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Abstract—Management of neuropathic pain remains problem-
atic; however, cell therapy to treat the effects of pain on the
sensory system after spinal cord injury (SCI) could be a useful
approach. Since many clinical trials ultimately do not succeed,
use of cell therapy will require that safety and efficacy issues be
addressed early in preclinical rat studies. We used the human
neuronal cell line hNT2.17, which secretes the inhibitory neuro-
transmitters gamma-aminobutyric acid and glycine, in an exci-
totoxic SCI pain model after intraspinal injection of quisqualic
acid into rats. One week after lumbar transplant of these cells,
behavioral hypersensitivity was permanently reversed. Antinoci-
ceptive grafts displayed an optimal transplant time that included
moderate effectiveness with chronic SCI and late graft placement
and that required a minimal course of cyclosporine A 2 weeks
after transplant for durable reversal of painlike behaviors. In
addition, grafts did not need to be placed near the SCI level to
be effective. These data suggest not only that these cells are
safe and efficacious but also that they could be an effective
clinical tool for treating SCI-associated neuropathic pain.

Key words: cell line, CsA, GABA, glycine, immunosuppres-
sion, inhibitory neurotransmitter, intrathecal, neuronal, preclini-
cal, rehabilitation, NT2.

INTRODUCTION

Treatment of sensory neuropathies that result in
chronic pain, whether inherited [1] or caused by trauma
[2], the progress of diabetes [3], or other disease states

[4], is one of the most difficult problems in modern clini-
cal practice. The prevalence of sensory neuropathies has
been conservatively estimated at 0.6 percent of the U.S.
population [5]. To the extent that low-back pain is some-
times neuropathic, the actual figure might be far higher.
Neuropathic pain might realistically affect 1.5 percent of
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the total population nationwide, and current pharmaco-
logical treatments have often proven ineffective or must
be used at impractical dose levels, such as with morphine
or its analogues [6]. Neuropathic pain is the most com-
mon type of chronic pain with spinal cord injury (SCI)
and results from the abnormal processing of sensory
input as a result of damage to the nervous system [7].
Identifying a specific stimulus or cause of neuropathic
pain, which is notoriously unresponsive to conventional
methods of pain treatment, is often difficult [8]. SCI pain
(also called central, dysesthetic, or diffuse pain) is neuro-
pathic pain at or below the level of injury and is often dif-
fuse and poorly localized. The onset of SCI pain is
usually weeks to months after injury [9–10]. Few
research studies have examined treatments for SCI pain
[11], and so far, few have shown any drug to be effective
for a significant number of people. The most used,
recently studied, and partially successful drug in animal
[12–13] and human studies [14–15] is gabapentin, a cal-
cium channel alpha2-delta ligand. But, a recent survey
found that few patients continue to use this frequently
prescribed agent [16]. Even so, individuals with SCI have
found pain relief, sometimes from a combination of drugs
and sometimes from drugs in combination with physical
therapy or other treatment modalities. Cell therapy to
release antinociceptive agents near the injured spinal
cord to provide ongoing pain relief would be a logical
next step in the development of treatment modalities [17–
18]. But few clinical trials, especially for chronic pain,
have tested the transplant of cells or a cell line to treat
human disease [19].

Centrally induced excitotoxic SCI in an animal
model has recently been developed as a model of neuro-
pathic pain. Intraspinal injection of quisqualic acid
(QUIS), a mixed AMPA (alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid)/metabotropic recep-
tor agonist, produces injury with pathological character-
istics similar to those associated with ischemic and
traumatic SCI [20]. The pathological changes after QUIS
injection include neuronal loss, demyelination, cavita-
tion, glial responses, perivascular changes, breakdown of
blood-brain barrier, and inflammation [21]. In addition,
significant mechanical allodynia and thermal hyperalge-
sia, or behavioral hypersensitivity induced by the SCI,
are important behavioral components. These behaviors
indicate altered sensory function and/or pain similar to
that reported after SCI. After spinal transplantation of
primary adrenal tissue grafts following QUIS injections,

behavioral hypersensitivity, including hypersensitivity to
mechanical stimuli, was significantly reduced [22].
These results suggest that some sort of intrathecal (IT)
cellular transplant would be a meaningful therapeutic
strategy for the large proportion of SCI patients reporting
intractable neuropathic pain [8].

Cell therapy to treat chronic pain, such as with adre-
nal chromaffin tissue, was conceived [23], demonstrated
through multiple animal studies [24], and then tested
clinically [25]. That therapy with adrenal chromaffin tis-
sue was finally discontinued may illustrate the need for
thorough preclinical testing before clinical trials with a
cell therapy approach. Certain reports contend that this
chromaffin cell therapy approach would have had prob-
lems clinically [26] with or without the clinically tested
microencapsulation [27] that surrounded the grafts to
prevent immune rejection [28]. These reports are in direct
contrast to an extensive history of success with chromaf-
fin cell therapy for pain in other animal studies [22,29].
These discrepant results suggest that translational
research needs to be considered in order for such cell
therapy to be successful [30].

The Food and Drug Administration (FDA) pathway
for moving a basic research discovery toward testing
with clinical trials includes a variety of steps. Beyond
publication of the first peer-reviewed proof-of-concept
(POC) study and initial discussions with the FDA to
obtain investigational new device (IND) approval, many
further POC studies can be implemented early in the pro-
cess to support the feasibility of a clinical trial, such as
(1) characterization of the cells in vitro and the in vivo
graft phenotype; (2) safety of the graft transplanted in the
naïve and injured animal; (3) correlation of a dose
response curve with behavioral outcomes; (4) graft timing
to duplicate efficacy acutely and chronically, including
issues of graft survival over long periods; (5) examina-
tion of immunosuppression regimens to minimize the
requirements for toxic immunosuppressive agents that
support graft survival; and (6) examination of graft loca-
tion to pinpoint the best placement of functional grafts. In
addition to the POC studies, a second large animal study
could be examined for safety (if not efficacy) of trans-
plant. Unspoken here are topics such as appropriate con-
trol data, independent replication studies, reduction of
possible investigator bias, and any procedural variations
that should be tested to ensure reproducibility and integ-
rity of data [30]. All are the minimum peer-reviewed
evidence that should follow the scientific standards for
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reliability of safety and efficacy before the considerable
expense of second-level studies that adhere to current
FDA good medical practice and current good laboratory
practice regulations and before IND application and
approval and clinical trials (phases I [safety], II [effi-
cacy], and III [applicability]) for a final product license.
Pre-IND discussions with the FDA determine appropriate
POC data and guide the highly regulated second-level
studies and initial clinical trial design and implementation.

Toward these ends, we have recently described the
isolation, characterization, and preliminary use of a
unique human neuronal inhibitory cell line, hNT2.17, a
derivative of the human NTera2cl.D/l (NT2) cell line par-
entage, to treat neuropathic pain [31] in an animal SCI
model. A phenotype abundantly present within the NT2
population synthesizes the inhibitory neurotransmitter
γ-aminobutyric acid (GABA) [32]. From the variety of
cell phenotypes expressed after differentiation from the
NT2 cell line, we sought to subclone a human neuronal
cell line from the NT2 heritage that was specific to the
synthesis and secretion of GABA, characterize these cells
in vitro, and test cell therapy with them in an SCI pain
model. In this article, we describe the effects of IT
grafted hNT2.17 cells in a model of excitotoxic SCI pain
and test their optimal graft timing, immunosuppression
regimen, and spinal IT location for attenuation of the
behavioral hypersensitivity that accompanies SCI. Each
study forms a subset of POC data that can be examined
by the FDA and illustrates how such first-level studies
can better ensure the clinical feasibility of treating SCI
neuropathic pain with such a cell-based approach.

