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Abstract—Nerve injuries cause pain, paralysis and numb-
ness that can lead to major disability, and newborns often
sustain nerve injuries during delivery that result in lifelong
impairment. Without a pharmacologic agent to enhance
functional recovery from these injuries, clinicians rely solely
on surgery and rehabilitation to treat patients. Unfortu-
nately, patient outcomes remain poor despite application
of the most advanced microsurgical and rehabilitative tech-
niques. We hypothesized that the detrimental effects of trau-
matic neonatal nerve injury could be mitigated with
pharmacologic neuroprotection, and tested whether the
novel neuroprotective agent P7C3 would block peripheral
neuron cell death and enhance functional recovery in a rat
neonatal nerve injury model. Administration of P7C3 after
sciatic nerve crush injury doubled motor and sensory neu-
ron survival, and also promoted axon regeneration in a
dose-dependent manner. Treatment with P7C3 also
enhanced behavioral and muscle functional recovery, and
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reversed pathological mobilization of spinal microglia after
injury. Our findings suggest that the P7C3 family of neuro-
protective compounds may provide a basis for the develop-
ment of a new neuroprotective drug to enhance recovery
following peripheral nerve injury. © 2014 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: neonatal nerve injury, P7C3, neuroprotection,
functional recovery, microglia.

INTRODUCTION

Traumatic nerve injuries to the facial nerve or the lumbar/
sacral plexus are common in newborns, and often leave
patients with facial or limb paralysis (Barr et al., 2011;
Malessy and Pondaag, 2011). Neonatal nerve injury
occurs in 2—7.5 cases out of every 1000 live births, an
incidence greater than Down’s syndrome, cleft palate or
spina bifida (Malessy and Pondaag, 2009; Fattah et al.,
2011; Buitenhuis et al., 2012). In one form of neonatal
nerve injury, obstetrical brachial plexus palsy (OBPP),
the nerves of the neonate’s brachial plexus are stretched
or crushed during birth, sometimes to the point of rupture.
OBPP occurs in about 1 of every 500 births, and often
results in paralysis, numbness and chronic pain in the
affected arm, shoulder and hand (Pondaag et al., 2004;
Borschel and Clarke, 2009; Kozin, 2011; Pham et al.,
2011). For example, more than 25% of infants with OBPP
are left with permanent paralysis, numbness of the
affected limb, or debilitating lifelong neuropathic pain syn-
dromes that typically manifest in the teenage years or in
early adulthood. Sadly, even with prompt and advanced
surgical repair, infants with traumatic nerve injuries are
often disabled for life (Squitieri et al., 2011; Phua et al.,
2012). As a result, health-related quality of life for children
with these types of nerve injuries and their families is poor
(Firat et al., 2012; Akel et al., 2013). Clinicians rely on sur-
gery alone to manage the severe cases, since there are
no pharmacologic options presently available. The addi-
tion of an effective adjuvant medical therapy that could
be administered in lieu of, or in conjunction with, state-
of-the-art surgical intervention would represent a para-
digm shift that would enhance the treatment of children
suffering from these debilitating nerve injuries.
Peripheral nerve injury induces massive motor and
sensory neuron death in both the neonatal rat (Lowrie
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et al., 1987; Whiteside et al., 1998; Lewis et al., 1999;
Bahadori et al., 2001) and mouse (Pollin et al., 1991;
Lapper et al., 1994), as 60-70% of motoneurons in the
ventral horn and sensory neurons in DRG die following
nerve crush (Lowrie and Vrbova, 1984; Lowrie et al,
1987). Although the specific cause of neuron death follow-
ing neonatal nerve injury is unknown, investigators have
implicated glutamate-mediated cell death (Choi, 1988;
Lawson and Lowrie, 1998; Mehta et al., 2013), and
microglia proliferation (Morioka and Streit, 1991). Thus
far, investigators have mainly sought to mitigate neonatal
peripheral nerve injury in preclinical models by adminis-
tering ionotropic glutamate receptor antagonists
(Kapoukranidou et al., 2005; Gougoulias et al., 2007;
Petsanis et al., 2012). However, these compounds fail
to achieve neuronal survival rates of greater than 50%
(Dekkers et al., 2001; Kalmar et al., 2002; Petsanis
et al., 2012).

In the present study, we have implemented a new
approach to protect these neurons from the cell death,
through administration of the neuroprotective agent
P7C3. This agent was originally identified through a
target-agnostic in vivo discovery approach designed to
identify new small, drug-like molecules that increase the
net magnitude of hippocampal neurogenesis in mice
(Pieper et al., 2010). The vast majority of newborn hippo-
campal neurons die before having the opportunity to inte-
grate into hippocampal circuitry, and the discovery assay
was designed to identify agents that could either enhance
proliferation of these cells, or protect them from cell death.
Of the compounds identified as being highly active in this
assay, the P7C3-series emerged as a novel class of ami-
nopropyl carbazoles with the ability to block cell death of
neural precursor cells in the hippocampus (Pieper et al.,
2010, 2014; MacMillan et al., 2011; Naidoo et al., 2013).
We subsequently discovered that P7C3 compounds are
also potently efficacious in blocking cell death of mature
neurons located in other regions of the central nervous
system as well, through testing in animal models of
stress-associated depression (Walker et al., 2014), Par-
kinson’s disease (De Jesus-Cortes et al., 2012; Naidoo
et al., 2014), amyotrophic lateral sclerosis (Tesla et al.,
2012) and traumatic brain injury (Blaya et al., 2014;
Dutca et al., 2014; Yin et al., 2014). In all of these cases,
protection of neurons from cell death by P7C3 com-
pounds correlated with preserved neurological function.
Most recently, direct activation of nicotinamide phosphori-
bosyltransferase, the rate-limiting enzyme in nicotinamide
adenine dinucleotide salvage, has been identified as the
molecular mechanism of action of the P7C3 class of com-
pounds (Wang et al., 2014). The hope is that the P7C3-
class of molecules may thus serve to facilitate develop-
ment of a new class of neuroprotective drugs (Pieper
et al., 2010; MacMillan et al., 2011; De Jesus-Cortes
et al., 2012; Tesla et al.,, 2012; Asai-Coakwell et al.,
2013; Blaya et al., 2013). We hypothesized that because
peripheral nerve injury also induces marked neuron
death, that P7C3 may rescue neurons and improve func-
tional outcomes following nerve injury.

