluorescence images were taken using a Zeiss Axio
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Figure 3. Treatment with P7C3 increases residual myelination following SCI.
(a) Representative images of white matter from the lesion epicenter (0) and at 1,
2, 3, and 4 mm rostral (+) and caudal (—) to the epicenter, as detected by LFB
staining. (b) Quantification of LFB-stained areas at various distances from the
lesion epicenter. Data represent mean + SD (n =6). *P < 0.05; **P < 0.01. Scale
bar =200 um. (A color version of this figure is available in the online journal.)

@)

mm

Observer microscope. The percentages of CNP+/BrdU+,
O4+/BrdU+, and Ibal+/BrdU+ cells among the total
number of CNP+, O4+, or Ibal+ cells were quantified in
five random fields per section containing over 500 CNP+,
O4-+, or Ibal-+ cells.

Statistical analysis

The results were evaluated using one-way analysis of var-
iance. Differences were determined significant at P < 0.05.
The data are presented as mean + standard deviation (SD)
and analyzed using SPSS v.14.0 (SPSS Inc., Chicago,
IL, USA).

Results

P7C3 promotes the recovery of locomotor function
following SCI

We examined whether P7C3 can improve locomotor func-
tion of SCI rats using the BBB scale. The P7C3-treated rats
displayed significant improvement of locomotor function
relative to the control starting at three weeks post injury
that lasted up to the end of the experimental period
(P <0.05; Figure 1). This suggests that P7C3 treatment
improves functional recovery from contusive SCL

P7C3 increases white matter sparing and reduces
tissue damage following SCI

The extent of functional recovery following contusive
injury is correlated with the amount of epicenter white
matter that is spared.?® To determine whether P7C3
treatment affects lesion size following SCI, the amount of
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Figure 4. Treatment with P7C3 alleviates motor neuron loss after SCI. (a) Representative Nissl-stained images of neurons in the ventral horn 3 and 4 mm rostral to the
lesion at six weeks post SCI. (b) Quantification of the number of ventral horn neurons at the injury epicenter (0) and at 1, 2, 3, and 4 mm rostral (+) and caudal (—) to the
epicenter (n =6). Data represent mean + SD. *P < 0.01. Scale bar =20 pm. (A color version of this figure is available in the online journal.)



Duan et al. Neuroprotective effects of P7C3 against SCI 1683

(a) (c) @8 Cirl
B P7C3
400-
L ;
o~
E 300-
@
W 3 200
+
=
3 1004
=
0..
w 2w
(b) (d)
» 601
@ * %
=
3
= 40
%
2W 3
2
8 20
=
— 3
=
= 0
2w

Figure 5. Treatment with P7C3 enhances neuronal survival in the injured SC. (a and b) Representative photomicrographs of caspase-3+ cells (red) co-localized with
NeuN+ neurons (green) in the SC at one- and two-week post SCI. (c and d) Quantitative analysis of the number and percentage of caspase-3+ neurons. Data
represent mean + SD (n=6). *P < 0.05; **P < 0.01. Scale bar =20 um. (A color version of this figure is available in the online journal.)
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Figure 6. Treatment with P7C3 enhances the survival of OLs in the injured SC. (a and b) Representative photomicrographs of caspase-3+ cells (red) co-localized with
CNP+ OLs (green) in the SC at one- and two-week post SCI. (c and d) Quantitative analysis of the number and percentage of caspase-3+ OLs. Data represent
mean + SD (n=6). *P < 0.05; **P < 0.01. Scale bar =20 um. (A color version of this figure is available in the online journal.)
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white matter throughout the SC was assessed by H&E
staining in the sixweeks after injury (Figure 2). P7C3-
treated rats had a greater white matter at the lesion site
than control rats (P <0.05; Figure 2(a) and (b)), which is
consistent with the time course of locomotor recovery.
These results suggest that P7C3 preserves white matter of
the lesion site following SCI, which contributes to function-
al improvement.

P7C3 preserves myelin following SCI

To examine the preservation of white matter by P7C3 in
greater detail, we evaluated the degree of myelination of
the lesion center by LFB staining. Our results showed that
the degree of myelination of the lesion center was higher in
animals treated with P7C3 than that in controls (P < 0.05;
Figure 3(a) and (b)).