METHODS

Development of Human hNT2.17 Cell Line
We subcloned a human neuronal cell line from the

parental NT2 cell line [33] by serial dilution and analyzed
multiple subclonal cell lines by using a variety of immu-
nohistochemical markers, including GABA, to determine
the differentiated neurotransmitter phenotype of the vari-
ous clones. We took advantage of a rapid aggregation
method [34] for retinoic acid (RA) treatment and differ-
entiation into the human neuronal phenotype to select cell
lines. Although we derived a number of human NT2 neu-
rotransmitter cell lines by these methods, we used the
hNT2.17 cell line for further characterization and trans-
plant in SCI pain.

The rapid aggregation method [34] for RA treatment
and differentiation was also used to prepare cultures of
differentiated hNT2.17 cells in vitro for characterization
and transplant. Briefly, proliferating cultures of hNT2.17
cells were grown to near confluence at 37 °C in prolifera-
tion medium: Dulbecco’s Modified Eagle Medium
(DMEM)/Ham’s F12 (GIBCO, Invitrogen Corporation;
Carlsbad, California)/10 percent fetal bovine serum
(FBS) (HyClone; Logan, Utah)/2 mM L-glutamine
(GIBCO) freshly added/1 percent penicillin-streptomycin
(PS) (GIBCO), with a media change every 3 days. When
cells were near 100 percent confluent, they were replated
to a 100 mm petri dish (VWR; West Chester, Pennsylva-
nia) in DMEM/high-glucose (HG)/10 percent FBS/10 µM
all-trans RA (Sigma; St. Louis, Missouri)/15 mM HEPES
(N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), pH
8.0/2 mM L-glutamine/1 percent PS, and continued for
2 weeks, with a media change every 2 days. After removal
of the cells with 0.5 mM ethylenediaminetetra-acetic acid
(EDTA), centrifugation, and resuspension, cells were
replated to 100 mm tissue culture dishes (BD Falcon; San
Jose, California) that had been coated with mouse laminin
(Biomedical Technologies, Stoughton, Massachusetts;
20 µg/mL in Dulbecco’s Phosphate Buffered Saline
[DPBS]/poly-L-lysine, Sigma; 20 µg/mL in phosphate
buffered saline [PBS]). They were then continued in
DMEM/HG/5 percent FBS/1 percent PS/L-glutamine,
2 mM, at a pH of 7.4, for 9 to 24 h, before the addition of
cytosine-D-arabinofuranoside (Sigma; 1 µM), plus uridine
(Sigma; 10 µM) for nonneuronal growth inhibition. After
7 days, cells were briefly exposed to warmed trypsin/
0.5 mM EDTA and adherent surface cells were removed
with DMEM/HG/5 percent FBS/PS/L-glutamine, 2 mM,
at a pH of 7.4. These cells were centrifuged, resuspended,
and replated on 60 mm tissue culture dishes (BD Falcon)
coated with mouse laminin (Biomedical Technologies,
Inc; 20 µg/mL in DPBS/poly-L-lysine, Sigma; 20 µg/mL),
and differentiated in DMEM/HG/5 percent FBS/PS/L-
glutamine, 2 mM at a pH of 7.4 at 37 °C for 2 weeks
before transplant, with a media change every 2 to 3 days.

Immunohistochemistry of hNT2.17 Cells In Vitro
Polyclonal antibody anti-fibroblast growth factor

(FGF)-4 (dilution 1:20) was purchased from R&D Systems
(Minneapolis, Minnesota). The polyclonal antibody
anti-GABA (dilution 1:100) was purchased from Protos
Biotech Corporation (New York, New York). The poly-
clonal antibody anti-glycine (dilution 1:200) was purchased
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from Chemicon (Temecula, California). Monoclonal anti-
body anti-bromodeoxyuridine (BrdU) (dilution 1:10) was
purchased from Becton-Dickson (San Jose, California).
The hNT2-17 cells, after 2 weeks of RA treatment and
mitotic inhibitors, were replated to eight-well laminin/
poly-L-lysine-coated Permanox slides and differentiation
continued for various times before immunostaining. The
cells were then fixed for 10 min at 4 °C with cold
4 percent paraformaldehyde and 0.1 percent glutaralde-
hyde in 0.1M phosphate buffer, pH 7.4. For the BrdU
immunostaining, after fixation and rinsing in PBS, pH 7.4
at room temperature, hNT2-17 cells were incubated with
2N hydrochloric acid (HCl) for 20 min at room tempera-
ture, rinsed three times with PBS, incubated with borate
buffer (pH 8.5)/0.01M boric acid/0.5M Na borate (1:1) for
15 min at room temperature, rinsed three times with PBS,
and then permeabilized for 30 min at room temperature
with blocking buffer before incubation with the primary
anti-BrdU antibody. For all in vitro immunostaining exper-
iments, after fixation and rinsing in PBS, pH 7.4 at room
temperature, fixed hNT2-17 cells were permeabilized for
30 min at room temperature with 0.5 percent Triton X-100
in PBS in the presence of 5 percent normal goat serum
(NGS) (the blocking buffer) before the addition of the
individual primary antibody, usually overnight at 4 °C.
The staining was completed by incubation with the spe-
cific anti-species immunoglobulin G secondary conju-
gated to Alexa Fluor 488 Green (dilution 1:100; Molecular
Probe; Eugene, Oregon) for 2 h at room temperature. After
staining, slides were coverslipped with the use of Vectash-
ield mounting medium with 4′6-diamidino-2-phenylin-
dole-2HCl (DAPI) (Vector Laboratories; Burlingame,
California). Photographic images were taken with a Zeiss
microscope (Axioplan II Metamorphosis program, Carl
Zeiss, Inc; Maple Grove, Minnesota). All immunohis-
tochemistry studies included sister wells that were exposed
to incubation in the absence of primary antibody to detect
any autofluorescence and that served as negative controls
for each experiment. All staining experiments were inde-
pendently repeated at least three times to ensure that the
micrographs were representative.

Animal Study Designs
The effect of graft timing, immunosuppression regi-

mens, and location of intrathecal grafts of these hNT2.17
cells on behavioral hypersensitivity was studied. Adult
male Wistar-Furth rats (approximately 200–250 g, Harlan
Laboratories; Indianapolis, Indiana) were used for all

behavioral experiments. The rats were housed two per
cage with rat chow and water ad libitum on a 12/12 h
light/dark cycle. They were acclimated and pretrained to
two behavioral tests: cutaneous tactile allodynia (CA)
(hindpaw withdrawal from normally innocuous mechani-
cal stimuli) and thermal hyperalgesia (TH) (hindpaw
withdrawal from a normally noxious heat source). These
tests were performed before injury and weekly over the
duration of the 60- to 90-day experiments. The animals
underwent an excitotoxic SCI (QUIS injection, thoracic
[T] 12 to lumbar [L] 1) to induce behavioral hypersensi-
tivity to tactile and thermal stimuli, as confirmed by a
vigorous response to behavioral testing. Two or six
weeks after injury, rats randomly assigned to be trans-
planted received a lumbar or cervical IT cell graft with
either viable hNT2.17 cells (either 2 × 106 or 106 cells/
injection, which had been differentiated for 2 weeks in
vitro before transplant) or negative-control nonviable
hNT2.17 cells (106 cells/injection). Another rat group
served as a control group and received the QUIS injec-
tion but no transplant. A third rat group received thoracic
laminectomy, but neither QUIS injection nor transplant
and served as the naïve controls. All animals received
cyclosporine A (CsA) immunosuppression (10 mg/kg daily,
intraperitoneal) for either 1 day before transplant and
14 days after transplant (2 weeks of CsA) or for only
1 day or 1 week. The animals were euthanized after 8 to
12 weeks of behavioral testing (after QUIS injection) and
examined for surviving grafted hNT2.17 cells.