This represents the first time that efficacy of this series
of compounds has been tested in peripheral nerve injury.

We administered P7C3 to neonatal rats following sciatic
nerve crush on postnatal day 3 (P3), an age at which
nerve crush produces massive neuronal death (Lowrie
and Vrbova, 1984; Navarrete and Vrbova, 1984). We
administered P7C3 for two weeks because the vast
majority of neuron death following neonatal nerve injury
occurs during this time period (Lowrie et al., 1994;
Aszmann et al., 2004), and we used a biologically inactive
analog of P7C3, known as P7C3-S184, as a negative
control. Results demonstrate that P7C3 doubled neuron
survival and greatly enhanced functional recovery out-
comes following nerve injury. We also show that P7C3
does not inhibit ionotropic glutamate receptors, a mecha-
nism that has been prominently proposed for developing
new treatment strategies for peripheral nerve degenera-
tion. We also show that treatment with P7C3 reduces
microglia proliferation following nerve injury to levels seen
in naive animals.

EXPERIMENTAL PROCEDURES

Neuron survival, axonal regeneration, and dose—
response experiments

Animals. We used neonatal Lewis rats (n = 42;
Charles River, Montreal, QC, Canada) at P3, weighing
8-10g at the time of surgery. All surgical interventions
were performed using inhalational anesthetic (2%
Isoflurane in 98% oxygen; Halocarbon Laboratories,
River Edge, NJ, USA). Rats received Metacam (0.3 mL/
100 g body weight; Boehringer Ingelheim Vetmedica
Inc., St. Joseph, MO, USA) for post-operative pain
relief. All rats were maintained in a temperature and
humidity controlled environment. Mother rats received
both water and standard rat chow (Purina, Mississauga,
ON, Canada) ad libitum,, with a 12:12-h light:dark cycle.
All surgical procedures were performed aseptically
under an operating microscope (Leitz, Willowdale, ON,
Canada). Rats were sacrificed at study termination
under deep anesthesia with Euthanyl (sodium
pentobarbital, 240 mg/mL  concentration, 1 mL/kg,
Bimeda-MTC, Cambridge, ON, Canada) administered
intracardially. The Hospital for Sick Children Laboratory
Animal Services (LAS) approved these experiments,
which adhered to the Canadian Council on Animal Care
guidelines.

Preparation of P7C3 and P7C3-S184. P7C3 was
purchased from Asinex (Moscow, Russia). Solutions
were prepared according to the manufacturer’s
instructions. P7C3-S184 was prepared according to
previously described methods (De Jesus-Cortes et al.,
2012; Tesla et al., 2012).

Determination of tissue levels of P7C3 and P7C3-
S184. We determined plasma and spinal cord
concentrations of P7C3 to determine whether P7C3 was
crossing the blood-brain barrier and entering the spinal
cord. Starting three days after birth, neonatal Lewis rats
were dosed with 20 mg/kg P7C3, or the same dose of
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P7C3-S184 IP daily for 14 days. Six hours after the final
dose, animals were sacrificed by an overdose of
Euthanyl and whole blood and spinal cords were
collected. Acidified citrate dextrose anticoagulant was
used for blood collection, and plasma was isolated by
centrifugation and stored at —80 °C until analysis. Spinal
cord tissues were weighed and immediately snap frozen
in liquid nitrogen prior to storage at —80 °C. Spinal cord
homogenates were prepared by mincing the spinal
tissue and homogenizing in a threefold volume of
phosphate-buffered saline (PBS) (total volume of
homogenate in ml = 4 times the mass of tissue in g).
One hundred pl of plasma or tissue homogenate was
mixed with 200 pl of acetonitrile containing 0.125%
formic acid and 37.5ng/ml of an internal standard,
n-benzylbenzamide. The samples were vortexed for
15s, incubated at room temperature for 10 min and
centrifuged twice at 16,100g at 4 °C. The supernatant
was saved for analysis by liquid chromatography—
tandem mass spectrometry. For P7C3, the pellet was
re-extracted a second time as above and the two
supernatants were pooled prior to analysis. Standard
curves were prepared by addition of the appropriate
compound to plasma or brain homogenate. A value of
threefold above the signal obtained in the blank plasma
or brain homogenate was designated the Ilimit of
detection (LOD). The limit of quantitation (LOQ) was
defined as the lowest concentration at which back
calculation yielded a concentration within 20% of the
theoretical value and above the LOD signal. The LOQ
values for plasma and spinal cord were as follows:
P7C3, 5 and 10 ng/ml; and P7C3-S184, 50 and 10 ng/
ml. Compound levels were monitored by LC-MS/MS
using an AB/Sciex (Framingham, MA, USA) 3200 Qtrap
mass spectrometer coupled to a Shimadzu (Columbia,
MD, USA) Prominence LC. The compounds were
detected with the mass spectrometer in MRM (multiple
reaction monitoring) mode by following the precursor to
fragment ion transition 474.9 — 337.8 for P7C3, and
435.2 — 248.2 for P7C3-S184. The internal standard,
n-benzylbenzamide, was monitored using a 2121 —
91.1 transition.

Surgical model and experimental design. Neuron
survival and axonal regeneration experiment. Our first
objective was to determine whether the agent P7C3
preserved motoneurons and sensory neurons in the
spinal cord following nerve peripheral nerve injury. Our
second objective was to determine whether a dosing
regimen existed at which neuron survival was maximal.
Seven surgical groups were used in the neuron survival
dose-response study (42 rat pups, age three days:
n = six per group): (1) P7C3 (20 mg/kg/d); (2) P7C3
(10 mg/kg/d); (3) P7C3 (5 mg/kg/d); (4) P7C3 (1 mg/kg/
d); (5) vehicle control; (6) inactive analog of P7C3
control (P7C3-S184), and (7) naive animals, with no
nerve injury. A mid-thigh incision was made in all rats; in
those receiving a nerve injury, the right sciatic nerve
was crushed with a standard #5 jewelers forceps for
30s, producing an axonotmetic or Sunderland grade 2
injury (Bridge et al., 1994). Following the nerve crush,

an 8-0 stitch was sutured into the epineurium in order to
landmark where the crush site was at tissue harvest.
Following surgery, all rats were returned to their home
cages with their mothers, and were dosed daily for 2 weeks.

