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Abstract

Several recent studies suggest that predegenerated nerves (PDNs) or dissociated PDNs (dPDNs) can improve
behavioral and histological outcomes following transplantation into the injured rat spinal cord. In the current
study we tested the efficacy of dPDN transplantation by grafting cells isolated from the sciatic nerve 7 days after
crush. We did not replicate one study, but rather assessed what appeared, based on five published reports, to be
a reported robust effect of dPDN grafts on corticospinal tract (CST) regeneration and locomotor recovery. Using
a standardized rodent spinal cord injury model (200 kD IH contusion) and transplantation procedure (injection
of GFP + cells 7 days post-SCI), we demonstrate that dPDN grafts survive within the injured spinal cord and
promote the ingrowth of axons to a similar extent as purified Schwann cell (SC) grafts. We also demonstrate for
the first time that while both dPDN and SC grafts promote the ingrowth of CGRP axons, neither graft results in
mechanical or thermal hyperalgesia. Unlike previous studies, dPDN grafts did not promote long-distance axonal
growth of CST axons, brainstem spinal axons, or ascending dorsal column sensory axons. Moreover, using a
battery of locomotor tests (Basso Beattie Bresnahan [BBB] score, BBB subscore, inked footprint, Catwalk, and
ladderwalk), we failed to detect any beneficial effects of dPDN transplantation on the recovery of locomotor
function after SCI. We conclude that dPDN transplants are not sufficient to promote CST regeneration or
locomotor recovery after SCI.
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Introduction

Numerous studies have demonstrated that axons
regenerate into both peripheral nerve (PN) grafts

and Schwann cell (SC) grafts (Chen et al., 1996; David
and Aguayo, 1981; Richardson et al., 1982; Xu et al.,
1995b,1997,1999). At present, however, there is no evidence
that corticospinal tract (CST) axons enter PN grafts (David
and Aguayo, 1981; Richardson et al., 1982; Hiebert et al.,
2002), or SC bridges (Chen et al., 1996; Meijs et al., 2004; Menei
et al., 1998; Xu et al., 1995a,1997,1999), with or without the
addition of growth factors, except when acidic fibroblast

growth factor (aFGF) is present (Cheng et al., 1996). In con-
trast, there have been several reports of CST regeneration
following transplantation of predegenerated nerves (PDNs;
Dinh et al., 2007; Rasouli et al., 2006), or cells isolated from
them (Ban et al., 2009; Feng et al., 2008; Ferguson et al., 2001)
in rodent spinal cord injury (SCI) models. This CST response
is augmented when neurotrophins are present (Feng et al.,
2008). Transplantation of intact or dissociated PDNs (dPDNs)
was also reported to enhance open-field locomotion as as-
sessed by the Basso Beattie Bresnahan (BBB) score after both
dorsal hemisection (Dinh et al., 2007), and contusive SCI (Ban
et al., 2009; Feng et al., 2008; Rasouli et al., 2006).
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This reported efficacy of intact and dPDN transplants led
us to initiate a study to compare the transplantation of PDN
cells with our usual technique of SC transplantation into a
clinically relevant, standardized contusion model. The five
studies reporting beneficial effects of PDN cells used differing
SCI models (e.g., contusion and dorsal hemisection), different
injury levels (e.g., T10 and T11), and various times post-injury
for transplantation (e.g., 1, 2, 3, and 25 weeks). Also, different
protocols were employed for the preparation of cells (intact,
dissociated or cultured PDN cells), different transplantation
media (with or without collagen and growth factors), and
different placements of the transplants (into the lesion or on
top of the lesion). Because all of the studies demonstrated
efficacy despite these differences, we tested the effectiveness
of dPDN transplants using an injury model (moderate tho-
racic contusion at T9), transplant procedure (injection into the
lesion epicenter 7 days post-SCI), and behavioral testing
procedures (BBB, ladderwalk, Catwalk, inked footprint, von
Frey and Hargreave tests), with which we have extensive
experience. Thus, our study is not a replication of any one of
the five earlier investigations cited.

We sought to improve upon previous reports in several
ways. One, we expressed green fluorescent protein (GFP) in
the transplanted cells to conclusively identify them and assess
the size of the transplants, whereas previous studies used
unlabeled cells. Two, we assessed ingrowth of multiple axonal
populations using immunohistochemistry (neurofilament,
calcitonin gene-related peptide [CGRP], and serotonin [5-HT]
antibody staining), and anterograde tracing (CST and as-
cending sensory axons), instead of examining only CST re-
generation. Three, we quantified the number of transplanted
cells prior to transplantation; no effort was made previously
to determine this number. Four, because our focus was to
assess functional recovery, it was not possible to use sural
nerve autografts, which can induce deficits in hindlimb
function (Houle et al., 2006). Instead, highly inbred Fischer
344 rats were used as donors and recipients, to avoid the need
for immunosuppression. Therefore, it was our goal to com-
pare dPDN transplants with changes we thought salutary
with implants of SCs by our previous methods. No attempt
was made to use a combination strategy such as adding
neurotrophins, which we have found in other studies to in-
crease efficacy.

Using a comprehensive histological and behavioral ap-
proach, we demonstrate that PDN cell transplants promote
the ingrowth of axons. We were unable, however, to dem-
onstrate CST regeneration or any beneficial effects on loco-
motor recovery following transplantation of PDN cells into
the injured spinal cord.

Methods

Schwann cell cultures

SCs were extracted from the sciatic nerves of adult female
Fischer 344 rats (Harlan Sprague Dawley, Indianapolis, IN).
The nerves were isolated and placed in D10 medium (DMEM
with 10% fetal bovine serum [FBS]). After 2 weeks, explants
were treated with dispase (Roche, Indianapolis, IN) and col-
lagenase (Worthington, Lakewood, NJ), dissociated, and the
SCs were centrifuged (1500 rpm/370 g at 4�C). The SCs were
then resuspended in D10-3M (D10 containing pituitary ex-
tract, 20 lg/mL, Biomedical Technologies, Stoughton, MA;

forskolin, 2 lM, Sigma-Aldrich, St. Louis, MO; and heregulin,
2.5 nM, Genentech, San Francisco, CA). Once confluent, fi-
broblasts were eliminated using Thy1.1 and rabbit comple-
ment (MP Biomedicals, Solon, OH) treatment. The resulting
cultures were 95–99% SCs. At passage 2, SCs were infected
with a lentiviral vector carrying the GFP gene. A multiplicity
of infection (MOI) of 30 was used. This resulted in > 99% of
the SCs expressing GFP. Following lentiviral infection, the
SCs were frozen at - 80�C in D10 medium with 8% dimethyl
sulfoxide (DMSO) and 20% FBS, and subsequently stored in
liquid nitrogen until ready for use. For transplantation, the
cells were thawed, plated onto poly-L-lysine-coated culture
plates (PLL; Sigma-Aldrich), expanded to confluence, trypsi-
nized, and resuspended in DMEM-F12 medium. A total of
2 · 106 cells in 6 lL were transplanted per animal.

Cells isolated from predegenerated nerves

The animals were anesthetized with isoflurane in 2%
oxygen. The sciatic nerves of adult, female, Fischer 344 rats
(Harlan) were isolated bilaterally by separating the muscle
along the fascia following a skin incision along the thigh. Each
nerve was crushed twice, as close to the hip as possible, with
fine forceps for 10 seconds. The skin was then closed with
wound clips. The animals were given buprenorphine
(0.05 mg/kg, twice a day for 2 days), and gentamicin (5 mg/
kg daily for 7 days).