All surgical interventions, pre- and postsurgical ani-
mal care, and euthanasia were performed in accordance
with the Laboratory Animal Welfare Act, Guide for the
Care and Use of Laboratory Animals (National Institutes
of Health; Department of Health, Education and Welfare,
Pub. No. 78-23, Revised 1978) and the guidelines pro-
vided by the Animal Care and Use Committees of the
Department of Veterans Affairs Medical Center and the
University of Miami, both in Miami, Florida. All behav-
ioral testing was performed under blinded conditions to
eliminate experimental bias; the data were analyzed and
unblinded by the statistician at the end of the experiment.
Each specific intervention or test will be subsequently
described in detail.

Excitotoxic Spinal Cord Injury
The spinal QUIS injury procedure with cell trans-

plant has been previously described [21]. To produce this
excitotoxic injury, we administered QUIS (nonsynthetic;
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Sigma), a glutamate receptor agonist, in sufficient con-
centrations (125 mM) to cause neuronal spinal cell loss
and demyelination.

The rats were anesthetized with a mixture of ketamine,
xylazine, and acepromazine (0.65 mL/kg). A laminec-
tomy was performed between T12 and L1. The rats were
then placed in a stereotaxic frame and their dura and
arachnoid were incised. Using a micropipette attached to
a Hamilton syringe (Reno, Nevada), we unilaterally
injected the QUIS into the dorsal horn 1,000 µm below
the surface of the cord in three separate injections 500 µm
apart. Each injection was 0.4 µL in volume for a total of
1.2 µL. Anatomically, the injection was located midway
between the central vein and dorsal root entry zone, just
lateral to the posterior columns. On pathological exami-
nation, these unilateral injections were centered in the
gray matter between spinal laminae IV and VI. A small
piece of sterile durafilm was placed over the dura (to pro-
tect the spinal cord and facilitate reopening of the dura
for transplantation) and the fascia and skin were closed.
Other than the anesthesia, no additional perioperative
analgesics were given. The animals recovered at 37 °C
for 12 h and then were returned to the animal care facility.

Cell Culture and Transplant of hNT2.17 Cells
Methods for the differentiation and transplant of

hNT2.17 cells have been previously described [31]. The
hNT2.17 GABA cells that had been predifferentiated for
2 weeks in vitro were prepared for transplant studies.
Briefly, cells were rinsed with warmed Cellstripper (Voigt
Global Dist; Lawrence, Kansas), media were replaced
with another 3 mL of Cellstripper for 1 min, and then
cells were rinsed with warmed Hank’s Buffered Salt
Solution (HBSS) for complete cell removal. Viability and
cell counts were assessed by trypan blue exclusion, and
the cells were suspended in 100 µL of Ca2+- and Mg2+-
free HBSS (CMF-HBSS). Typically, an aliquot of about
1 million cells was prepared immediately before each
transplant to assure near 100 percent viability at the
beginning of the experiment; grafting occurred within
30 min of cell preparation. Nonviable hNT2.17 cells were
prepared by initially resuspending 1 million cells in ster-
ile water, centrifugating them, checking them for viabil-
ity, and then resuspending them in CMF-HBSS for
transplant.

One day after showing a vigorous behavioral hyper-
sensitivity, the animals to be transplanted were anesthetized
with a mixture of ketamine, xylazine, and acepromazine

(0.65 mL/kg). For lumbar transplant, the previous lami-
nectomy site (T12–L1) was exposed. A small dural and
arachnoidal incision was made and a 2 to 3 mm segment
of polyethylene tubing connected to a micropipette was
inserted caudally through the durotomy. Either 2 or 6 weeks
after QUIS injection, 1 to 2 million cells (viable or nonvi-
able) were injected into the intrathecal space at spinal
segment L1–L3 and then the fascia and skin were closed.
The animals were allowed to recover at 37 °C for 12 h
and then were returned to the animal care facility. All
rats, including those not provided cell transplants,
received immunosuppressive therapy with CsA injected
intraperitoneally, typically beginning 1 day before cell
transplant and then daily for 14 days. These rats were
behaviorally tested for 56 to 90 days after the QUIS
injection.

Excessive Grooming Evaluation
Evaluation of excessive grooming was based on the

initial observations after QUIS injections to create behav-
ioral hypersensitivity [35]. Animals that developed auto-
phagia and excessive grooming over the hindlimb midthigh
ipsilateral to the spinal injection were included in a weekly
measure of lesion size after QUIS injection and transplant
of hNT2.17 cells, as described previously [35]. Lesion size
was measured from a grid drawing derived from digital
photographs of the lesions, and grooming was categorized
as either “improvement/resolution” or “worsening/no
change” for each animal at the time of transplant and the
end of each study.

Thermal Hyperalgesia Testing
Methods for testing TH with a Hargreaves’ device

have been described elsewhere [36]. Animals were placed
in a clear Plexiglas box on an elevated Plexiglas floor
where they were allowed to acclimate for approximately
5 min. A constant-intensity radiant heat source was aimed
at the midplantar area of each hindpaw. The time in sec-
onds from initial heat source activation until paw with-
drawal was recorded. Five minutes were allowed between
stimulations. Three to four latency measurements for each
hindpaw were recorded and the mean and standard error
of the mean (SEM) calculated for each hindpaw. Animals
were tested weekly for the duration of the experiment.

Cutaneous Tactile Allodynia Testing
CA, the occurrence of foot withdrawal in response to

normally innocuous mechanical stimuli, was tested with



150

JRRD, Volume 46, Number 1, 2009
an electronic von Frey anesthesiometer (IITC Life Sci-
ence Inc; Woodland Hills, California) [37]. Each rat was
placed in a Plexiglas box with an elevated mesh floor.
After the rat was allowed to acclimate for 5 min, the
device tip was applied perpendicular to the midplantar
area of each hindpaw and depressed slowly until the ani-
mal withdrew the paw from pressure. The value, in
grams, was recorded for each of three trials. A single trial
of stimuli consisted of three to four applications of the
instrument tip within 10 s to ensure that the response was
constant. The scores for each hindpaw were averaged and
the SEM calculated. These mean values were then used
for further statistical analyses to determine the effects of
the different treatments. The animals were tested weekly
for the duration of the experiment.

Immunohistochemistry In Vivo

Fixation
Spinal cords were fixed for examination of cell graft

survival and GABA and nuclear matrix antigen (NuMA)
staining 8 to 12 weeks after QUIS injury. Transcardial
perfusion with Lana’s fixative (4% paraformaldehyde and
0.1% gluteraldehyde in PBS) was performed. Rats were
euthanized for tissue fixation by a combination of pento-
barbital overdose (interperitoneal injection, 12 mg/100 g)
and exsanguination. Once the appropriate level of anes-
thesia was reached (i.e., no corneal or withdrawal
reflexes), rats were transcardially perfused with alde-
hydes. After perfusion, the spinal cords, including trans-
plant, were removed and histologically processed. After
removal from the vertebral column, cords were stored in
fix for 12 h at 4 °C. These cords were cryoprotected by
equilibration in 30 percent sucrose and PBS overnight at 4
°C and then frozen and stored at –80 °C. Cords were
embedded in Shandon-1 Embedding Matrix (Thermo
Electron Corp; Waltham, Massachusetts) and sagittally or
transversely cut in sequential 20 µm sections with a Cry-
ostat (Leica CM3050 S Cryostat, Micro Optics of Florida
Inc; Davie, Florida). They were collected on noncoated
slides (micro Slides, Snowcoat X-tra, Surgipath; Rich-
mond, Illinois). The slides were stored in a –20 °C freezer
and removed for defrosting before the immunostaining
procedures. Every second section was stained for the
human marker NuMA or GABA and dehydrated, cleared,
and mounted in Cytoseal 60 (Richard-Allan Scientific
[Thermo Electron Corp]) after antibody staining. Pro-

cessed slides were observed and photographed with a
Zeiss Axioplan2 research microscope.