Retrograde labeling of spinal motoneurons and
dorsal root ganglion (DRG) cells

In order to assess motor and sensory neuronal survival,
retrograde labeling was performed one month following
the initial surgery, as previously described (Kemp et al.,
2013). The experimental design is shown in Fig. 1. Briefly,
the right sciatic nerve was re-exposed at mid-thigh level
and transected 5 mm proximal to the original crush site,
a site which is quite proximal to the original injury. The
proximal sciatic nerve stump was immediately placed in
a silicone well containing a 4% solution of FluoroGold
(FG: Fluorochrome LLC, Denver, CO, USA) in sterile sal-
ine for one hour. Silicone wells were then removed and
the application site was rinsed three times with sterile sal-
ine solution. Incisions were subsequently closed and all
animals were allowed to recover for 7 days. Rats were
then deeply anesthetized with Euthanyl and perfused with
0.9% saline and cold 4% paraformaldehyde in PBS prior
to harvesting the lumbar region (L3-L6) of the spinal cord
and L4-L5 of the DRG. Both the spinal cords and DRGs
were post-fixed in 4% paraformaldehyde, cryoprotected
in 20% sucrose and then embedded in optimal cutting
temperature compound (OCT: Sakura Fine Technical
Co., Torrance, CA, USA). Subsequently, either 30-um
(spinal cord), or 20-pm (DRG) serial longitudinal sections
were cut with a cryostat (Leica Microsystems Inc., Con-
cord, ON, Canada) at —22 °C and mounted onto Super-
frost slides (Fisher Scientific, Ottawa, ON, Canada). We
initiated counting with the first positively labeled neuronal
cell body for both spinal cord and DRG sections. For anal-
ysis, we counted every positively labeled neuron in the
ventral horn of each spinal cord section and the positively
labeled neurons in every fifth DRG longitudinal section,
which were counted on a fluorescent microscope with a
20x objective (200x overall magnification; Leica). This
procedure is identical to the retrograde counting proce-
dure previously published in our lab (Wood et al., 2011).
A blinded observer performed all counts, which were cor-
rected for split cells using a correction factor, as detailed
previously (Abercrombie, 1946).

Histomorphometric analysis

During the retrograde labeling procedure, a 5-mm sciatic
nerve sample 5 mm distal to the original crush site was
harvested for nerve histomorphometry, a site which is
quite distal to the original injury (Fig. 1).
Histomorphological analysis was conducted in
accordance with previously established guidelines.
Nerve samples were fixed in 2.5% glutaraldehyde
buffered in 0.025 M cacodylate overnight, washed, and
then stored in 0.15 M cacodylate buffer. Samples were
subsequently fixed in 2% osmium tetraoxide, washed in
graded alcohols, and embedded in EPON. Transverse
sections at 1-um thickness were made through the
center of the sample and stained with toluidine blue.
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Fig. 1. Method of assessing neuron survival and regeneration after nerve injury. After sciatic nerve crush injury on postnatal day 3, treatment with
test compounds began immediately and continued daily for two weeks. One month following crush injury, the sciatic nerve was transected 5 mm
proximal to the original crush injury. The resulting proximal end was placed in a well containing 4% FluoroGold dye for 1 h. The dye was retrogradely
transported into the cell bodies of the surviving sciatic motor and sensory neurons within the ventral horn of the spinal cord and the dorsal root
ganglion, respectively. Axonal regeneration was assessed by harvesting a section of nerve 5 mm distal to the original crush site and counting the

regenerated nerve fibers.

With the observer blinded to the identity of the
experimental groups, cross-sections of the nerve were
photographed under light microscopy (1000x).
Photographs were taken of the entire cross-sectional
area of the nerve, and each individual section was
analyzed using Image Pro Plus software
(MediaCybernetics, Bethesda, MD, USA) as previously
described (Kemp et al., 2009). Nerve segmentation was
done using MATLAB (The Mathworks Inc., Natick, MA,
USA), and the counting procedure was identical to that
previously detailed (More et al.,, 2011). We assessed:
(1) total number of myelinated fibers; (2) g-ratio; (3) mye-
lin thickness, and; (4) fiber diameter distribution.

Statistical analysis

The normality of the data was first assessed using the
Kolmogorov—Smirnov test (p > 0.05). Data were
analyzed using a one-way analysis of variance
(ANOVA), with post hoc Bonferroni correction applied as
appropriate. Repeated measures ANOVA was used for
all behavioral tests. Statistical significance was accepted
at the level of p < 0.05; all data are expressed as the
mean + SEM.

Behavioral and functional experiments

Animals. Neonatal Lewis rats (n = 18; Charles River,
Montreal, QC, Canada) at P3, weighing 8—10 g at the time
of surgery were used in this study, and all surgical
procedures were carried out as described above. These

animals were a separate cohort from those used in the
dose-response studies.

Surgical model and experimental design. Behav-
ioral experiment. Our objective was to determine whether
the optimal P7C3 dose of 20 mg/kg would enhance
sensorimotor behavior following injury.

We compared three groups in the functional recovery
study (18 rats; n = 6 rats per group): (1) P7C3 (20 mg/kg/
d); (2) vehicle control, and; (3) naive animals. Rats in
groups 1 and 2 underwent a right sciatic nerve crush at
P3 as previously described above. Following surgery, all
animals were returned to their home cage with their
mothers. Rat pups were then dosed for 2 weeks. One
month following the initial surgery, all rats were trained
on overground locomotion, skilled locomotor, and
sensory behavioral tests. Following a one-week training
period, rats were serially evaluated over the ensuing two
months with weekly behavioral testing sessions.