P7C3 promotes neuronal survival

To assess the effect of P7C3 on motor neuron survival, we
quantified motor neurons of ventral horn at the epicenter
and the epicenter to rostral and caudal 1, 2, 3, and 4 mm at
sixweeks post SCI. As shown in Figure 4(a) and (b),
the residual motor neurons were significantly more in the
P7C3 than those in the control (P < 0.01). Activated caspase-
3 immunolabeling revealed more NeuN+ neurons at
the edge of the lesion center in P7C3-treated rats when
compared to control rats at oneweek (311.78 £14.71 vs.
243.68 £12.52, P <0.05; Figure 5(a) and (c)) and two
weeks (277.58 £21.54 vs. 203.74 £11.71, P <0.05; Figure 5
(b) and (c)) post injury. On the other hand, there were fewer
caspase-3+ neurons in the P7C3-treated group than in con-
trols at oneweek (21.50% +2.09% vs. 47.84% £2.97%,
P <0.01; Figure 5(a) and (d)) and two weeks (18.35% =+
1.55% vs. 43.15% £2.15%, P < 0.01; Figure 5(b) and (d)).

P7C 3 protects OLs from SCl-induced cell death

Consistent with our findings in neurons, we observed more
CNP+ OLs at the edge of the lesion center in rats with P7C3
treatment relative to control rats at one week (141.13 £+ 6.46
vs. 105.82+4.71, P <0.01; Figure 6(a) and (c)) and two
weeks (130.17 £9.13 vs. 100.00 = 7.10, P < 0.05; Figure 6(b)
and (c)). The percentages of caspase-3+ OLs were lower in
P7C3-treated rats than those in the control group at both
time points (1week: 22.67% £2.12% vs. 49.80% £ 2.63%,
P <0.01; Figure 6(a) and (d) and 2weeks: 21.43% +1.50%
vs. 46.97% £2.49%, P < 0.01; Figure 6(b) and (d)).

P7C3 promotes OPCs and OLs proliferation

The BrdU incorporation detection at one week post SCI dis-
played a greater number of BrdU+/0O4+ OPCs (139.70 £+
20.28 vs. 86.70+9.97, P <0.05; Figure 7(a) and (b)) and
BrdU+/CNP+ OLs (106 £9.37 vs. 74.71+£9.73, P <0.05;
Figure 7(d) and (e)) in the lesion center of P7C3-treated
group. Accordingly, there were higher percentage of
BrdU+ cells out of O4+ cells (36.56% +4.45% vs. 23.34% +
2.52%, P<0.05 Figure 7(a) and (c)) and CNP+ cells
(38.35% +2.77% vs. 25.39% +3.27%, P <0.05; Figure 7(d)
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Figure 7. Proliferation of OPCs and OLs in the injured SC. (a and d)
Representative photomicrographs of BrdU+ cells (red) co-localized with O4+
OPCs (green) or CNP+ OLs (red) in the SC at one-week post SCI. Quantitative
analysis of the number and percentage of BrdU+ OPCs (b and c) and BrdU+ OLs
(e and f). Data represent mean + SD (n = 6). *P < 0.05. Scale bar =20 um. (A color
version of this figure is available in the online journal.)

and (f)) in the lesion center of the P7C3-treated group.
These data confirm that P7C3 treatment promotes endoge-
nous oligodendrocyte progenitor cells (OPCs) and OLs pro-
liferation following SCI.

P7C3 treatment increases NAD level in the injured SC

P7C3 enhances flux in the NAD+ salvage pathway in
in vitro cultured mammalian cells."* To determine whether
P7C3 treatment helps to maintain this process after SCI, we
examined NAD level at 48h following SCI which refers
to previous study.”” We found that NAD level in the SC
of injured rat significantly reduced relative to the control
animals (P < 0.05). However, this reduction was rescued by
P7C3 treatment (P < 0.05; Figure 8).



P7C3 suppresses microglia and macrophage
proliferation in the injured SC

Using Ibal immunolabeling to identify microglia/macro-
phages,28 we found that there were fewer Ibal+ cells at
the circumference of the lesion center in the P7C3-treated
than those in the control rats (373.30 £21.52 vs. 470.90 £
31.98, P <0.05; Figure 9(a) and (b)) at one week after SCL
Double immunolabeling for Ibal and BrdU showed that
P7C3-treated rats had fewer BrdU+ and Ibal+ cells at the
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Figure 8. Treatment with P7C3 restores NAD levels in the injured SC. NAD levels
in SC tissue were evaluated at 48 h post SCI. Data represent mean & SD (n =5).
*P < 0.05. NAD: nicotinamide adenine dinucleotide. (A color version of this figure
is available in the online journal.)
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lesion center at one week post SCI than those in control
group (36.73£3.58 vs. 63.51+9.54, P <0.05; Figure 9(a)
and (c)). Consistent with this finding, there was also a sig-
nificant difference of BrdU+ cells among Ibal+ cells
between the P7C3-treated and control groups (9.56% =+
1.00% vs. 15.75% £1.85%, P <0.05; Figure 9(a) and (d)).
These indicate that treatment with P7C3 suppresses micro-
glia/macrophage proliferation following SCL