NuMA Staining
Methods for staining spinal cord sections for human-

specific NuMA to identify NT2 neurons after grafting
have previously been described [38]. The sections were
washed with 0.1M PBS pH 7.4 and permeabilized with
0.4 percent Triton-X-100 in 0.1M PBS, 10 percent NGS,
and 3 percent poly-D-lysine (Sigma) for 1 h. The sections
were then incubated overnight at 4 °C in the primary anti-
NuMA antibody (10 mg/mL DPBS; EMD Biosciences;
San Diego, California) and the permeabilizing solution,
followed by a 1 h incubation at room temperature with the
secondary antibody solution, biotinylated mouse raised in
goat (Vector Laboratories), a Peroxidase ABC reporter in
0.1M PBS (Vector Laboratories), and “VIP” substrate
(Vector Laboratories). Some sections were stained in the
absence of primary antibody and served as the negative
controls.

GABA Staining
Methods for staining lumbar spinal cord sections for

GABA were adapted from methods described elsewhere
[39]. Sections were incubated with the primary antibody
GABA (1:500; Protide Pharmaceuticals, Inc; Lake Zur-
ich, Illinois) with 0.4 percent Triton-X-100 in 0.1M PBS
and 10 percent NGS overnight at 4°C, followed by a 1 h
incubation at room temperature with the secondary anti-
body solution, biotinylated guinea pig raised in goat
(Vector Laboratories) in 0.4 percent Triton-X-100 in
0.1M PBS and 10 percent NGS, a Peroxidase ABC
reporter in 0.1M PBS (Vector Laboratories), and “VIP”
substrate (Vector Laboratories). Some sections were
stained in the absence of primary antibody and served as
the negative controls.

Statistical Analysis
Mean difference scores, based on three pairs of deter-

minations, and the corresponding SEM were calculated
for each sensory behavior session and each experimental
animal. Evaluation of the SEM showed high stability of
the within-animal daily measurements. Therefore, we
performed further statistical analyses using the mean val-
ues, not the weighted mean values, obtained for each rat
for each session. Repeated measures analysis of variance,
with use of a General Estimating Equation approach (SAS
Proc Mixed, SAS Institute Inc; Cary, North Carolina) was
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used to assess overall treatment effects. We also per-
formed a cross-sectional analysis, including pairwise
comparisons of daily group mean values, using Tukey’s
method to adjust for the multiplicity of the comparisons.
All analyses were performed with SAS software (SAS
Institute) and p-values less than 0.05 are reported. After
adjusting for multiple comparisons whenever possible, we
considered all values statistically significant. The various
data sets, including surgeries, behavioral outcomes, and
statistical analysis, were all performed under double-
blinded conditions, breaking the codes for the identity of
rats and groups only with the statistician’s analyses.

RESULTS

Differentiated hNT2.17 Neuronal Cells In Vitro
Critical to the eventual use of differentiated hNT2.17

cells as a transplant source are their morphological homo-
geneity and exclusive neuronal and inhibitory phenotype.
To be scaled-up to a manufactured product, batches of dif-
ferentiated cells should exhibit consistent physical proper-
ties. Once the hNT2.17 cells begin differentiation and
after treatment with RA and mitotic inhibitors in vitro,

they can easily be transferred to tissue culture flasks or
slides for examination. Neuron-specific markers, such as
human neuron-specific enolase (NSE) were present as
soon as 4 days of differentiation, and NSE remained
intense throughout at least 5 weeks of differentiation in
vitro [31]. When examined by phase microscopy during
differentiation, the cells immediately extend long pro-
cesses at 1 day in vitro. Within 2 weeks, the cells continue
to extend long fibers but aggregate as balls of cells, even-
tually forming dense fiber networks extending from the
balled cells at 4 weeks of differentiation (Figure 1(a)).
The hNT2.17 cells have been kept as long as 50 days of
differentiation in culture, forming very dense fiber net-
works that cover the plate surface. Easily observable dur-
ing early differentiation with an antibody stain for GABA,
all the hNT2.17 cells stain for the inhibitory neurotrans-
mitter. Both the cell soma and extending fibers contain a
strong GABA signal (Figure 1(b)). As the fibers extend
during differentiation, the fiber GABA signal becomes
concentrated and punctate-like in bouton-like structures
as early as 2 weeks in vitro. As the fibers become exten-
sive, the punctate concentration of GABA becomes more
pronounced in extending fibers [31].

Figure 1.
Morphology of differentiation of hNT2.17 cell line in vitro. hNT2.17 cell line was treated for 2 weeks with retinoic acid and mitotic inhibitors and
lifted to substrate-coated, eight-well plastic tissue culture slides for differentiation, phase microscopy, and immunostaining. (a) By 2 weeks in
vitro, cells aggregate in balls and continue to extend multiple fibers during differentiation (4 weeks), which become a dense fiber network by
50 days of differentiation. (b) All hNT2.17 cells stain very brightly for inhibitory neurotransmitter γ-aminobutyric acid (GABA) (2 weeks). Both
cell soma and extending fibers contain strong GABA signal. As fibers extend during differentiation, fiber GABA signal becomes concentrated
and punctate-like in bouton-like structures as early as 2 weeks in vitro. Magnification bars = (a) 20 µm and (b) 30 µm.
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hNT2.12 Cells are Nontumorigenic and Colocalize 
GABA and Glycine

The parental NT2 cell line has historically been dem-
onstrated to change its phenotype to nontumorogenic
after differentiation with RA in vitro [40], allowing it to
be transplanted into the central nervous system (CNS)
[41] and used safely in human studies [42]. Here, the
hNT2.17 switches from a proliferating to a nonproliferat-
ing phenotype after RA exposure. BrdU immunostaining
has been used as a marker for proliferating cells in vitro
[43] and in vivo [44], since dividing cells incorporate
BrdU-labeled uridine into newly made deoxyribonucleic
acid (DNA). The hNT2.17 cells were exposed to 1 µM
BrdU in vitro during either proliferation or differentiation

before anti-BrdU immunostaining. Following 3 days of
proliferation in the presence of BrDU, the BrdU signal
was intense and found in all the dividing cells (Figure 2(a)).
After 1 week of BrdU exposure during the first week of
differentiation, hNT2.17 cells remained viable, as evi-
denced by DAPI staining (Figure 2(b)). The same field
of differentiated hNT2.17 cells showed no BrdU signal
(Figure 2(c)).