Overground locomotion: walking track. We assessed
overground, flat-surface locomotion by analyzing rat
hindlimb footprints in a walking track apparatus (Monte-
Raso et al.,, 2008). The walking track apparatus was
constructed from clear Plexiglas (1 m long, 20 cm high,
8.5 cm wide). White paper lined the bottom of the appara-
tus, and rats were trained to walk the length of the appa-
ratus after inking their hindpaws with black finger paint
(Crayola, Lindsay, ON, Canada). All animals were video-
taped in order to assess the velocity of each animal’s run
post hoc. The sciatic functional index (SFI) score was
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determined as previously outlined (de Medinaceliet al.,
1982; Bain et al., 1989).

Skilled locomotion: tapered beam. Rats were trained
for one week to cross a horizontally elevated tapered
beam (100cm high; 80 x 5cm length) one month
following the initial surgery (Alant et al., 2011; Kemp
et al.,, 2011). Five satisfactory runs were used for each
animal at each time point, with a satisfactory run being
defined as the animal traveling across the beam uninter-
rupted with a steady gait and constant velocity. The rats’
performance was video-recorded and subsequently ana-
lyzed frame-by-frame at 60 Hz in a blinded fashion by a
trained observer. The number of times that a rat slipped
off the ledge with the affected right hindlimb was recorded,
and the number of slips was normalized to the total num-
ber of steps taken during each run. Complete slips off the
ledge were defined and scored as a full slip (given a score
of 1). Partial slips from the elevated beam (limbs touching
the side of the beam without the rat fully falling off) were
defined and scored as a half slip (given a score of 0.5).
Complete and partial slips were added, and a hindlimb
slip ratio (%) was subsequently calculated as the number
of right hindlimb slips per total number of right hindlimb
steps x 100%.

Skilled locomotion: ladder rung. We trained rats to
cross a horizontally placed ladder from a neutral cage to
reach their home cage for a period of one week (Kemp
et al., 2010). The ladder apparatus consisted of sidewalls
made of clear Plexiglas (1 m long, 20 cm high) and metal
rungs (3-mm diameter) that were inserted 1 cm from the
bottom of the Plexiglas, and could be separated by 1-
cm increments. During testing, an irregular pattern of
the rungs was changed between trials in order to prevent
the rats from learning the spacing pattern, as previously
described (Metz and Whishaw, 2002). A single run was
deemed satisfactory if the animal traveled across the
beam uninterrupted at a constant velocity, and 10 satis-
factory runs from each animal were used to evaluate their
performance. A mirror was placed at a 45° angle below
the ladder so that the rats could be video recorded from
both a lateral and a ventral view. Steps with the right hind-
limb were scored as either a correct or an incorrect step.
Incorrect steps consisted of steps that involved a total
miss of the rung or a deep slip from the rung, similar to
a score of 0 or 1 (Metz and Whishaw, 2002). A slip ratio
(%) was then calculated as the number of right hindlimb
slips per total number of right hindlimb steps x 100%.

Sensory recovery: von Frey test. The von Frey test
was used to measure recovery of cutaneous footpad
sensation following nerve injury (Kemp et al., 2011). This
test uses a series of filaments of different size, each deliv-
ering a stimulus of progressively varying pressures, with
the larger diameter filaments exerting greater pressure
(Vergnolle et al.,, 2001; Hasegawa et al., 2010; Wen
et al., 2010). Nine von Frey filaments ranging from 0.31
to 0.81 mm in diameter with marking forces of 2.04—
125.89 g (forces were verified prior to use on a standard
weight scale) were applied to the rat’s right hindpaw in

ascending sequential order of size. Each filament was
applied until a withdrawal response was elicited three
out of five times by the same filament, and accompanied
by either vocalization or a paw lick. All rats were tested at
baseline, and then subsequently every other week follow-
ing surgery beginning at 1 week post-surgery.

Muscle force analysis. Isometric force produced by
the extensor digitorum longus (EDL) muscle in response
to stimulation of the sciatic nerve was measured at
12 weeks. All rats were anesthetized and the sciatic
nerve was isolated. Animals were subsequently placed
in a custom-designed force measurement jig (Red Rock
Inc, St. Louis, MO, USA) where the leg was immobilized
by anchoring the femoral condyles. The stainless steel
S-hook attached to the EDL muscle was connected to a
2-N-thin film load cell (S100, Strain Measurement
Devices Inc., Meriden, CT, USA). Cathodic, monophasic
electrical impulses (duration = 200 us, frequency = 0—
500 Hz, amplitude = 0-3 V) were generated using a
single-channel isolated pulse stimulator (Model 2100, A-
M Systems Inc., Carlsborg, WA, USA) and delivered to
the sciatic nerve proximal to the trifurcation via bipolar
silver wire electrodes. MATLAB software (The
Mathworks Inc., Natick, MA, USA) calculated both the
passive and active force for each recorded force trace
(Red Rock Inc., St. Louis, MO, USA).

Isometric twitch contractions measured using the
custom force recording system were utilized to
determine the optimal stimulus amplitude (A,) and
optimal muscle length (L,) for isometric force production
in the EDL muscle. Stimulus amplitude was
incrementally increased while muscle length was held
constant to determine the largest active force (A,).
Single twitch contractions were recorded, and peak
twitch force (F;) was calculated. Tetanic contractions
were recorded by delivering 300 ps bursts of increasing
frequency (5-200 Hz) to the sciatic nerve, while allowing
two-minute periods between stimuli for muscle recovery.
Maximum isometric tetanic force (F,) was calculated
from the active force plateau.

Motor unit number estimation (MUNE)

In order to estimate the number of motor units (each
motor neuron and the skeletal muscle fibers innervated
by its axon) in the EDL, we used a modified version of
the mechanical MUNE method (McComas et al., 1971).
This method overcomes the problem of alternation (motor
units recruited in numerous combinations by stimulation
of a motor nerve) by calculating the average of 10 ran-
domly chosen motor unit forces produced by incremental
force increases at different stimulus amplitudes instead of
counting incremental increases in muscle twitch force
(Major and Jones, 2005; Hegedus et al., 2007; Major
et al., 2007).