Seven days after sciatic nerve crush, the animals were
sacrificed by administration of CO2 followed by cervical dis-
location. The entire sciatic nerve distal to the crush site, in-
cluding the sural nerve, was isolated and placed in L15
medium (Gibco, Carlsbad, CA). The nerves were pooled,
cleaned, stripped of the perineurium from the major fascicles,
minced, and rinsed with DMEM + gentamicin. The minced
nerves were then treated with 1.67 mg/mL collagenase type
XI (Sigma-Aldrich) and 0.67 mg/mL dispase (Gibco) for
30 min at 37�C, before adding 8.3 lg/mL DNAase (Sigma-
Aldrich). The nerves were triturated with a fine pipette, in-
cubated for an additional 30 min at 37�C, and triturated. D10
medium was added and the cell suspension was centrifuged
for 10 min at 1000 rpm (164 g). The pellet was resuspended in
fresh D10 two additional times and centrifuged for 5 min at
1500 rpm (370 g). After the final centrifugation the pellet was
resuspended in 1 mL of D10, and lentiviral GFP (30 MOI) was
added, and the dissociated tissue was incubated overnight at
37�C and 6% CO2. The following day, the cells were rinsed
with DMEM-F12 and centrifuged (1500 rpm/370 g for 5 min)
twice, before resuspending in sufficient DMEM-F12 to allow
for passage of the mixture through the injection pipette. Due
to extensive myelin debris, a total of 1.7 · 105 cells in 6 lL was
transplanted. Preliminary in vitro experiments tested a range
of MOIs (10, 30, 50, and 100). An MOI of 30 resulted in most of
the cells expressing GFP after 3 days. Higher MOIs did not
result in an obvious increase in the number of GFP-expressing
cells upon microscopic visualization.

Spinal cord injury

Sixty-three adult female Fischer 344 rats received an SCI
(Table 1; Experiment 1, n = 24; Experiment 2, n = 39). Their
mean weight – SEM for Experiment 1 was 190 – 1.4 g, and for
Experiment 2 was 196 – 1 g. The animals were anesthetized
with isoflurane and 2% O2, the skin on the back was incised,
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and the T8–T10 vertebrae were isolated. A laminectomy was
performed at T9 to expose the underlying spinal cord.
The lateral processes of T8 and T10 were clamped, and the
rats received a 200 kD injury (mean – SEM: Experiment
1 = 205 – 0.8 kD; Experiment 2 = 206.5 – 1.1 kD) with the In-
finite Horizons impactor. The muscles were sutured in ana-
tomical layers and the skin was closed with wound clips. The
animals received 10 ml of lactated Ringer’s solution, bupre-
norphine (0.05 mg/kg twice a day for 2 days), and gentamicin
(5 mg/kg daily for 7 days). The bladders were manually ex-
pressed twice a day until reflex urination returned.

Transplantation

Seven days after SCI, the animals underwent transplanta-
tion. To be included in the study, the rats needed to have a
BBB score less than 4 at 1 day, and of 7 to 10.5 at 7 days post-
SCI. Animals with scores outside of this range (Experiment 1,
n = 3; Experiment 2, n = 9) were removed and used for a dif-
ferent study not involving behavioral outcome measures.
Two additional rats died at the time of transplantation in
Experiment 1. The remaining rats in Experiment 1 were di-
vided into two groups: transplantation of dPDNs (n = 9) or
SCI controls (n = 10). One rat from each group in Experiment 1
was sacrificed early (3 weeks) to examine early transplant
histology. In Experiment 2, the rats were randomly assigned
to one of three treatment groups: transplantation of dPDNs
(n = 10), transplantation of SCs (n = 9), or injection of medium
(n = 11). On the day of transplantation, the rats were randomly
assigned to the treatment groups based on the number of cells
available. BBB scores at days 1 and 7 were examined to ensure
that the scores were similar for each of the groups. In instances
when the BBB scores were not balanced between the groups,
individual rats were reassigned to ensure that the mean BBB
scores at days 1 and 7 were similar for all groups at the time of
transplantation.

Rats were anesthetized with ketamine and xylazine, the
laminectomy site was re-exposed and 6 lL of GFP-SCs, GFP-
dPDN cells, or DMEM-F12 were injected using a pulled glass
capillary tube attached to a Hamilton syringe. The dorsal
process of T8 was clamped to stabilize the vertebral column
and the injections were made stereotaxically using the Ha-
milton syringe affixed to a motorized nano-injector (Stoelting,
Wood Dale, IL). Injections occurred at a rate of 1 lL/min into
the injury site at a depth of 1.5 mm. The needle was left in

place for an additional 2 min before removal, and the muscles
were sutured closed in anatomical layers, then the skin was
closed with wound clips. The animals received lactated
Ringer’s, buprenorphine, and gentamicin as above.

For SC transplants, 2 · 106 SCs in 6 lL were injected. For
dPDN transplants, a total of 1.7 · 105 cells (SCs, macrophages,
and fibroblasts) interspersed with myelin debris were re-
suspended in 6 lL and injected. Although the number of cells
in dPDN transplants was *1/10 that of purified SC trans-
plants, a similar volume of tissue was injected in both treat-
ment groups. The large volume of myelin debris accounts for
the difference in the number of cells that was injected. Pre-
vious studies with dPDN have not reported the number of
cells transplanted (Feng et. al., 2008; Ferguson et al., 2001;
Tinsley et al., 2006); they reported the volume of cells injected
instead.

Axonal tracing

Corticospinal tract (CST). Four weeks prior to sacrifice,
11 animals in Experiment 2 (vehicle, n = 4; GFP-SCs, n = 3;
GFP-PDN, n = 4) were reanesthetized with isoflurane and 2%
O2. The hindlimb cortex was exposed and six 500 nL injections
of 10% biotinylated-dextran amine 3000 MW (BDA-3000; In-
vitrogen) in PBS were made stereotaxically with a pump
(Stoelting). The tracer was slowly injected at 100 nL/min
through a pulled pipette attached to a Hamilton syringe at the
following coordinates: depth, 1.5 mm; AP, - 0.7, - 1.4,
- 2.5 mm; ML, – 2.3 mm). One GFP-SC rat died after tracing.

Sensory tracing. Three days prior to sacrifice, all 17
remaining animals in Experiment 1 and the remaining 19
animals in Experiment 2 that did not receive CST tracing,
were reanesthetized with isoflurane and 2% O2, and the sciatic
nerve was isolated, crushed, and injected with 5 lL of cholera-
toxin beta (CTb; ListBiological Laboratories, Inc., Campbell,
CA). The needle was left in place briefly before the skin was
closed with wound clips. The animals were given buprenor-
phine and gentamicin as above.

Behavioral testing

BBB score and subscore. For Experiments 1 and 2 all
animals were pretrained for 2 weeks prior to injury by ex-
posing them to the testing pool. On the final pretraining day
all animals were scored for their open-field locomotor ability

Table 1. Numbers of Rats Assigned to Treatment Groups and Included

in Behavioral and Histological Analyses

Total
contused

Excluded
prior
to TP

Assigned
to TP
group

Died
at/after
surgery

Removed
for 3 week
histology

Behavioral
analysis

CST
analysis

CTb
analysis

Histological
analysis

Plastic
sections

Experiment 1 24 3 21 2 2 17 13 4
SCI + dPDN 12 2 1 9 7 7 2
SCI 9 1 8 6 6 2

Experiment 2 39 9 30 1 29 10 16 26 3
SCI + SC 9 1 8 2 5 7 1
SCI + dPDN 10 0 10 4 5 9 1
SCI 11 0 11 4 6 10 1

SCI, spinal cord injury; dPDN, dissociated predegenerated nerve; SC, Schwann cell; CST, corticospinal tract; CTb, cholera-toxin beta; TP;
transplantation.
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using the 21-point BBB score (Basso et al., 1995), and the
13-point BBB subscore (Popovich et al., 1999). Animals not
obtaining a score of 21 and 13, respectively, due to excessive
hindpaw rotation, which occasionally is observed in Fischer
rats (n = 3), were removed and used as PDN donors. After SCI,
the animals were tested on days 1 and 7 (prior to transplan-
tation) and weekly thereafter for the remainder of the study
(11 weeks total). All BBB testing was done live by two inde-
pendent observers who were unaware of the treatment
groups. Scores are reported as mean – SEM. The proportion of
rats in each group that obtained specific BBB measurements is
also reported. There are no error bars associated with the
proportions.