The inhibitory neurotransmitters GABA and glycine
and their decrease in models of pain have been implicated
as likely causes for the induction and maintenance of
neuropathic pain. A cellular minipump that could supply
both to the injured CNS might be the basis of a strategy
for grafts that recover sensory modulation after SCI. In

Figure 2.
hNT2.12 cells are nontumorigenic and colocalize γ-aminobutyric acid (GABA) and glycine. hNT2.17 cells were exposed to 1 µM
bromodeoxyuridine (BrdU) (a) during 3 days of proliferation or (b)–(c) for 1 week during differentiation in vitro. (a) Proliferating cells
incorporate abundant BrdU during proliferation. (b) Viable differentiated cells were labeled with DAPI (4′6-diamidino-2-phenylindal-2HCl)
stain, while (c) the same field of differentiated cells did not incorporate any BrdU during differentiation. After 2 weeks of treatment with retinoic
acid (RA) and mitotic inhibitors, hNT2.17 cells cease dividing and differentiation proceeds without further cell division. (d)–(f) hNT2.17 cell line
was treated for 2 weeks with RA and mitotic inhibitors and lifted to substrate-coated, eight-well plastic tissue culture slides for differentiation and
immunohistochemistry for glycine and GABA. (d) All hNT2.17 cells stain very brightly for inhibitory neurotransmitter GABA (red) at 4 weeks
of differentiation. (e) These same cell bodies and extending fibers stain brightly for glycine (green). (f) When the two labels are merged with
Metamorph imaging software, all cells colabel GABA and glycine (arrows). Magnification bar = 10 µm.
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one example of hNT2.17 cells in vitro (Figures 2(d)–(f)),
cells were differentiated for 4 weeks and stained for both
GABA (Figure 2(d), red) and glycine (Figure 2(e),
green). When these images are merged, the two neu-
rotransmitters overlap 100 percent (Figure 2(f), yellow/
orange) and all the hNT2.17 cells synthesize both GABA
and glycine with differentiation (Figure 2(f), arrows).

Localization and GABA Phenotype of Grafted 
hNT2.17 Cells After QUIS SCI

Important to safety considerations and prediction of
the mechanisms of grafts on sensory behaviors after
transplant is the ability to identify the grafts in vivo and
determine the permanence of the neurotransmitter pheno-
type under those conditions. Transplanted spinal cord
sections were collected 8 weeks after QUIS injection and
visualized with specific human and neurotransmitter anti-
body markers GABA (Figure 3(a), arrows) and NuMA
(Figure 3(b), arrows). Many of these grafted hNT2.17
cells survived (Figures 3(a)–(b), arrows) on the pia near
the lumbar cord for at least 6 weeks after QUIS injection
and transplant, and apparently all cells retained their

GABA expression after transplant, in a rat excitotoxic
SCI pain model [31].

Sensory Behaviors After Transplant of hNT2.17 
GABA Cell Line

Acute Versus Chronic Graft Times
Assessment of behavioral hypersensitivity (CA and

TH) after transplant of hNT2.17 cells at 2 or 6 weeks
after QUIS injection (Figures 4(a)–(b)), where cells had
been predifferentiated in vitro for 2 weeks before graft-
ing, showed no difference between QUIS alone (data not
shown) and the QUIS plus nonviable hNT2.17-grafted
animals. Baseline CA values for these groups ranged
from 33.03 to 34.77 g (± 0.85 SEM). At 90 days after
QUIS injection, the CA values ranged from 14.77 to
16.33 g (± 0.83 SEM). Baseline TH values for these groups
ranged from 13.44 to 14.70 s (± 0.47 SEM). At 90 days
after QUIS injection, the TH values ranged from 8.89 to
9.72 g (± 0.54 SEM). All animals undergoing excitotoxic
QUIS injury demonstrated significant CA and TH in the
hindpaw ipsilateral to the site of injury that persisted for
the duration of the experiment. Animals undergoing

Figure 3.
γ-aminobutyric acid (GABA) and nuclear matrix antigen (NuMA) immunostain of quisqualic acid (QUIS) plus hNT2.17 transplanted rat spinal
cord. (a) Sagittal section of anti-GABA immunostained QUIS + hNT2.17 transplanted lumbar spinal cord 6 weeks after grafting. Easily
detectable hNT2.17 cells stain for GABA (arrows) on pial membranes. (b) Sagittal section of anti-NuMA immunostained QUIS + hNT2.17
transplanted lumbar spinal cord 6 weeks after grafting. Easily detectable hNT2.17 cells stain for NuMA (arrows) on pial membranes in adjacent
sections. Magnification bar = 20 µm.



154

JRRD, Volume 46, Number 1, 2009
QUIS plus viable cell transplant (at 106 cells/injection) at
2 weeks after QUIS injection showed potent (near com-
plete) reversal of CA and TH behaviors 1 week after
transplantation that persisted for the duration of the
experiment. For CA behaviors (Figure 4(a)), 2 weeks
(28 days) after transplantation of 106 live hNT2.17 cells,
withdrawal pressures had returned to 32.47 ± 0.65 g (p <
0.001). For TH behaviors (Figure 4(b)), 2 weeks
(28 days) after transplantation of 106 live hNT2.17 cells,
withdrawal latencies had returned to 12.66 ± 0.30 s (p <
0.001). At day 14 (immediately before cell grafting), no
significant differences existed between the QUIS plus
hNT2.17 transplant and QUIS alone or QUIS nonviable
graft groups. From day 21 onward, only the QUIS plus
hNT2.17 transplant animals had improved CA and TH
scores; they showed significant differences compared
with the QUIS alone or QUIS plus nonviable graft ani-
mals at 28 days onward. The IT hNT2.17 cell grafts com-
pletely and permanently reversed both CA and TH when
transplanted 2 weeks after SCI, and these effects per-
sisted throughout the 90 days. No significant difference
was found in the results when the graft cell number was

doubled to 2 million, rather than the 1 million, at the 2-week
time point. Results when the 6-week graft time was used
were mixed. When transplanted 6 weeks after SCI, the
hNT2.17 grafts completely reversed TH. One week after
the 6-week graft (49 days), a return to baseline values
occurred (13.67 ± 0.34 s, p < 0.001). Immediately before
the live hNT2.17 cell graft (42 days after QUIS injection),
the values had been reduced to 10.92 ± 0.21 s, which was
not significantly different from QUIS alone (p < 0.001).
CA was only partially attenuated but was significantly
improved over the nonviable cell transplant (p < 0.01).
One week after the 6-week graft (49 days), the CA value
was 24.71 ± 0.74 g (p < 0.01). The CA attenuation repre-
sents about 70 percent of that achieved when the grafts
were placed 2 weeks after QUIS. These improvements in
behavioral hypersensitivity lasted throughout the 3-month
duration of the experiment.