Wet muscle mass

Immediately following muscle force and MUNE analysis,
the tibialis anterior, EDL), soleus, and the medial and
lateral gastrocnemius muscles were harvested from
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both the experimental and non-injured control hindlimb. A
muscle mass ratio was then calculated (muscle mass
ratio = mass of experimental muscle/mass of
contralateral muscle).

Mechanism experiments

K; determinations for glutamate subtype receptor
binding. K; determinations were provided by the
National Institute of Mental Health’s Psychoactive Drug
Screening Program, Contract # HHSN-271-2008-00025-
C (NIMH PDSP). The NIMH PDSP is directed by Bryan
L. Roth MD, PhD at the University of North Carolina at
Chapel Hill and Project Officer Jamie Driscol at NIMH,
Bethesda MD, USA. For experimental details please
refer to the PDSP web site http://pdsp.med.unc.edu/
and click on “Binding Assay” on the menu bar.

Animals. For the microglia experiments, neonatal
Lewis rats (n = 18; Charles River, Montreal, QC) at P3,
weighing 8-10 g at the time of surgery were used in this
study, and all surgical procedures were carried out
exactly as was done in the dose—response study. These
animals were a separate cohort from those used in the
previous two experiments.

Surgical model and experimental design. Mecha-
nism experiment. Our objective was to determine
whether P7C3  attenuated activated  microglia
proliferation following neonatal nerve injury.

We compared three groups in the microglia
proliferation study (18 rats; n = 6 rats per group): (1)
P7C3 (20 mg/kg); (2) vehicle control, and; (3) naive
animals. Rats in Groups 1 and 2 underwent a right
sciatic nerve crush at P3 as previously described.
Following surgery, all animals were returned to their
home cage with their mothers. Rat pups were then
dosed for 2 weeks.

Immunohistochemistry. At 1 month, all animals were
terminally anesthetized with intraperitoneal Euthanyl
(100 mg/kg) and transcardially perfused with heparinized
saline, followed by 4% paraformaldehyde for
immunohistochemical detection of microglia as
previously described (Beggs and Salter, 2007). Briefly,
L4 and L5 spinal segments were identified, removed,
and post-fixed in 10% formalin overnight at 4°C. Following
cryoprotection in 30% sucrose, the cords were cut into 50-
um free-floating sections, and washed in phosphate-buf-
fered saline prior to and between subsequent steps. Tis-
sue was blocked for 1h at room temperature (10%
normal donkey serum and 0.3% Triton in phosphate-buf-
fered saline), incubated in rabbit anti-lba1 antibody
(microglia marker; 1:2000; Wako) and mouse anti-NeuN
(neuronal marker; 1:2000: Millipore) in phosphate-buf-
fered saline with 3% normal donkey serum and 0.3% Tri-
ton for 48 h at 4 °C, followed by either Cy2 or Cy3
secondaries (1:1000; Sigma Aldrich). Finally, sections
were mounted on silane-coated slides (Sigma Aldrich),
allowed to dry and coverslipped with Gelmount (Sigma—
Aldrich).

Spinal cord sections were imaged using a Zeiss
confocal microscope and gray scales were adjusted
using Adobe CS5 software. Data from 5 sections per
animal were grouped together to give a mean value for
each animal. To assess the spatial distribution of Iba-1
immunoreactivity, the area of microglial proliferation in
both the dorsal and ventral horns was quantified using
Volocity software (Improvision, PerkinElmer).

RESULTS

P7C3 enhanced motor and sensory neuron survival
following neonatal sciatic nerve crush injury

One month following sciatic nerve crush injury, neuron
survival was assessed by retrograde FluoroGold (FG)
labeling of neuronal cell bodies (1). This technique
allows quantification of surviving motor and sensory
neurons with fluorescence microscopy (Naumann et al.,
2000). Surviving FG-labeled motoneurons in the ventral
horn are shown in Fig. 2A—F, demonstrating that P7C3
rescued motoneurons in a dose-dependent manner
(Fig. 2G; [Fe,35) = 17.87, p < 0.01]). At the highest dose
tested (20 mg/kg/d), treatment with P7C3 preserved
motoneurons to a level approaching that of naive animals.
Administration of P7C3 at 10 mg/kg/d also enhanced
motoneuron survival compared with vehicle, but lower
doses of P7C3 did not. Importantly, the structurally
related but inactive analog of P7C3, known as P7C3-
S184 (De Jesus-Cortes et al., 2012), imparted no protec-
tion when administered at the same dose of 20 mg/kg/d
(Fig. 2G). P7C3 at 20 mg/kg/d also significantly enhanced
survival of sensory DRG neurons after injury to levels that
closely approximated naive animals (Fig. 2H)
[Fe,35 = 12.09, p < 0.01]. Liquid chromatography—tan-
dem mass spectroscopy analysis of spinal cord and blood
showed that both P7C3 and P7C3-S184 accumulated to
similar levels in these tissues after peripheral administra-
tion (data not shown). At no time during the study did we
observe any abnormal behavior with animals adminis-
tered P7C3, and no toxicity following P7C3 administration
(data not shown).

P7C3 enhanced axonal regeneration

To assess whether P7C3-mediated neuronal survival was
associated with nerve regeneration distal to the site of
injury, we quantified the number and size of regenerated
myelinated nerve fibers, per established protocol
(Raimondo et al., 2009). Rats receiving P7C3 at 20 mg/
kg/d regenerated more myelinated fibers than did rats
receiving lower doses of P7C3 or vehicle
[Fe27r) = 12.19, p < 0.01; Fig. 3A]. Although the fiber
diameter distribution of normal nerves is bimodal, regen-
erating nerves after nerve injury typically display a uni-
modal distribution (Jeng and Coggeshall, 1985).
Notably, however, a bimodal distribution of regenerating
myelinated axons was observed in P7C3-treated animals
after injury, suggesting that P7C3 induced normal physio-
logic fiber maturation (Fig. 3B, C). In addition, the thick-
ness of myelinated fibers in P7C3-treated rats was the
same as that of naive animals (Fig. 3D). Lower doses of
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Fig. 2. P7C3 protects motor and sensory neurons from death 1 month following nerve crush injury. Retrogradely labeled spinal motoneurons at
both low and high magnification (10-20x) from naive animals (A, D), P7C3 at 20 mg/kg/d (B, E), and vehicle controls (C, F. Scale bar: A—
C = 250 um; D-F = 20 pm) illustrate the protective efficacy of P7C3. (G) P7C3 enhanced motoneuron survival at 1 month post-injury at a dose of
20 mg/kg/d compared with vehicle controls. H. P7C3 enhanced dorsal root ganglion sensory neuron survival at a dose of 20 mg/kg/d.