Footprint analysis. For Experiments 1 and 2 footprints
were taken 11 weeks post-injury by inking the rats’ forepaws
and hindpaws and having them run across a sheet of paper.
The base of support (BOS, defined as the distance between the
hindpaws), the stride length (SL, defined as the distance be-
tween the middle of the hindpaws on subsequent steps), and
the angle of rotation (R, defined as the angle of rotation from
parallel of the middle hindpaw digit), were measured for
three consecutive steps for each hindlimb.

Catwalk. For Experiment 2, additional footprints were
taken using the Catwalk gait analysis system (Hamers et al.,
2001). The animals were pretrained on the Catwalk for 2
weeks prior to injury by daily exposure to the Catwalk run-
way, where they were required to make three passes across
the Catwalk. The rat’s home cage was placed at the end of the
Catwalk to encourage the rat to cross the walkway. After each
pass the rat was allowed to return to its home cage before the
next run. After three successful passes the training session
was ended and the rat was given banana-flavored food pel-
lets. On the last day of training the footprints were recorded
from at least three passes when the rat walked across the
Catwalk without stopping for at least 3 steps. Animals that
failed to learn the task and cross the Catwalk consistently
before injury were removed from the study (n = 2) and used as
dPDN donors. At 5 and 11 weeks after injury the footprints
were recorded as above. For the final Catwalk analysis, the
rats were reacclimatized to the Catwalk for 5 days prior
to data collection. Catwalk files were analyzed for mean
stride length, mean base of support, difference between
forelimb and hindlimb print intensity, and degree and type of
coordination.

Ladderwalk. In Experiment 2, 5 and 10 weeks after injury
the animals were videotaped while walking across an ele-
vated ladder with rungs spaced 16 mm apart. The animals ran
across the walkway and back and were scored using the
ladderwalk score developed by Metz and Whishaw (2002),
and the number of footfalls for each rat was determined at
each time point by an observer unaware of the treatment
groups.

Sensory testing

Mechanical allodynia. In Experiment 2, the animals were
tested for mechanical allodynia using an electronic von Frey
filament (electro von Frey anesthesiometer; IITC Life Science,
Woodland Hills, CA), following the methods outlined in the

Ohio State University SCI training program. Prior to collect-
ing baseline data, the animals were acclimatized to the testing
apparatus (four sessions of 10 min each). During the first two
sessions, the animals were acclimatized to the cage by placing
them in the small acrylic glass testing apparatus. The rats
were observed while eating banana-flavored food pellets
(with exploration, grooming, frequency of urination/defeca-
tion, and the number of pellets consumed being noted).
During the third session the animals were acclimatized to the
testing procedure by having the experimenter move her
hands underneath the cages. During the fourth session the
plantar surface of the animal’s foot was poked with the von
Frey filament, as would be done during actual testing. For
data collection, the von Frey filament was placed on the
plantar surface of the paw while the rats were either grooming
or eating banana pellets, and the force (g) required to elicit a
response of the hindpaw associated with discomfort due to
the filament (i.e., quick withdrawal reflex, grabbing or licking
the foot being tested, and/or the cessation of grooming and
eating) was noted. Data from a total of five trials/hindlimb
were collected at each time point (prior to injury, and 3, 5, 7, 9,
and 11 weeks post-injury). The high and low scores for each
hindlimb were removed from each session’s data. As no dif-
ferences were observed between the right and left hindpaws,
the data are the combined means – SEM of both hindpaws.

Thermal analgesia. In Experiment 2, the rats were tested
for thermal analgesia using the Hargreaves apparatus (paw/
tail stimulator analgesia meter; IITC Life Science), which was
set to an active intensity (AI) of 39. The rats were tested prior
to injury as well as 3, 5, 7, 9, and 11 weeks post-injury, with a
48-h interval between von Frey and Hargreaves testing. Two
animals were tested at a time and only the animals that were
currently being tested were present in the room. For data
collection, the light source was placed underneath the rat’s
foot while it was grooming or eating banana pellets. Only
trials successfully eliciting a response from the rat that indi-
cated the experience of pain such as sudden foot withdrawal,
licking and/or grabbing the foot, and/or the cessation of
eating or grooming behavior within 25 sec were included. A
total of five trials each were collected from the left and right
hind foot, with the high and low responses from each session
removed. As no differences were detected between the right
and left hindpaw responses, the data are represented as
means – SEM latency for withdrawal.

Tissue collection and histology

Three weeks (n = 2) or 12 weeks (n = 46) after injury, the
rats were terminally anesthetized with ketamine and xyla-
zine and transcardially perfused with heparin and saline
followed by 4% paraformaldehyde. The brain and spinal
cord were removed and post-fixed overnight in 4% para-
formaldehyde. Seven spinal cords were processed for plastic
sections (Experiment 1: n = 4; Experiment 2: n = 3). These
were representative cases for each of the groups, as deter-
mined by impact measurements, BBB scores, and notes taken
at the time of transplantation. The remaining tissue was
cryopreserved with 30% sucrose-PBS. Horizontal cryostat
sections 20 lm thick were collected onto eight serial sets of
slides. This resulted in 160 lm between the adjacent tissue
sections.
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For plastic tissue processing, a 15 mm segment of spinal
cord was removed and blocked into 1-mm coronal blocks.
Tissue blocks containing GFP + SC transplants were identified
by GFP expression prior to embedding. The tissue blocks were
post-fixed overnight in 2% glutaraldehyde in 0.1 M phosphate
buffer to aid in myelin preservation, treated with OsO4, and
processed and embedded in Epon/Araldite as previously
described (Hill et al., 2007).

Immunohistochemistry was performed to identify axons.
Entire sets of slides from Experiment 1 or 2 were stained at one
time. Neurofilaments were identified with anti-SMI 311 and
312 (1:1000 each; Covance, Emeryville, CA), sensory axons
with anti-CGRP (1:1000; Sigma-Aldrich), and brainstem spi-
nal serotonergic fibers with anti-5-HT (1:2000; Immunostar
Inc., Hudson, WI). Species-specific Alexa 594 and/or 660
(1:200; Invitrogen, Carlsbad, CA) were used for detection.
Nuclei were identified using Hoechst (1:1000; Sigma-Aldrich),
and/or Toto (1:1000; Invitrogen). For all staining the tissue
was washed three times in PBS, and blocked for 1 h with 5%
normal goat serum and 0.1% Tween in PBS before the anti-
bodies were applied at room temperature overnight. The
following day the primary antibody was removed with
three rinses of PBS, and the secondary antibody and nuclear
stain were applied for 2 h at room temperature before they
were washed off (3 · with PBS). The tissue was then briefly
rinsed in water and the slides were allowed to dry be-
fore cover-slipping with Vectashield (Vector Laboratories,
Burlingame, CA).