Various Immunosuppression Regimens
The assessment of behavioral hypersensitivity (CA

and TH) with various immunosuppression regimens
(Figures 5(a)–(b)) after transplant of hNT2.17 cells,

Figure 4.
Sensory behaviors after quisqualic acid (QUIS)-induced spinal cord injury (SCI) and acute versus chronic transplant of hNT2.17 cells in vivo.
Rats were spinally injected with QUIS before cell transplant. All rats received cyclosporine A 1 day before and for 2 weeks after the 2- or 6-week
time points at which some animals were injected with cells. Rats were either left untreated, injected with QUIS alone, or injected with QUIS plus
viable (2 × 106 or 106 cells/injection) or nonviable hNT2.17 cells (106 cells/injection) into subarachnoid space. Rats were tested before SCI
(baseline) and once a week following QUIS injection and treatments for hypersensitivity to (a) tactile or (b) thermal stimuli in hindpaws below
SCI. QUIS injury negatively affected hindpaw responses bilaterally, but ipsilateral hindpaw was most affected by QUIS injection (shown here).
Data represent mean ± standard error of the mean at each time point before and 91 days after QUIS injection. Only 2-week transplant time after
SCI permanently and completely attenuated both cutaneous tactile allodynia and thermal hyperalgesia induced by QUIS injection. Six-week
transplant time partially attenuated cutaneous tactile allodynia.
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where cells had been predifferentiated in vitro for 2 weeks
before grafting, showed no significant difference
between the QUIS alone and the QUIS plus CsA animals.
All animals undergoing excitotoxic QUIS injury demon-
strated significant CA and TH in the hindpaw ipsilateral
to the site of injury that persisted for the duration of the
experiment. Baseline values for CA behaviors (Figure 5(a))
ranged from 25.20 to 33.47 g (± 0.93 SEM). At 56 days,
the values for CA behaviors ranged from 14.33 to
22.22 g (± 0.91 SEM). Baseline values for TH behaviors
(Figure 5(b)) ranged from 12.36 to 16.37 s (± 0.46 SEM).
At 56 days, the values for the TH behaviors ranged from
9.56 to 12.50 s (± 0.38 SEM). Animals undergoing
hNT2.17 cell transplantation accompanied by 2 weeks of
CsA immunosuppression showed complete reversal of all
behavioral hypersensitivity. The recovery occurred 1 week
after transplantation and was maintained for the 56-day
course of the experiment. One week of CsA administra-
tion following transplant resulted in permanent reversal
of CA but only temporary reversal of TH. One day of
CsA administration with transplant resulted in temporary

reversal of both CA and TH. Regarding CA behaviors,
when immunosuppression was provided for 2 weeks after
transplantation (28 days) of 106 live hNT2.17 cells, with-
drawal pressures returned to 31.13 ± 0.76 g (p < 0.001)
(Figure 5(a)). Regarding TH behaviors, when immuno-
suppression was provided for 2 weeks after transplanta-
tion of 106 live hNT2.17 cells, withdrawal latencies
returned to 14.09 ± 0.28 s (p < 0.001) (Figure 5(b)).
Results were mixed when other CsA regimens were used.
For CA behaviors, cell transplantation plus 1 week of
CsA immunosuppression resulted in a significant (p <
0.001) and persistent return to baseline withdrawal laten-
cies. Transplantation plus 1 day of immunosuppression
showed an initial return to baseline levels by day 35 but a
decrease in values starting at day 42 and a return to near-
injury withdrawal levels by the end of the experiment at
day 56. For TH behaviors, transplantation plus 1 week of
CsA immunosuppression resulted in a significant (p <
0.001) but temporary return to baseline withdrawal laten-
cies by day 35 that fell by day 56. Transplantation plus
1 day of immunosuppression showed an initial return to

Figure 5.
Sensory behaviors after quisqualic acid (QUIS)-induced spinal cord injury (SCI) and transplant of hNT2.17 cells with various
immunosuppression regimens in vivo. Rats were either left untreated, injected with QUIS alone, or injected with QUIS plus hNT2.17 cells (106

cells/injection) into subarachnoid space 2 weeks after QUIS injection. All rats received cyclosporine A (CsA) 1 day before or 1 day before and for
either 1 or 2 weeks after the graft placement time point. Rats were tested before SCI (baseline) and once a week after QUIS injection and
treatments for hypersensitivity to (a) tactile or (b) thermal stimuli in hindpaws below SCI. Both ipsilateral and contralateral hindpaws recovered
at least partial degree of normal sensory responses to tactile and thermal stimuli after transplant of hNT2.17 at 2-week graft time point, compared
with QUIS injury alone. QUIS injury negatively affected hindpaw responses bilaterally, but ipsilateral hindpaw was most affected by QUIS
injection (shown here). Neither hindpaw recovered normal tactile or thermal responses after QUIS alone by 56 days after injection. Data represent
mean ± standard error of the mean at each time point before and 56 days after QUIS injection. Only CsA injected 2 weeks perigraft permanently
and completely attenuated tactile allodynia and thermal hyperalgesia induced by QUIS injection.
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baseline levels by day 35 but a decrease in values starting
at day 42 and a return to below injury withdrawal levels
by day 56.

Grafts Placed at Two Different Spinal Levels
With grafts placed at either lumbar or cervical loca-

tions (Figures 6(a)–(b)), all animals undergoing excito-
toxic QUIS injury demonstrated significant CA and TH
in the hindpaw ipsilateral to the site of injury that per-
sisted for the duration of the experiment compared with
naïve animals (p < 0.001). Animals undergoing QUIS plus
lumbar cell transplant (at 106 cells/injection) 2 weeks
after QUIS injection showed potent (complete) reversal
of CA and TH behaviors 1 week after transplantation that
persisted for the duration of the experiment. For CA
behaviors and lumbar transplant (Figure 6(a)), 2 weeks
after grafting (28 days), values had returned to 30.48 ±
1.42 g (p < 0.001). For TH behaviors and lumbar trans-
plant (Figure 6(b)), 2 weeks after grafting, values had
returned to 14.22 ± 0.61 s (p < 0.001). Results were
almost identical when the cervical transplant site was
used. When cells were grafted cervically, the observed
attenuation represented recovery of normal sensory TH

and CA that was statistically indistinguishable from the
recovery seen with a lumbar graft site for transplants.
With CA behaviors and cervical transplant, 2 weeks after
grafting (28 days), values had returned to 29.32 ± 1.12 g
(p < 0.001). With cervical transplant and TH behaviors,
at 2 weeks after grafting, values had returned to 13.37 ±
0.68 s (p < 0.001). Comparison of group mean values
showed no significant differences between the two
groups at days –14, –7, and 0. At day 14 (immediately
before cell grafting), no significant differences were
found between the QUIS plus hNT2.17 transplant and
QUIS alone groups. From day 21 onward, both the lum-
bar and cervical QUIS plus hNT2.17 transplant animals
had improved CA and TH scores, showing significant
differences at 28 days onward compared with QUIS
alone. Transplants collected 8 weeks after QUIS injection
were visualized with the specific human and neurotrans-
mitter antibody markers NuMA and GABA for grafts
placed at cervical or lumbar locations (data not shown).
Grafted cells expressing both NuMA and GABA were
seen when the cells were grafted in the lumbar region. No
grafts were visible when the cervical surface was exam-
ined after cervical placement of grafts. No surviving cells

Figure 6.
Sensory behaviors after quisqualic acid (QUIS)-induced spinal cord injury (SCI) and transplant of hNT2.17 cells at two spinal levels in vivo. Rats
were either left untreated, injected with QUIS alone, or injected with QUIS plus hNT2.17 cells (106 cells/injection) into lumbar or cervical
subarachnoid space 2 weeks after QUIS injection. All rats received cyclosporine A (CsA) 1 day before and for 2 weeks after graft placement time
point. Rats were tested before SCI (baseline) and once a week following QUIS injection and treatments for hypersensitivity to (a) tactile or (b) thermal
stimuli in hindpaws below SCI. QUIS injury negatively affected hindpaw responses bilaterally, but ipsilateral hindpaw was most affected by
QUIS injection (shown here). Neither hindpaw recovered normal tactile or thermal responses after QUIS alone 60 days after injection. Data
represent mean ± standard error of the mean at each time point before and 56 days after QUIS injection. Both lumbar and cervical graft placement
with SCI permanently and completely attenuated tactile allodynia and thermal hyperalgesia induced by QUIS injection.
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were detected at the cervical site with a lumbar graft or
on the lumbar site with a cervical graft (data not shown).