*Mean + SEM, p < 0.01.

P7C3 or vehicle treatment, however, were associated
with abnormally thickened myelination in addition to lower
numbers of regenerating axons (Fig. 3B), as assessed by
the ratio of axonal diameter to total fiber diameter, known
as the g-ratio, for which we observed a significant group
effect [Fe23 = 10.68, p < 0.01]. Naive rats, or rats
receiving P7C3 at 20 mg/kg/d after injury, displayed
higher g-ratios than rats receiving lower doses of P7C3
or vehicle, indicating that treatment with P7C3 restored
normal myelination in addition to axonal outgrowth follow-
ing protection of both DRG sensory neurons and ventral
horn motoneurons (Fig. 3C).

P7C3 restored behavioral function following injury

Because gait development in rats is complete by P27
(Shriner et al., 2009), we assessed performance of three
groups of rats (uninjured controls, P7C3 [20 mg/kg/d]-
treated, and vehicle controls) in locomotor tasks five

weeks after injury. Throughout these tasks, animal
velocity was held constant and measured velocity was
not different between groups, an important control as
differences in animal velocity alter stance duration and
stride length (Shenaq et al., 1989; Varejao et al., 2004;
Boyd et al., 2007). Locomotor recovery was first assessed
with the SFI, which generates scores that range from 0
(uninjured) to -100 (completely impaired sciatic nerve
function) as rats traverse a track at a standard velocity
of 60 to 90 cm/s (Muir and Webb, 2000; Webb and
Muir, 2004). Testing began five weeks after sciatic nerve
crush injury and was conducted weekly for the following
eight weeks. As expected, naive rats maintained normal
SFI values throughout the entire 8-week testing period
(Fig. 4A). However, vehicle control SFI values five weeks
after injury plateaued at a mean SFI of -45, indicating poor
behavioral recovery. Although SFI among the P7C3-
treated rats was initially poor, by week eight the
P7C3-treated rats exhibited improved SFI scores to levels



S. W. P. Kemp et al. /Neuroscience 284 (2015) 202-216

A

o000 | I T T T T 1
8000
2000- Cr T
6000
5000
4000
3000-
2000
1000~
C T

Total Fiber Number

# of myelinated axons

G-ratio
0.8-

Axon diameter/fiber diameter

Probability density estimate

Myelin thickness (um)

——— P7C3 (10 mg/kg)
—— P7C3 (20 mg/kg)

209
B Myelin Thickness
1.5+
*
[
1.04
_—
0.54
0.0 T
& O o) e o
& F 7 0 s 9°
,Lé‘ R S ¥ &
J O NG
> 5] )
AC ,\C’ Q/\C’ Q’\(’ K3
] 5
&
Q/\
05 = = = Vehicle
------- P7C3-5184 (20 mg/kg)
0.4 Naive
P7C3 (1 mg/kg)
——— P7C3 (5 mg/kg)
03 (
(

0.2

0.1

o 2 4 ‘ 8 10
Total fiber diameter (um)

Fig. 3. P7C3 enhances axonal regeneration following neonatal nerve injury. (A) Naive animals displayed a statistically greater number of total
myelinated fibers than all other groups. Rats receiving P7C3 at a dose of 20 mg/kg/d regenerated more myelinated fibers than did rats receiving
vehicle or lower doses of P7C3 after injury. (B) Normal thickness of myelin was preserved in P7C3-treated animals at the highest dose of P7C3
tested, whereas rats treated with lower doses of P7C3 or with vehicle developed abnormally thick myelin in regenerating axons. (C) Rats receiving
P7C3 (1 or 10 mg/kg), vehicle, or the inactive analog P7C3-S184 had statistically lower g-ratios after injury than naive animals or injured animals
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equivalent to those of the naive rats [Fgq7) = 4.71,
p < 0.01; Fig. 4A].

We also evaluated the effect of P7C3 on skilled
locomotion with the more challenging ledged tapered
beam test. In this task, rats are trained to traverse an
elevated beam that is tapered along its length and has
an underhanging ledge that the rat can use as a crutch
if it slips (Zhao et al., 2005). Footfaults (slips) are mea-
sured as an index of hindlimb function, calculated as the
hindlimb slip ratio (number of right hindlimb slips per total
right hindlimb steps x 100). Consistent with previous
research, all rats ambulated across the tapered beam at
a constant velocity (Kemp et al., 2011, 2013), and naive

rats generated a slip ratio under 10% throughout the test-
ing period. Injured rats, however, generated a slip ratio
around 30% (Fig. 4B). Notably, injured rats that were trea-
ted with P7C3 showed 20% improved slip ratios by seven
weeks following injury, and outperformed vehicle control
rats for the remainder of the study [F17) = 14.09,
p < 0.01; Fig. 4B].

We also assessed skilled locomotion using the ladder
rung rest, which requires the rat to serially aim for the
appropriate rung, accurately place its paw, and then
grasp the rung (Metz and Whishaw, 2002; Kemp et al.,
2011). Because rung spacing is varied between trials, this
test controls for the rat’'s ability to learn the task. Naive
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and P7C3-treated rats yielded significantly better slip
ratios than vehicle control rats at all time points
[Fe.17) = 9.98, p < 0.01], and P7C3-treated rats devel-
oped slip ratios statistically equivalent to those of naive
animals by nine weeks following injury (Fig. 4C).