CTb-labeled sensory axons originating from L3–L5 were
identified by immunohistochemistry for CTb followed by
ABC staining. An entire set of slides containing all cases from
Experiments 1 and 2 that received injections of CTb were
processed at the same time. Tissue sections were washed with
Tris-buffered saline with 2% Triton (TBS-T), treated with 2:1
chloroform:methanol to remove lipids for 1 h, rewashed, and
treated with 10% methanol, then rinsed with 30% H2O2 in
distilled H2O for 1 h to quench endogenous peroxidase ac-
tivity. The tissue was then washed with TBS-T and blocked
overnight with 5% normal rabbit serum. This was followed by
incubation with goat anti-CTb (1:20:000; List Biological
Laboratories, Campbell, CA) for 60 h, washes with TBS-T,
incubation with biotinylated anti-goat IgG (1:200; Vector
Laboratories) for 2 h, and then ABC staining per the manu-
facturer’s instructions (Vectastain ABC Elite Kit, 5 lL/mL
each of component A and B; Vector Laboratories). The sec-
tions were then reacted for 15 min with DAB, counterstained
with cresyl violet, dehydrated, and cover-slipped with Sub-X
(Surgipath, Richmon, IL). To assess CTb axonal ingrowth, 29
cases from Experiments 1 and 2 were examined (SCs: n = 5;
dPDNs: n = 12; SCI: n = 12).

CST axons were identified by BDA staining using the
protocol established by Herzog and Brosamle (1997), and
described in Maier and associates (2008). The tissue was in-
cubated overnight with avidin-biotin complex (1:100 each of
component A and B), and nickel-DAB was used as a chro-
magen to identify the labeled axons before the tissue was
dehydrated and cover-slipped with Sub-X. To assess CST
axonal ingrowth, two sets of slides from the 10 cases in Ex-
periment 2 receiving tracer injection were examined (SCs:
n = 2; dPDNs: n = 4; SCI: n = 4). For one set, the tissue was
counterstained with cresyl violet prior to dehydration and
coverslipping. No counterstaining was used for the second

set. By examining two sets of slides the separation between
sections examined for CST regeneration was 40–80 lm.

Quantification of transplant volume
and axonal ingrowth

Axonal ingrowth and transplant volume were quantified in
cases receiving transplants in Experiment 2 (SCs: n = 7;
dPDNs: n = 9). Cavity length and lesion volume were mea-
sured for Experiment 2 (SCs: n = 7; dPDNs: n = 9; SCI: n = 10).
All quantification was done using Stereoinvestigator� (MBF
Bioscience, Williston, VT), using every eighth tissue section
(every section on a given set of slides) containing the region of
interest. Transplant and cyst volumes were quantified using
the Cavalieri function (200 · 200 lm grid). For transplant
volume the GFP + transplant site was outlined at 10 · , and
marks touching GFP + cells were identified. For cyst volume,
the lesion was outlined at 10 · , and marks overlying the
cavity were identified. The lesion site was defined as the re-
gion of spinal cord containing cysts, transplant, and/or
damaged tissue containing macrophages or irregularly dis-
tributed nuclei. It was distinguished from spared tissue by the
appearance and distribution of the Hoechst-positive nuclei.
Total lesion volume was determined from the lesion outline
areas (lesion area · section thickness · section interval). Axonal
length of neurofilament (NF-), CGRP-, or 5-HT-positive axons
within the GFP + transplant was quantified using the space-
ball function in Stereoinvestigator. Separate slides were used
for each axonal marker. The spaceball probe creates a user-
defined sphere or hemisphere relative to the tissue section
thickness. At each site of measurement a probe is produced;
we used a hemisphere. At each focal point in the tissue the
hemisphere is represented by a circle. The circles increase in
size through the depth (z) of the tissue section. By marking the
axons crossing the probe distributed through the region of
interest, an estimate of total axonal length is achieved. For all
axonal length measurements, the GFP + transplant was out-
lined at 10 · , and labeled axons crossing the hemispherical
spaceball probe were marked at 63 · (grid: 200 · 300 lm;
spaceball 16 lm diameter). Axon density was calculated by
dividing the axon length in mm of NF + , CGRP + , or 5-HT +

axons by the transplant volume in mm3. The percent CGRP +

and 5-HT + axons were calculated as [(CGRP + or 5-HT + ax-
onal length)/(NF + axonal length)] · 100.

Results

Identification of transplants and transplant morphology

The 200 kD IH contusion resulted in the formation of a
cystic cavity. At the level of the central canal, the mean cyst
length was 4.30 – 0.26 mm 12 weeks post-SCI, similar to the
4.25 – 0.17 mm previously reported for a 12.5 mm NYU injury
at 14 weeks post-SCI (Hill et al., 2001). Transplants, confined
to the injury site, were identified by regions of dense SC
myelination in plastic sections (Fig. 1B and C), and by GFP
expression in frozen sections (Fig. 2A and B). Transplants
were observed in all cases receiving either dPDN cells or
purified SCs. With injection of similar volumes, no differences
in transplant volumes were detected between GFP + SC and
GFP + dPDN cell transplants (Fig. 1D). Both dPDN and SC
transplants significantly reduced the volume of the cystic
cavity (analysis of variance [ANOVA]: F(2,23) = 5.3, p < 0.02;

2230 HILL ET AL.



FIG. 1. Transplant morphology and myelination. Appearance of the injury/transplant site (insets in A–C) and SC myelinated
axons (A–C). Myelinated axons within SC transplants (B) are largely dispersed, whereas axons within dPDN grafts (C) are
predominantly fasciculated. Transplant volumes were not significantly different between SC and dPDN transplants (D; t-test:
p = 0.15; scale bars = 10lm in A–C, 1 mm in the insets in A–C; arrowheads indicate myelinating SCs; arrows indicate axon fascicles.

FIG. 2. Axonal growth into SC and dPDN transplants. Appearance of transplants (SCs: green in A, C, and E; dPDN cells:
green in B, D, and F) and appearance and quantification of the ingrowth of axons. NF + axons (red in C and D) grow into both
SC (C) and dPDN (D) cell grafts. No significant differences were detected in axonal length (I) or density (J) between SC and
dPDN transplants. A proportion of the axons within SC (E) and dPDN cell (F) transplants are CGRP + (red in E and F). The
total CGRP axonal length (K), the density of CGRP fibers (L), and the percentage of total NF + axons that are CGRP + (M), are
greater in SC transplants compared to dPDN transplants ( t-test: p £ 0.05). A small proportion of axons within the SC and
dPDN cell transplants are 5-HT + and are primarily confined to the transplant margins (red in G and H). The total 5-HT
axonal length (N), density of 5-HT + axons (O), and the percentage of NF + axons that are 5-HT + (P) are similar in SC and
dPDN transplants. Boxed regions in A and B depict the approximate locations of the images shown in C–H taken from
adjacent tissue sections. NF + and CGRP + axon images are from the transplant center. 5-HT + axon images are from the
transplant periphery (scale bars = 500 lm in A and B; 20 lm in C–H; *p £ 0.05.
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Dunnett’s post-hoc test: SCs, p = 0.01; dPND, p = 0.01), although
transplants only partially filled the lesion site and cysts persisted
(cyst volume: dPDN, 1.57 – 0.20 mm3; SC, 1.56 – 0.21 mm3; SCI,
2.75 – 0.39 mm3). The lesion volumes for each of the groups were
6.20 – 0.42 mm3 for dPDN cell transplants, 5.69 – 0.44 mm3 for
SC transplants, and 7.24 – 0.51 mm3 for injury controls. SC
transplants showed a trend towards smaller lesion volumes
compared to injury controls (ANOVA: F(2,23) = 2.74, p = 0.086;
Dunnett’s post-hoc test: SC, p = 0.03; dPDN, p = 0.1).

Expression of GFP in PDN cells was confirmed initially at 3
weeks post-transplantation and subsequently detected and
examined at 11 weeks. The majority of GFP-labeled dPDN
cells were SCs (confirmed by p75 staining, data not shown),
although some macrophages were also labeled (confirmed by
OX-42 staining, data not shown). In frozen sections 11 weeks
post-transplantation, dPDN cell transplants were more dis-
persed and fasciculated than SC transplants (Fig. 2B). In
plastic sections, this corresponded to a more fibrotic trans-
plant and the presence of bundles of myelinated axons (Fig.
1C); in SC transplants, myelinated axons were dispersed with
only occasional fascicles (Fig. 1B).