Change of GABA Signal in Lumbar Spinal Cord with 
Injection of QUIS

When the sensory lumbar dorsal horn (Figures 7(a)–
(b), arrows) of the spinal cord is examined for the pres-
ence of a GABA signal 4 weeks after QUIS injection, the
ipsilateral horn (Figure 7(a)) apparently contains few
GABA-positive cells in the outer (laminae I–II) dorsal
horn (arrow) compared with the contralateral side (Fig-
ure 7(b)) at the same lumbar level, but GABA positive
dorsal horn cells are also seen (arrow).

Effects of hNT2.17 Cell Grafting on Excessive 
Grooming Related to QUIS Injection

Injection of QUIS causes ipsilateral excessive
grooming behaviors and autophagia that does not resolve
without intervention (Figure 7(c), left). When exces-
sively grooming rats that had been transplanted with
either viable or nonviable hNT2.17 cells and exposed to
different immunosuppression regimens were examined
for development, resolution, worsening, or no change of
excessive grooming, a trend toward improvement was
associated with viable grafts and at least 1 week of
accompanying CsA immunosuppression. When trans-
plant was delayed to 6 weeks, no improvement in exces-
sive grooming was seen (Figure 7(c), right).

DISCUSSION AND CONCLUSIONS

More than two decades ago, it was discovered that
when treated with RA, the human embryonal carcinoma
cell line NT2 differentiates irreversibly into several mor-
phologically and phenotypically distinct cell types, which
include terminally differentiated postmitotic CNS neu-
rons [45–46]. Successive replating of RA-treated NT2
cells in the presence of growth inhibitors results in the
isolation of purified human neurons [45], which have
been extensively characterized and tested in vivo in
numerous animal models of traumatic injury and neuro-
degenerative disease [47–48]. This NT2 human neural
cell line has been used for various studies that reveal regu-
lation of an oncogenic phenotype by agents such as RA
[49–50] and has been well characterized for the expres-
sion of a variety of neural phenotypic properties [51–53]
and proteins [54–55] with differentiation of the cells in

vitro and in vivo [56]. The potential application of NT2
neurons in cell transplantation therapy for CNS disorders
and their use as vehicles for delivering exogenous pro-
teins into the human brain for gene therapy have been
envisioned [57]. Such NT2 neurons have been used in
phase I clinical trials for the treatment of stroke [58–59],
and this cell line or its derivatives can likely be used for
further reparative transplant strategies. In our initial
report, hNT2.17 cells, a unique and derivative cell line of

Figure 7.
Change in lumbar spinal dorsal horn γ-aminobutyric acid (GABA)
signal with injection of quisqualic acid (QUIS), and resolution of
excessive grooming in rats with hNT2.17 cell graft. Transverse sec-
tions of lumbar spinal cord were collected 4 weeks after QUIS injec-
tion and stained for presence of GABA interneurons in dorsal horn
sensory areas. (a) Ipsilateral to QUIS injection, GABA interneurons
are barely detectable (arrow), with neck of dorsal horn greatly shrunk
by SCI. (b) Contralateral side is much less damaged, and some
GABA-stained cells are visible in outer laminae (arrow). Within 10 to
12 days after QUIS injection, rats begin to develop excessive groom-
ing behaviors on ipsilateral dermatome associated with spinal injec-
tion level and (c) by 3 to 4 weeks, autophagia has progressed (left) to
prominent lesion. Excessively grooming rats from different transplant
groups (right; n = 20) were monitored for improvement or worsening
after transplant of hNT2.17 cells (viable or dead), little or minimal CsA
immunosuppression (1 day or 1 week immuno), and delayed trans-
plant time (6 weeks) versus normal (2 weeks) of either 2 × 106 or 1 ×
106 viable graft. At least 1 week of immunosuppression, 2-week graft
time, and viable grafts of at least 1 × 106 hNT2.17 cells showed trend
toward improved or resolved excessive grooming related to QUIS
injection.
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this NT2 parentage, have demonstrated the potential to
treat the behavioral hypersensitivity associated with exci-
totoxic SCI [31].

Translational studies that describe basic research
approaches to what is expected or hoped to be able to be
moved to a clinical setting have seen a significant
increase in recent peer-reviewed publications [60]. But
even with the great interest in and funding directed
toward translational research, this promise remains unful-
filled. Part of the problem, at least in the treatment of
chronic and neuropathic pain, has been the difficulty with
the most appropriate animal model [61] to use for basic
research, as well as the disconnect between behavioral
outcomes examined in animal studies and those reported
in the presentation of pain in a clinical setting [62]. The
animal model we used—excitotoxic SCI after spinal
injection of the glutamate agonist QUIS—has many
advantages over other commonly used SCI models, such
as weight-drop contusion, clip-compression, focal-laser,
or dorsal hemisection. These advantages include (1) the
spinal injury (chemical lesion) has no effect on motor
behaviors, including no apparent complications of paraly-
sis or loss of bowel and bladder function [35], especially
important when sensory evoked responses are used as an
outcome; (2) the excitotoxic SCI pain model has been
used to evaluate the effects of (other types of) cell trans-
plantation to reverse the chronic behavioral allodynia and
hyperalgesia [22] that this lesion of the dorsal horn pain-
processing centers produces; (3) the model is reproduc-
ible for progressive syringomyelia and pain after SCI
[63]; and (4) the spread of secondary injury over time to
spinal segments rostral and caudal to the injury site is
critical to the nature and distribution of SCI pain [64],
and QUIS injection produces spontaneous pain that
results in excessive grooming and autophagia behaviors
in the dermatomes associated with the SCI level. In
human hands, CA and TH are not only reproducible but
also permanent. Only a severe SCI caused by spinal con-
tusion or compression results in permanent and reproduc-
ible behavioral hypersensitivity [65–66], making long-
term studies difficult and associated with poor animal
survival and other complications. Only a few SCI models
that induce behavioral hypersensitivity have shown good
efficacy with cell transplant treatments, and with the
exception of our own [31,67–72], few studies to date
have extended the cell therapy concept for SCI beyond a
single publication, no matter the animal model.

Such a history in translational work begs the question
of investigator bias or reproducibility. These issues can
be difficult to clarify, again using adrenal chromaffin
graft therapy as a model, which was tested with encapsu-
lation technology to limit rejection of xenografts [73].
Various laboratories were able to replicate the initial
basic research in both peripheral [74–76] and central
[29,77] models of pain. But the question of investigator
bias has been suggested [26]. Certainly a good base of
technical expertise is required to fairly replicate any sci-
entific experiments. Most of the data presented in this
article were gathered by an independent neurosurgeon at
our facility but with shared technical staff. But more
importantly, the various data sets, including surgeries,
behavioral outcomes, and statistical analysis, were all
performed under double-blinded conditions, breaking the
codes with the statistician to attempt to limit possible
bias. Indeed, some small differences exist in behavioral
outcomes in the cell-graft dosing study [71] compared
with the initial publication [31]. But the published con-
clusions, with replication by another investigator, are the
same in all studies: (1) when the QUIS model of SCI-pain
is used, hNT2.17 grafts provide 100 percent efficacy [72]
and (2) 1 × 106 hNT2.17 cells/injection is the optimal
dose for this efficacy [71].