In addition to motor recovery, sensory function is also
a high priority in patient recovery, as patients with
insensate limbs are prone to self-injury from burns and
trauma in early childhood (Borschel and Clarke, 2009).
We thus assessed cutaneous sensation by measuring
the withdrawal latency of the animal’s affected right hind-
limb using the von Frey test (Kemp et al., 2011). Vehicle
control rats were less sensitive than either naive rats or
P7C3-treated rats beginning at test week 7 and through-
out the remainder of the testing period. P7C3-treated rats
showed improved sensory recovery to a level intermedi-
ate between that of the vehicle and uninjured control
groups [Fg17) = 4.71, p < 0.01; Fig. 4D].

P7C3 enhanced muscle force, muscle reinnervation,
and muscle mass

In order to determine the effect of P7C3 on muscle force,
we performed in vivo muscle force testing on the rats that
underwent behavioral testing twelve weeks after injury.
Specifically, we measured the isometric twitch and

tetanic contractile force produced by the EDL muscle
upon electrical stimulation of the sciatic nerve. P7C3-
treated rats developed greater twitch muscle force
compared to vehicle control rats [F 16 = 20.70,
p < 0.01; Fig. 5A]. P7C3-treated rats also developed
greater tetanic muscle force compared to vehicle control
rats, and their muscle forces were statistically equivalent
to those of naive rats [F(, 16) = 10.12, p < 0.01; Fig. 5B].

In order to determine whether the improvement in
muscle force in P7C3-treated rats was associated with
an increase in motor nerve fibers re-innervating the EDL
muscle, we recorded the twitch force following
suprathreshold (2x) stimulation of the sciatic nerve. We
then recorded all-or-none increments in twitch force in
response to gradual increases in stimulus voltage from
zero. We estimated the number of motor axons
reinnervating the EDL muscle (motor unit number
estimation, or MUNE) by calculating the ratio of the
maximal muscle twitch force and the mean motor unit
twitch force (McComas et al., 1971). The MUNE in naive
rats was greater than that of the vehicle group, and the
MUNE in P7C3-treated rats was equivalent to that of unin-
jured rats [F 16) = 2.48, p < 0.05; Fig. 5C]. Thus, P7C3
treatment promoted nerve regeneration and reinnervation
of EDL muscles to levels statistically equivalent to that of
naive rats.
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Fig. 5. P7C3 enhances recovery of muscle force, the total number of motor units, and muscle mass following neonatal nerve injury. Functional
recovery after sciatic nerve crush injury was assessed by measuring the isometric twitch and tetanic force produced by the extensor digitorum
longus (EDL) muscle in response to stimulation of the sciatic nerve, the total number of motor units (MUNE), and the wet muscle mass of the EDL
muscle. (A) Rats receiving P7C3 generated higher mean twitch forces than did vehicle controls (*p < 0.01). (B) Uninjured control and P7C3-treated
rat EDL muscles generated greater mean tetanic forces than did vehicle EDL muscles (*p < 0.01). (C) Naive animals displayed a statistically
greater number of motor units than vehicle controls, and did not differ from P7C3-treated rats (*p < 0.05). (D) Both naive rats and P7C3-treated rats
recovered more wet EDL muscle mass than did vehicle-treated rats, and did not differ from one another (*p < 0.05).

Next, we measured wet muscle mass as an additional
measure of skeletal muscle recovery after nerve injury
and reinnervation. Wet muscle mass correlates with
muscle reinnervation, because this reverses
denervation-associated atrophy (Katayama et al., 2006;
Wood et al., 2011). After completing behavioral testing
and muscle force recordings, we removed and weighed
the EDL muscle from the injured and contralateral hind-
limbs and calculated the muscle mass ratio (experimental
side/contralateral side). EDL muscle masses from both
naive and P7C3-treated rats were greater than vehicle
controls, and did not differ significantly from one another
[Fo16) = 6.86, p < 0.05; Fig. 5D]. Taken together,
P7C3 treatment after injury enhanced recovery of muscle
force, reinnervation and muscle mass.

P7C3 neuronal protection is not mediated through
ionotropic glutamate receptors

Because
previously

ionotropic glutamate receptors have been
implicated as therapeutic targets for

protection of peripheral nerves from cell death following
injury, (Cabaj and Slawinska, 2012; Petsanis et al.,
2012), we investigated whether P7C3 might act on these
receptors. K; determination from ligand displacement
studies at the three ionotropic glutamate receptors
(NMDA, AMPA, and kainate), however, showed no activ-
ity of P7C3 at any receptor subtype (Fig. 6A-C).

P7C3 prevents microglia proliferation following nerve
crush injury. Microglia, which are the resident
macrophages and only immune cells in the CNS
(Kreutzberg, 1996), proliferate in the spinal cord after
peripheral nerve injury and adopt an activated state capa-
ble of inducing a highly neurotoxic environment (Beggs
and Salter, 2007; Block et al., 2007). Specifically, acti-
vated microglia produce and secrete pro-inflammatory
cytokines and neurotoxic molecules, and exhibit charac-
teristic ameboid morphology (Gonzalez-Scarano and
Baltuch, 1999; Tolosa et al., 2011). In order to determine
whether the protective effect of P7C3 was associated with
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Fig. 6. Glutamate receptors are not the target of P7C3-mediated neuronal protection. Ligand displacement studies with P7C3 at ionotropic
glutamate receptors demonstrate that the neuroprotective efficacy of P7C3 is not attributed to activity at either (A) the NMDA subtype; (B) the AMPA

subtype, or; (C) the kainate receptor subtype.

mitigation of microglia activation, we performed immuno-
histochemical analysis of microglia on spinal cord sec-
tions one month following initial injury and treatment.
Fig. 7A shows a stereotypical transverse spinal cord slice,
with the four areas investigated in white boxes (ipsi and
contralateral dorsal and ventral horns). We found a signif-
icant group effect for the ipsilateral dorsal horn
[F2,14y = 16.20, p < .001], whereby microglia numbers
were significantly higher in the crush group treated with
vehicle than either the naive or crush group treated with
P7C3. Both naive animals and those treated with P7C3
did not differ statistically from one another (Fig. 7B). In
addition to limited microglia proliferation, animals
administered P7C3 also showed a decrease in the
characteristic ameboid morphology, which was highly
prevalent in vehicle-treated animals. We found a similar
effect for the ipsilateral ventral horn [F( 14 = 15.45,
p < .001], in which crush-injured animals administered
vehicle displayed significantly higher microglia numbers,
while P7C3 treated and naive animals did not differ from
one another (Fig. 7B). We also found a surprising
contralateral effect in the ventral horn [F(2,14) = 7.40,
p < .05]. Here, crush-injured animals administered
vehicle displayed significantly higher microglia numbers
than naive animals. Taken together, these results
suggest that administration of P7C3 stabilized microglia
numbers following nerve crush injury, suggesting that
the health of the neurons was greater following P7C3
administration.