In SC transplants, GFP + SCs (Fig. 2A) appeared similar to
those previously illustrated (i.e., bipolar and confined to the
lesion site; Hill et al., 2007, 2010). Myelinated axons were
detected throughout the lesion site (Fig. 1B), in contrast to
injury-only controls (Fig. 1A), in which axons myelinated by
SCs were confined primarily to the dorsal column region.

Axonal growth into dPDN and SC transplants

Neurofilament-positive (NF + ) axons grew into both dPDN
and SC transplants (Fig. 2C and D). Their total lengths within
GFP + dPDN and SC transplants were similar (Fig. 2I), and
resulted in comparable NF + axonal densities (axonal length/
transplant volume) within the transplants (Fig. 2J).

Growth of sensory axons into dPDN and SC transplants
was examined by immunohistochemistry for CGRP, and
anterograde tracing of ascending sensory fibers from L3–L5
following injection of CTb into the sciatic nerve. Similar to
previous reports (Martin et al., 1996; Takami et al., 2002;
Xu et al., 1995b), CGRP + axons penetrated SC transplants
(Fig. 2E). CGRP + axons also entered dPDN cell transplants
(Fig. 2F). The total length of CGRP axons was significantly
greater in SC transplants than in dPDN cell transplants (Fig.
2K). This resulted in a significantly greater density of CGRP +

axons within SC transplants (Fig. 2L). CGRP axons (c-fibers
and ad-fibers) represented 19.2 – 2.1% of axons entering SC
transplants, and 11.1 – 1.2% of the axons entering dPDN cell
transplants (Fig. 2M). Only a few ascending sensory propri-
oceptive axons originating from distal lumbar DRGs entered
the transplant/injury site. Anterogradely-traced CTb-labeled
axons were occasionally detected scattered within the cre-
syl violet–stained transplant, as well as within trabeculae in
injury-only controls (data not shown). In all groups, the la-
beled axons were predominantly found in the dorsal spinal
cord close to the caudal lesion margin; occasionally axons
were observed at the lesion midpoint. Only rarely were CTb-
labeled axons found to bypass the lesion in the spared dorsal
tissue in any of the SC (n = 5), dPDN (n = 11), or SCI (n = 13)
cases examined.

To determine if dPDN cell grafts were able to promote the
regeneration of CST axons as previously reported (Ban et al.,

2009; Dinh et al., 2007; Feng et al., 2008; Ferguson et al., 2001;
Rasouli et al., 2006), anterograde tracing of BDA injected into
the hindlimb cortex was performed. Similar to previous re-
ports (Brosamle and Schwab, 1997; Hill et al., 2001), ante-
rograde tracing of the CST primarily labeled axons within the
dorsal columns. In injury-only rats (n = 4), labeled axons ex-
tended to the lesion margin (Fig. 3O and P). They were ob-
served to end in retraction bulbs (Fig. 3Q and R). Occasionally
axons were observed in the dorsal lateral and ventral CST
extending past the rostral lesion margin (data not shown).
Following transplantation of SCs (n = 2) or dPDNs (n = 4), the
labeled CST axons appeared similar to those in injury-only
controls (Fig. 3A–N). Despite our ability to detect very fine
CST fibers (Fig. 3G–I, M, and N), we did not detect labeled
axons penetrating the injury site or within the GFP + trans-
plant (compare Fig. 3B with A for dPDNs, and Fig. 3K with J
for SCs).

To determine if grafts promoted the ingrowth of brainstem
spinal axons, immunohistochemistry for serotonin (5-HT)
was used. 5-HT axons entered both SC and dPDN cell grafts,
and were primarily located on the edges of the transplant
where the transplant density was low (Fig. 2G and H). No
differences were detected in axonal length (Fig. 2N: SC,
550 – 55 mm; dPDN, 735 – 115 mm), density of 5-HT axons
(Fig. 2O), or the percentage of 5-HT + axons (Fig. 2P) within SC
and dPDN cell transplants.

Sensory testing

To date, the effects of dPDN or SC transplants on sensory
function have not been reported. To assess whether these
transplants resulted in altered sensation and/or pain, the
force required to elicit hindlimb withdrawal (von Frey testing),
and the latency of hindlimb withdrawal to heat (Hargreaves
testing) were measured. Following injury there was a signifi-
cant increase in both the force (ANOVA: F(5,130) = 344.6,
p < 0.001) and latency (ANOVA: F(5,130) = 7.2, p < 0.001) re-
quired to elicit hindlimb withdrawal (Fig. 4A and B). The in-
crease in force needed to elicit hindlimb withdrawal post-SCI
persisted for the 11 weeks examined, and did not differ be-
tween the SCI, SC, and dPDN groups ( p > 0.05 by ANOVAs).
The increase in latency to withdraw the hindlimb was signifi-
cant only for the dPDN group at 5, 9, and 11 weeks, and the SCI
group at 5 and 11 weeks (ANOVAs: p < 0.05; Dunnett’s post hoc
test: p < 0.05). Importantly, neither SC nor dPDN transplants
resulted in a decrease in the force required to elicit hindlimb
withdrawal, or in a decrease in latency to hindlimb with-
drawal, which are measures of induction of neuropathic pain.

Motor testing

Several tests were performed to assess locomotor recovery.
BBB open field locomotor testing was used to assess gross
locomotor recovery. The ladderwalk was used to quantify fine
motor control of the hindlimbs. Gait was measured using both
the Catwalk gait analysis system and inked footprints. Nei-
ther SC nor dPDN transplants resulted in any statistically
significant improvements over injury alone.

BBB. All groups recovered to a BBB score of *11 by 3
weeks post-injury (Fig. 5A; dPDN, 11.5 – 0.1; SC, 11.1 – 0.2;
SCI, 11.1 – 0.2). Scores remained similar after 11 weeks
(dPDN, 11.9 – 0.2; SC, 12.3 – 0.4; SCI, 11.7 – 0.2). Between 3
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and 11 weeks the rats in all groups improved their locomotor
performance on the parameters detected in the subscore
(Fig. 5B). No statistically significant differences were detected
between groups (ANOVA: F(11,473) = 2.0, p = 0.15). The dis-
tribution of final BBB and BBB subscores for individual rats
were evenly distributed for each of the three groups (Fig. 6A
and B). Final BBB scores did not correlate with either lesion
volume (Fig. 6C), or transplant volume (Fig. 6D). Figure 5C–F
depicts the proportion of rats in each group over time that
achieved occasional to frequent coordination (Fig. 5C), con-

sistent plantar stepping (Fig. 5D), consistent toe clearance
(Fig. 5E), and parallel paw position at landing (Fig. 5F).
Whereas the proportion of animals meeting the criteria was
similar at 11 weeks, a greater proportion of rats receiving SC
transplants recovered consistent plantar steps, toe clearance,
and parallel paw position 2–3 weeks earlier than either dPDN
transplants or SCI alone.