Discussion

In this study, using an SCI model, we assess the neuropro-
tective role of P7C3. The result of BBB score displayed no
obvious difference before two weeks following SCI in ani-
mals with or without P7C3 administration. However, the
BBB score showed significant improvements in the P7C3
group starting from the third week post SCI, demonstrating
that locomotor function was improved by P7C3 treatment.

We next examined whether P7C3 administration facili-
tated tissue repair. A significant decrease of the SC lesion
area in P7C3-treated rats, as compared to controls, indicates
that P7C3 stimulates tissue repair post SCI that leads to
functional improvement.

Myelination preservation builds foundation of function-
al recovery after SCL>* In this study, more residual
myelin was observed in rats treated with P7C3 than in
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Figure 9. Treatment with P7C3 suppresses the proliferation of microglia and macrophages in the injured SC. (a) Representative photomicrographs of double
immunofluorescence labeling of BrdU+ (red) and Iba1+ (green) microglia and macrophages in the SC at one-week post SCI. (b, ¢, d) Quantitative analysis of the
number and percentage of BrdU+ Ibal+ cells. Data represent mean + SD (n =6). *P < 0.05. Scale bar =20 um. (A color version of this figure is available in the online

journal.)
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control group at six weeks following SCI, suggesting that
P7C3 preserves residual myelin in the injured SC.

P7C3 was shown to suppress the peripheral neuron
death and increase functional recovery in a neonatal
nerve injury model'?; it was also found to promote survival
of mature cortical neurons following traumatic brain
injury.’® Neurons and OLs died massively after SCI.>***
However, it remains unclear whether P7C3 affects the sur-
vival of neurons following SCI. In P7C3-treated rats, there
were more residual motor neurons than those in controls.
Furthermore, activated caspase-3 staining displayed that
P7C3 administration protected neurons from SCl-caused
apoptosis. The death of OLs is a key factor contributing to
functional impairment after SCI; P7C3 administration also
protected OLs from apoptosis after SCI in our study. Thus,
P7C3 promotes the survival of SC neurons and OLs follow-
ing contusion injury.

We found that P7C3 administration stimulated the pro-
liferation of OPCs, as evidenced by a higher rate of BrdU
incorporation. The differentiation of these OPCs resulted in
an increase of the number of myelin-forming OLs, which
promoted the recovery of motor function.

NAD plays an important role in regulating mitochondri-
al metabolism.** In mammalian cells, P7C3 enhances
the flux of the NAD+ salvage pathway.'> NAD is depleted
rapidly during cerebral ischemia, and the increase of NAD
level has been suggested as a strategy to treat the stroke.”
Extended treatment of P7C3 also inhibited the death of
newborn neuron, thereby enhancing neurogenesis." NAD
is also a source of energy for proliferation of progenitor
cell®® and plays a key role in postnatal neurogenesis.””*
In our study, we found that SCI reduced NAD level, but
this was rescued by P7C3 treatment. Thus, a novel thera-
peutic approach for SCI is to use P7C3 to increase NAD
level and in this manner promote two important processes
that are vital for SCI protection: survival of neurons and
OLs, and OPC proliferation.

Following SCI, resident microglia are activated and mac-
rophages rapidly infiltrate into the SC where they secrete
reactive oxygen species and inflammatory factors, resulting
in the death of neurons and OLs.**™*! In this study,
we found that there was fewer microglia/ macrophage infil-
tration at the lesion site of SC in P7C3-treated animals com-
pared with controls. Moreover, P7C3 administration
reduced the number of Ibal+/BrdU+ cells (newborn
microglia/macrophages) at the lesion site after SCI.
On base of these observations, we conclude that P7C3 sup-
presses the inflammatory response of SCI by inhibiting the
proliferation of microglia/macrophages.

Conclusions

In conclusion, P7C3 treatment promotes histological and
functional recovery following SCI. Our study also show
that P7C3 promoted neuron and OL survival post SCI
and increased OPC proliferation, thereby contributing to
tissue repair and myelination of the injured SC and restor-
ing neurological function. These results suggest P7C3 treat-
ment as a promising strategy for improving the long-term
outcome of SCL
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