DISCUSSION

We have demonstrated potent neuroprotective efficacy of
P7C3 in a preclinical model of traumatic peripheral nerve
injury, a devastating form of neonatal neurological injury
that currently lacks any pharmacologic treatment
options. P7C3 doubled peripheral neuron survival,
preserving 80% of both motor and sensory neurons
when administered daily for two weeks following injury
on postnatal day 3. Treatment with P7C3 also enhanced
axonal regeneration and restored normal myelin
thickness after injury in peripheral neurons, akin to what

has been reported on efficacy of P7C3 compounds on
blocking axonal degeneration in the brain (Yin et al,
2014). P7C3 also greatly enhanced sensorimotor func-
tion, one of the most important considerations for patients
affected by nerve injuries (Winfree, 2005; Dolan et al.,
2012). Specifically, injured rats treated with P7C3 showed
significantly improved performance in multiple tasks of
locomotion, approaching or equaling performance levels
of naive rats. Previous research has consistently shown
a lack of pain behaviors following both sciatic and dorsal
root lesions, since the capacity to evoke behavioral
responses is limited when sensory reinnervation is poor
(Sheen and Chung, 1993; Yoon et al., 1996), as was
the case with the vehicle group in our study. P7C3-treated
rats, however, recovered footpad sensation more rapidly
than vehicle-treated controls, correlating with the
increased number of surviving DRG sensory neurons.
P7C3 treatment also improved contractile force and mus-
cle mass 12 weeks after sciatic nerve crush injury to lev-
els approximating those of naive animals. Finally,
treatment with P7C3 prevented proliferation of microglia
cells following injury, returning the regenerative microen-
vironment to a level indistinguishable from naive animals.
We are not aware of any other pharmacologic treatments,
including glutamate receptor antagonists and neurotro-
phic factors, that have demonstrated equivalent neuropro-
tective efficacy following neonatal peripheral nerve injury
(Mentis et al., 1993; Aszmann et al., 2002, 2004;
Kapoukranidou et al., 2005; Gougoulias et al., 2007;
Cabaj and Slawinska, 2012).

Microglia, the resident immune cells of the CNS, are
upregulated by both motor and sensory neuronal death
following neonatal nerve injury (Morioka and Streit,
1991). Once activated, microglia proliferate rapidly and
secrete pro-inflammatory cytokines, chemokines, and
neurotoxic molecules that contribute to a toxic microenvi-
ronment leading to neuronal death (Beggs and Salter,
2007; Block et al., 2007; Benarroch, 2013). P7C3 has
been shown to foster stabilization of mitochondrial mem-
brane potential in the face of otherwise overwhelming
toxic insult (Pieper et al., 2010),and P7C3 may be acting
directly on neurons in our model. In our model, neuronal
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Fig. 7. P7C3 restores the microglia milieu in the ventral and dorsal horns of the spinal cord. (A) Right: Representative transverse section of the
spinal cord of a naive animal, with neurons stained with NeuN (red), and microglia stained with Iba-1 (green). Left: Representative sections of
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and ventral horns. P7C3-treated and naive animals did not differ statistically from one another in either ipsilateral horn. Interestingly, vehicle-treated
animals following crush injury displayed significantly greater microglia numbers than naive animals in the contralateral ventral horn, while P7C3-
treated and naive animals did not differ from one another. The reduction in microgliosis suggests that P7C3 improves overall neuron health in the
dorsal and ventral horns. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rescue could also be related to a reduced toxic effect of
activated microglia mediated by P7C3. For example, neu-
roprotection against cell death could decrease pathologic
signaling to microglia and thus foster a less toxic environ-
ment, and contribute to the lack of observed increased
stereotypical microgliosis around dead and/or dying neu-
rons following P7C3.

There are no pharmacologic treatment options to
augment treatment of newborn children with peripheral
nerve injuries. Currently, recovery depends exclusively
on surgery and rehabilitative physiotherapy, which are

often insufficient (Borschel and Clarke, 2009). Because
the potential for successful functional recovery from neo-
natal nerve injury increases as the number of available
neurons increases (Fu and Gordon, 1995a; Fu and
Gordon, 1995b), rescuing neurons with systemic adminis-
tration of a neuroprotective agent like P7C3 could
enhance re-innervation of target end organs and improve
patient outcomes. A pharmacological approach to treating
peripheral nerve injury would revolutionize treatment of
this common debilitating condition by allowing clinicians
to initiate immediate treatment.
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Currently, nerve injuries in newborns and adults are
unable to be effectively addressed as medical
emergencies. Rather, clinicians generally wait three
months to see whether the nerve recovers on its own. If
it does not, then they operate on the injured part of the
nerve. Unfortunately, by three months most of the
potential for axon regeneration has deteriorated because
both the neuron’s cell body and its associated Schwann
cells lose their capacity for regeneration over time. An
agent that could rescue neurons after nerve injury would
thus allow clinicians to advance the management of
nerve injuries from the current three month “wait-and-
see” approach to one of active neuron rescue. By saving
more neurons, an injured nerve’s recovery could be
enhanced and, in turn, patients may recover faster and
more completely, reducing and in some cases even
eliminating the need for surgery. Importantly, the P7C3-
series of neuroprotective agents have a large therapeutic
window and lack any known toxicity. Therefore we
believe that this family of compounds represents a
practical basis for developing a pharmacologic treatment
option for patients with nerve injury.
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