Ladderwalk. The percentage of steps that were missteps
(scores of 0–2 on the Metz and Whishaw scale) did not

FIG. 3. Corticospinal tract (CST) tracing. Biotinylated-dextran amine (BDA)-traced CST axons (B–D, K, and O) approach
the lesion/transplant but do not extend into or around dissociated predegenerated nerve (dPDN) (A) or Schwann cell (J)
transplants. Dashed ovals demarcate similar regions in adjacent sections with green fluorescent protein-labeled transplants
(A and J) and BDA traced axons with cresyl violet counterstained nuclei (B and K). For a dPDN transplant case (A–I), CST
axons in three adjacent sections separated by 160 lm are depicted (B–D). Single sections through the dorsal CST are shown
for the SC (K) and SCI (O) groups. E, F, L, and P are enlargements of the boxed regions in D, K, and O, of the main
termination of the dorsal CST rostral to the injury/transplant. Fine CST axons were detected and terminated in retraction
bulbs in all cases (dPDN, G–I; SCs, M and N; SCI, Q and R). G–I, M, N, Q, and R are enlargements of the boxed regions in F,
L, and P (scale bars = 500 lm in A–D, J, K, and O; = 50 lm in E, F, L, and P; = 10 lm in G–I, M, N, and P–R; green, GFP-labeled
transplanted cells; brown, BDA-traced CST axons; blue, cresyl violet counterstained nuclei).
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significantly differ between the three groups (ANOVA:
F(2,26) = 0.4, p = 0.68; Fig. 7). There was wide variability in the
number of missteps between the different rats. Combined, all
groups showed a significant improvement on the ladderwalk
between 5 and 10 weeks (ANOVA: F(1,26) = 6.6, p < 0.05), as
detected by a decrease in the percentage of steps that were
missteps. No significant differences, however, were found in
any of the individual treatment groups following post-hoc
analyses.

Catwalk and inked footprints. To assess the pressure that
rats were exerting on their hindlimbs versus forelimbs while
walking, the difference in pixel intensity between the fore-
limbs and hindlimbs was examined (Fig. 8A). All groups
showed a shift toward placing more weight on their forelimbs
than their hindlimbs after injury. There was no difference
between the treatment groups (ANOVA: F(2,25) = 0.4,
p = 0.66). As the animals recovered after injury they altered
their gait (Fig. 8B). Prior to injury the footfall pattern during
stepping primarily used by the rats was to alternate between a
forelimb and a hindlimb. This step pattern is termed alternate
coordination (i.e., right forelimb [RF], right hindlimb [RH],
left forelimb [LF], left hindlimb [LH], or LF, RH, RF, LH).
After SCI, the rats increased the percentage of steps in which
they placed each forelimb in succession, before subsequently
moving each hindlimb in succession, starting with the hind-
paw on the same side as the last forepaw placed. This is
termed rotate coordination (i.e., RF, LF, LH, RH, or LF, RF,
RH, LH). Cruciate coordination is similar to rotate coordina-
tion, except the hindpaw opposite to the last forepaw placed
moves after the forepaws are moved (i.e., RF, LF, RH, LH, or
LF, RF, LH, RH). No differences were found between the
treatment groups in the type of coordinated stepping used to
cross the Catwalk. The Catwalk was also used to measure
stride length (Fig. 8C), and base of support (Fig. 8D) over the
course of the study. After injury the rats significantly in-
creased their base of support (ANOVA: F(2,50) = 117.6,
p < 0.001), and significantly decreased their stride length
(ANOVA: F(2,50) = 8.1, p < 0.001). No differences in base of
support or stride length were observed between the treatment
groups (ANOVA: base of support, F(2,25) = 0.56, p = 0.69;

stride length, F(2,25) = 0.05, p = 0.95; Fig. 6C and D). Inked
footprints taken at the end of the study resulted in similar
measurements to those determined with the Catwalk system
(right bars in Fig. 8C and D).

Discussion

Several reports indicate that transplantation of intact or
dPDNs are effective for improving axonal regeneration and
locomotor function after SCI (Ban et al., 2009; Dinh et al., 2007;
Feng et al., 2008; Ferguson et al., 2001; Rasouli et al., 2006).
Given that the methods differ significantly across the five
studies, we did not set out to precisely replicate the methods
of any one study. Instead, we tested whether the reported
beneficial effects of dPDN cells were robust and reproducible
in a standardized injury and transplantation model used in
our laboratory for years. We did not observe the previously
reported beneficial effects of PDN transplants. We will first
outline the similarities and differences between all the studies
(summarized in Table 2), and then discuss why dPDNs may
have failed in our hands.

Methodological differences between PDN studies

All the studies used rat SCI models, damaged the sciatic
nerve or its branches 1–2 weeks before nerve isolation, and
reported successful CST regeneration. The four studies that
assessed recovery of function using an open field locomotion
test reported beneficial improvements. None of the studies,
including those with allografts, used immunosuppression or
reliably identified the transplanted cells. Each differed with
respect to injury model and severity; methods of isolating,
processing, and transplanting the nerves; and the delay be-
tween SCI and transplantation. Several rat strains were used.

PDN grafts were successful in both contusion and dorsal
hemisection (dHx) models of SCI. Injury severity and delay
between injury and transplantation differed between contu-
sion studies. Feng and associates (2008) transplanted minced
PDNs 3 weeks after a T11 injury with a NYU-type device.
Rasouli and colleagues (2006) transplanted PDN grafts 1 week
after a 175 kD IH contusion injury at T10. Ban and co-workers
(2009) transplanted PDN cells 7 days after a 50 mm NYU

FIG. 4. Sensory testing. Following SCI there is an increase both in the force necessary to elicit hindlimb withdrawal (von
Frey testing; A), and the latency of hindlimb withdrawal to heat (Hargreaves testing; B). No differences were detected
between the treatment groups.
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FIG. 5. Motor testing by Basso Beattie Bresnahan (BBB) score. Neither dPDN nor SC transplants enhanced open field
locomotion as reflected by the BBB score (A) and subscore (B). Data points show mean – SEM. All animals recovered
occasional to frequent coordination to a similar extent (C). A greater proportion of rats with SC transplants showed earlier
recovery of consistent plantar stepping (D), enhanced toe clearance (E), and parallel paw position at landing (F). There is no
error associated with the proportion.
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contusion injury. dHx studies also used different delays be-
tween injury and transplantation. Dinh and associates (2007)
transplanted PDNs 1 week after a dHx at T10 and Ferguson
and colleagues (2001) transplanted intact or minced PDNs at
either 2 or 25 weeks after injury. These differences suggest that
the beneficial effects of PDNs are not dependent on injury
severity or the delay between injury and transplantation.

We used a 200 kD IH injury at T9 with a delay of 7 days
between injury and transplantation. This injury severity is
similar to the moderate 12.5 mm NYU contusion reported by
the Feng group (2008), and ranks between the more moderate
and severe contusion injuries used in the other two contusion
studies (Ban et al., 2009; Rasouli et al., 2006). Our delay be-
tween injury and transplantation was similar to that used in
the Ban (2009), Dinh (2007), and Rasouli (2006) studies. The
delay was also similar to the 7 to 10 day delay frequently used
to assess transplants in the injured spinal cord. This delay is,
however, shorter than the 2, 3, or 25 week delay examined by
Ferguson and associates (2001) and Feng and colleagues
(2008). We do not think the difference in transplant time ac-
counts for the differences seen in axonal growth and behav-
ioral outcomes between our study and that of Feng and co-
workers (2008). Previous studies with purified SC transplants
showed similar results when the cells were transplanted after
a delay of 7 days (Takami et al., 2002), or 8 weeks (Barakat
et al., 2005).

The previous studies also used several different methods to
prepare and transplant the PDNs. Intact or mechanically
dissociated PDNs as well as enzymatically dissociated PDNs

subsequently proliferated in vitro were all reported to be
beneficial. Intact PDNs were held in place by either sutures
(Dinh et al., 2007; Rasouli et al., 2006), or by using a collagen
solution (Ferguson et al., 2001). Mechanically dissociated
PDNs were resuspended in collagen with or without neuro-
trophic factors prior to injection into the injury site (Feng et al.,
2008; Ferguson et al., 2001). Dissociated PDNs were kept
in vitro for 1 week prior to collection and injection into the
lesion epicenter (Ban et al., 2009). The variety of methods used
to isolate and transplant the cells suggests that their effects are
not dependent on cell processing.

We combined the methods of the groups of Ferguson
(2001), Feng (2008), and Ban (2009) to prepare our cells. We
used both mechanically and enzymatically dissociated PDNs;
enzymes were necessary to more fully dissociate the cells so
that they could pass through the syringe and the fine-pulled
glass capillary injection pipette. Our previous experience with
labeled cells indicated that cells leak out of the cord when the
syringe alone is used, because of the long bevel of the Ha-
milton syringe needle tip. This does not occur when Hamilton
syringes are fitted with a smaller pulled glass pipette tip.

One critical difference between our study and those of Feng
and associates (2008) and Ferguson and colleagues (2001) is
that we did not add collagen or neurotrophic factors to the
PDN transplants. Given the claim that PDNs and PDN cells
promote regeneration, we did not want to confound our re-
sults by adding these factors. Moreover, three of the studies
reporting beneficial effects of PDN grafts on regeneration and
recovery of function did not use collagen or neurotrophic

FIG. 6. Distribution of BBB scores, BBB subscores, lesion volumes and transplant volumes for individual rats. Depicted are
the final individual BBB (A) and BBB subscores (B) for rats in which lesion and transplant volumes were quantified. Neither
lesion volume (C) nor transplant volume (D) correlated with final BBB score.
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factors (Table 2). Injection of collagen after SCI is sufficient to
promote CST regeneration in animal models ( Joosten et al.,
1995), and the addition of the neurotrophin NT-3 further
augments this response and results in improved function on
the gridwalk test (Houweling et al., 1998). Neither collagen
alone nor collagen plus neurotrophin controls were used in
the studies by Feng and associates (2008) and Ferguson and
colleagues (2001).

Several rat strains were used, including Wistar (Ban et al.,
2009) and Sprague-Dawley (Dinh et al., 2007; Rasouli et al.,
2006). Two studies did not report the strain (Feng et al., 2008;
Ferguson et al., 2001). The differences in rat strain suggest that
the effects of PDN grafts are independent of rat strain, and
should have been effective in Fischer rats, which do not re-
quire immunosuppression for allograft survival. But it should
be mentioned that there are reports of differences in outcomes
depending upon the rat strain used. Moreover, after contu-
sion, lesion size can vary markedly within the same strain of
Fischer rats reared in different facilities of the same company
(Bunge and Pearse, 2012).

FIG. 8. Motor testing by Catwalk and inked footprint. No significant differences were detected between control rats and
those receiving SC or dPDN grafts following gait analysis. In all groups, rats placed greater weight on their forelimbs after
SCI; A. Rats use a different pattern of stepping following injury (B). Catwalk and inked footprint analysis resulted in similar
results for stride length (C) and base of support (D).

FIG. 7. Motor testing on the ladderwalk test. All groups
improved on the ladderwalk between 5 and 10 weeks. No
significant differences were detected between the groups.
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The previous success of PDN grafts using a variety of
methods suggest that their effects are robust and not depen-
dent on the injury model, time between injury and transplan-
tation, method of cell preparation, or rat strain. It is unlikely
that the differences in the methods used between this study and
previous studies account for the failure to detect differences in
CST regeneration and recovery of function. And yet there are
numerous examples of replication studies that do not find the
same improvements that were reported in the initial publica-
tions (Bunge and Pearse, 2012; Sharp et al., 2012).

Consistency of the injuries

Consistent injuries are essential for assessing the success of
preclinical treatments in SCI animal models in both original
and replication studies. In the current study, we used the IH
impactor to produce the injuries and confirmed that the mean
injury severity and impact curves were similar between
treatment groups. The injuries resulted in cystic cavities of a
length comparable to those previously produced following
moderate contusion with the NYU device (Hill et al., 2001).
Not only was the histology consistent between our previous
work with the NYU device and the current study using the IH
impactor, but the recovery curve of our rats was also similar to
that of Basso and associates (1996) for rats with a moderate
12.5 NYU contusion (an injury equivalent to the 200 kD IH
injury used in the current study). Moreover, our BBB recovery
curves were identical for Experiments 1 and 2. Together, this
demonstrates that we were able to produce consistent and
reproducible SCIs.

In previous studies, the groups were relatively new to us-
ing spinal cord contusion models, and either used established
injury devices or developed their own (Ban et al., 2009, NYU,
T10, 50 mm; Feng et al., 2008, NYU-like, T11, 12.5 mm; Rasouli
et al., 2006, IH, T10, 175 kD). Injury parameters for the other
groups were not reported. The lesion sizes, based on the fig-
ures, are smaller than expected for moderate-to-severe spinal
cord contusion injuries in all three reports. The BBB recovery
curves differed from expected as well (Basso et al., 1996).
Together, this suggests variable and/or atypical contusion
injuries. Milder injuries result in more CST sparing and
improvement in locomotor function, and this could account,
in part, for the differences seen between this study and
previous findings.

Identification of the transplant

Previous studies did not reliably identify the PDN trans-
plants, which is essential for determining their consistency
and for understanding whether the beneficial effects are me-
diated by the transplanted cells. Because host SCs are present
within the spinal cord after injury (Beattie et al., 1997; Hill
et al., 2007; Takami et al., 2002; Zawadzka et al., 2010), reliable
markers are necessary. In the current study, GFP was used to
identify transplanted cells within the lesion; transplants were
detected in all cases. Volumes of dPDN and SC transplants
were consistent with our previous studies (Golden et al., 2007;
Hill et al., 2007). By identifying the transplant we were able to
demonstrate that dPDN grafts (and SC grafts) significantly
reduced the volume of cystic cavities. Cystic cavities that
persisted were similar in volume to those previously quanti-
fied (Pearse et al., 2004). These measurements further dem-
onstrated the consistency of our methods.

Assessment of axonal growth

The previous studies focused solely on anterogradely-
labeled CST axons. In addition to CST axons, we examined
NF + axons, sensory axons (CGRP + axons and CTb-traced
axons), and brainstem spinal axons (5-HT + axons). PDN
transplants promoted the ingrowth of NF + axons to a similar
extent as SC grafts. Based on axon quantification within
similar SC transplants (Golden et al., 2007), we estimate that
the total number of axons (myelinated and non-myelinated)
entering dPDN transplants was approximately 30,000–45,000.
Sensory axons from the anterolateral system, but not as-
cending dorsal columns, grew into dPDN transplants, as in-
dicated by the presence of CGRP + axons and the absence of
CTb-traced L3–L5 proprioceptive axons, similar to SC grafts
(Moon et al., 2006; Xu et al., 1997). The inability of the grafts to
promote proprioceptive axonal growth likely contributes to
the failure of animals to regain coordination (Metz and
Whishaw, 2002). 5-HT + axons, from the raphe in the brain-
stem (Bowker et al., 1981), were restricted to the margins of
the transplant. CST axons approached the lesion and splayed
around the rostral lesion margin, as did those in SCI and SC
controls.

There are several potential reasons for the discrepancies
between our CST results and those of previous reports (Ban
et al., 2009; Dinh et al., 2007; Feng et al., 2008; Ferguson et al.,
2001; Rasouli et al., 2006). The first is the amount of tracer
used. Previous studies used much larger volumes of tracer
(5–24 lL of BDA: Ban et al., 2009; Dinh et al., 2007; Rasouli
et al., 2006), or placement of dry WGA-HRP or BDA (Feng
et al., 2008). Leakage of tracer into the CSF can result in a
labeling artifact at the site of SCI (Steward et al., 2008). Indeed,
HRP staining was located on the meninges and within the
central canal in the Ferguson (2001) study, suggesting this
may have occurred. We used small injections of anterograde
tracer (1.2 lL total), as in our previous work documenting the
response of CST axons to contusive SCI (Hill et al., 2001).

A second reason could be variations in the sparing of CST
fibers. The failure to distinguish between spared and re-
generating fibers is a known complication of using partial
lesions (Steward et al., 2003). In our hands, a moderate spinal
cord contusion results in a complete loss of the dorsal CST, but
with occasional sparing of fibers in the dorsolateral or ventral
CST (Hill et al., 2001). In the work of Feng and associates
(2008), numerous labeled axons were detected laterally and
caudally in the only transplant case depicted (PDNs +
neurotrophins). Given the long, straight nature of the CST
labeling in the work of both Feng (2008) and Rasouli (2006), it
is possible that at least some of the labeled CST axons were
spared.

A third possibility is that our results are a false-negative
arising from the small number of rats that received CST tracing.
However, if this is true, then our results would indicate that the
effect of dPDNs on CST regeneration is not robust.

It is not surprising that dPDN grafts did not promote CST
axonal growth. The major cellular constituent of dPDN grafts is
SCs. SC and PN grafts do not promote CST growth (Chen et al.,
1996; David and Aguayo, 1981; Meijs et al., 2004; Menei et al.,
1998; Richardson et al., 1982; Xu et al., 1995b,1997,1999), even
when combination strategies are used (Fouad et al., 2005;
Golden et al., 2007; Guest et al., 1997; Hiebert et al., 2002; Xu
et al., 1995a), except for the addition of aFGF (Cheng et al., 1996).
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Assessment of locomotor function in dPDN grafts

We did not detect any improvement in motor function
following dPDN transplantation by multiple locomotor tests
(BBB, BBB subscore, inked footprint, Catwalk, and ladder-
walk). The validity of these results is supported by both the
consistency of our injuries (as indicated by similar impact
parameters between groups), and our ability to replicate our
BBB results between Experiments 1 and 2. This differs from
the work by Feng and associates (2008), in which the BBB
scores and recovery curves differed dramatically between
their two studies. Unlike some studies that had small sample
sizes per group (Feng et al., 2008), and high BBB score vari-
ability within groups (Feng et al., 2008; Rasouli et al., 2006),
the current study had a large number of animals per group
and very little variability (small SEMs). Importantly, the
number of animals reached sufficient power to be able to
detect a one point difference in the BBB scores had it been
present. We used stringent inclusion criteria for our rats. By
using the BBB scores at days 1 and 7 prior to transplantation,
we excluded rats showing early recovery and ensured
equivalent BBB scores between the groups at the time of
transplantation. This is in contrast to at least one study, in
which the BBB scores at the time of transplantation appeared
to differ between the groups (Dinh et al., 2007). In our study,
BBB testing was done following established protocols by two
observers with years of testing experience. This is in contrast
to the study by Feng and colleagues (2008), in which only a
single observer performed BBB testing and in which the BBB
recovery curves were atypical. The BBB recovery seen in
previous studies occurred slowly over several weeks in con-
trol animals and did not plateau as expected in graded, re-
producible injuries (Basso et al., 1996).

The rats in Experiment 2 underwent ladderwalk and
Catwalk locomotor tests and inked footprint analysis. No
behavioral improvements were detected following dPDN
transplantation, further confirming that dPDN transplants
failed to improve function. Previously, differences in hin-
dlimb exorotation were noted in two studies (Ban et al., 2009;
Dinh et al., 2007), but footprint parameters were not re-
corded prior to injury and the differences detected immedi-
ately after transplantation were maintained throughout
the study (Dinh et al., 2007), suggesting non-transplant-
mediated effects.

None of the previous studies used the Catwalk or ladder-
walk tests. Our results on the Catwalk test, measuring dif-
ferences in forelimb-hindlimb intensity (a measurement of
hindlimb weight support), were consistent with those previ-
ously reported after SCI (Liebscher et al., 2005). Overall, the
results from our comprehensive assessment of locomotor
function failed to detect any beneficial effect of transplanting
cells from dPDNs. Given the lack of CST, 5-HT, and ascending
sensory axonal growth, it is not surprising that we were un-
able to replicate the previously reported improvements in
locomotor function.

Assessment of locomotor function
in rats receiving SC grafts

Whereas the focus here was on the effects of dPDN trans-
plants, SC transplants were included in one of the two studies.
Similar to the dPDN transplants, SC transplants did not result
in improvement in locomotor function. Although there were

no significant improvements in the BBB subscore, in part be-
cause the low number of rats in the SC group resulted in the
group being statistically under-powered, an increased pro-
portion of SC transplant rats showed earlier recovery of some
aspects of function (Fig. 5D–F: consistent plantar stepping,
consistent toe clearance, and parallel paw position). This is
consistent with SC transplants having modest effects on some
aspects of locomotor function when used alone (Takami et al.,
2002).

Pain testing

Transplantation of stem cells can result in allodynia (Hof-
stetter et al., 2005). Enhanced CGRP sprouting after SCI re-
sults in abnormal innervation of the grey matter, and CGRP is
also associated with neuropathic pain, including allodynia
(Bennett et al., 2000; Oku et al., 1987). Although CGRP fibers
grew into both dPDN and SC transplants, for the first time we
demonstrate that neither dPDN nor SC grafts result in thermal
or mechanical hyperalgesia (Fig. 4).

SCs versus dPDNs

The results using dPDN grafts were similar to those testing
purified SCs despite the number of dPDN cells being less.
Because it was not possible to increase the number of dPDN
SCs, we do not know if they would have been more effective if
more numerous. Similar to SC transplants, combination
strategies may be required to enhance regeneration and re-
covery of function with dissociated or intact PDN transplants.
Whereas, augmentation of PDN grafts with neurotrophins
has been reported to further enhance axonal regeneration and
recovery of function (Feng et al., 2008; Ferguson et al., 2001;
Tinsley et al., 2006) we know for more about combination
strategies with SCs. Additionally, isolation of PDNs requires
crushing of the nerve 1 week prior to collection; in essence this
produces a conditioning lesion, a consequence of which is the
upregulation of regenerative genes and enhanced sensory
axon regeneration (Belyantseva and Lewin, 1999; Oudega
et al., 1994) including sprouting of CGRP axons which
are associated with neuropathic pain (Bennett et al., 2000).
Given that neuropathic pain is already a problem after SCI
(Anderson, 2004; Widerstrom-Noga and Turk, 2004), further
aberrant sprouting of pain fibers into the dorsal horn is not
desirable. Also, dPDN grafts are a mixed cell populations
containing SCs, fibroblasts, and activated macrophages.
Although activated macrophages have been tested in a Phase
I clinical trial because of their ability to promote axonal re-
generation and recovery of function (Knoller et al., 2005;
Schwartz and Yoles, 2005), there is substantial controversy
about their use given the dichotomous role of inflammation in
recovery after SCI (Popovich and McTigue, 2009; Schwartz
and Yoles, 2005), with the type of macrophage affecting
recovery (Kigerl et al., 2009). Because of these potential con-
cerns, it is our opinion that purified SCs, not dPDNs, should
be used to develop combination strategies.

Conclusion

In the current study, we tested the efficacy of transplanta-
tion of cells isolated from predegenerated sciatic nerve. Using
a standardized injury model and transplantation procedure,
we demonstrate that dPDN grafts survive within the injured
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spinal cord and promote the ingrowth of axons. dPDN grafts
did not promote long-distance axonal growth from corti-
cospinal axons, brainstem spinal axons, or ascending dorsal
column sensory axons. Moreover, using a battery of locomo-
tor tests (BBB, BBB subscore, inked footprint, Catwalk, and
ladderwalk), dPDN grafts failed to improve locomotor func-
tion after SCI. We conclude from our work that dPDN grafts
do not provide sufficient improvement in SCI repair.
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