A topic similar to optimal dose is the timing of the
initiation of cell therapy, since cell grafts might not be the
first treatment choice but rather used as an adjunct to a
time course of pharmacotherapy with a drug such as
gabapentin [14]. A recent study suggests that most neuro-
pathic pain that accompanies SCI begins early after
injury [15], but a variety of allopathic pharmacological
treatments could be expected to be tried before cell ther-
apy intervention, and the neuropathic pain would be
chronic in these patients with nonoptimal pain relief.
Indeed, our planned phase I trial design for the use of the
hNT2.17 cells to treat SCI pain expects to use a popula-
tion with stable SCI (2 years or longer). Although our
data suggest that the earlier the initial grafting the better
the outcome, even a graft provided 6 weeks after SCI in
the rat provided ≥70 percent efficacy. The mechanism by
which the human grafts provide such differences in efficacy
is currently unknown, but reduced localization of pain
perception in forebrain areas is one tempting theory [78].
If so, providing cell therapy in addition to a patient-based
biofeedback method and the ability to modulate such per-
ception is an exciting possibility [79]. But more studies
on a possible spinal-level mechanism for the grafts are
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needed and must examine changes to the animal host
rather than have a singular focus on the precise pheno-
type of the hNT2.17 cells. Phenotype analysis could
rather be the basis for establishing the unchanging
potency of the cells once their preparation is scaled-up
for clinical use, i.e., 2-week differentiated hNT2.17 cells
synthesize and secrete a known range of GABA and gly-
cine per million cells, as was measured by HPLC (high-
performance liquid chromatography) in vitro [31]. Such
information is expected to be part of the pharmacology
profile for the cells but is not necessarily required for
good pain control in the patient.

Additionally, the issues regarding any required
immunosuppression regime for spinal intrathecal cell
transplants are complex [80], even considering possible
toxicity associated with CsA use and cell therapy [19].
But some trends are seen in the current animal work with
the hNT2.17 grafts: (1) a minimal course of immunosup-
pression with CsA, about 1 to 2 weeks after transplants,
is required; (2) this minimal CsA course ensures optimal
efficacy in reversal of the behavioral hypersensitivity
associated with SCI-pain; (3) less than minimal immuno-
suppression (1 day) only provides minimal efficacy; and,
(4) longer than the optimal time course of CsA does not
improve efficacy significantly. The differences in recov-
ery of CA versus TH when less than 2 weeks of immuno-
suppression are provided is also interesting to note. A
mixed CsA effect occurs after 1 week of treatment and
seems to preserve the antiallodynic effects of the trans-
plants but not the antihyperalgesic effects. Certainly the
grafts do not survive as well as when 2 weeks of CsA is
provided for immunosuppression. We examined immuno-
stained sections at the end of the experiment (data not
shown), and although reliable quantification of grafts is
almost impossible, there were clearly fewer surviving
grafts with less than 2 weeks of CsA. A “critical” number
of functioning grafted cells could influence or perma-
nently affect CA versus TH. Also, CA is likely modu-
lated differently than TH; this difference is seen in the
timing studies. We have seen similar differences in previ-
ous studies of the effects of timing with cell therapy and a
peripheral model of neuropathic pain [81]. Precise
answers as to possible mechanisms are difficult, but one
value of preclinical studies is that they can reveal such
differences in outcomes. All further studies using the
hNT2.17 cell graft to attenuate pain will include experi-
ments addressing behavioral testing of various immuno-
suppressive regimens, including models of diabetic

neuropathic pain and peripheral nerve injury. One possi-
bility would be to use other types of noxious and nonnox-
ious stimuli, such as cold and brush stimulation, to see
whether behavioral outcomes remain differently modu-
lated by different doses of CsA.

Another important clinical issue involves optimal
location of grafts for pain relief. Lumbar intrathecal
transplant is easiest in humans and was used in all the
earlier adrenal chromaffin cell therapy for chronic pain in
humans [82–83]. But neuropathies in upper limbs are
common with SCI [84] and peripheral nerve injuries [85].
Our data suggest that a cervical graft completely reverses
behavioral sensitivity measured in the hindlimbs about
equally as well as a lumbar graft. Although these differ-
ing graft sites were examined some 6 weeks after trans-
plant with no surviving cervical grafts visible, such
cervical grafts were efficacious for the behavioral hyper-
sensitivity from a low thoracic SCI. At this point, it is
logical to speculate that upper-limb neuropathies could
be attenuated by lumbar grafts of these same cells.

The absence of grafted cells after cervical transplant
was surprising, but given our group’s expertise in finding
grafted cells at late time points, such as 8 to 12 weeks
after lumbar intrathecal transplant, this result is believ-
able. Our own studies [31] and others indicate that NT2
grafted cells (hNT2.17 is a subclone of this parentage) do
not migrate after placement in or near the spinal cord, so
migration is not a likely explanation. Only when cells
were placed in the (lumbar) IT space could grafts be
found (within a few segments of L1–L4). One possible
explanation comes from cerebrospinal fluid (CSF) flow
studies [86]. Although the lumbar IT space is larger than
the cervical space, it has relatively stagnant flow to com-
pensate for intraspinal/intracranial pressure changes. CSF
flow is greatest in the cervical space, perhaps a result of the
“bottleneck” at the entrance to the brain. However long
the grafts might survive on the cervical pia (and they
must be there for awhile to produce identical effects as
lumbar placement), by the end of the experiment, they
will have likely eroded into the CSF flow.

The safety of use in humans is a final preclinical
question for feasibility studies. The question of possible
tumorigenicity in the eventual clinical use of any differ-
entiated cells is relevant to their characterization in vitro
and in vivo [40]. The parental NT2 cells are classified as
embryonic carcinoma cells because they originate from testi-
cular germ cells and express the same cell-surface anti-
gens during proliferation. Exposure of NT2 (proliferating)
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cells to RA results in postmitotic hNT2 cells, which do
not form tumors or revert to a neoplastic state with trans-
plantation [87]. When hNT2.17 cells are treated with RA
and mitotic inhibitors and differentiated in vitro, they
cease to express the tumor markers TGF-α (transforming
growth factor) and FGF-4 [31]. Additionally, BrdU immu-
nostaining has been used as a marker for proliferating
cells in vitro [43] and in vivo [44], since dividing cells
incorporate BrdU-labeled uridine into newly made DNA.
We demonstrate here that differentiated hNT2.17 neurons
cannot incorporate BrDU with differentiation, in contrast
to the proliferating hNT2.17 cell line, suggesting that the
differentiated hNT2.17 cells do not demonstrate any fea-
tures of a tumor cell line, much like the NT2-N parent.
Tumor proteins are abundant in the proliferating
hNT2.17 cells, suggesting that only a differentiated
hNT2.17 cell would be safe to transplant in vivo. Graft-
ing well-differentiated hNT2.17 cells into the CNS does
not form tumors in rats and supports such a contention.

The mechanism of action by which the grafts attenu-
ate behavioral hypersensitivity in this SCI model is,
admittedly, a weakness of our current understanding of
hNT2.17 neurons. A role for GABA as an antinocicep-
tive molecule to modulate excitatory neurotransmission
both basally and temporarily after nerve damage or SCI
is suggested by a number of studies with GABA receptor
agonists, such as the GABA-B agonist baclofen.
Baclofen has been shown to produce presynaptic inhibi-
tion of primary afferent terminals [88], and it inhibits the
release of the excitatory neurotransmitters glutamate [89]
and substance P [90] from the primary afferents.
Baclofen has been shown to be antinociceptive in various
behavioral studies in chronic pain models [91–94], prob-
ably due to degeneration or loss of dorsal horn GABA
interneurons. Clinical studies of central pain following
SCI and IT injection of GABA receptor agonist baclofen
have had variable results [95–96]. Baclofen reduced cen-
tral pain in one patient with SCI in a double-blind clinical
trial [97]. An IT bolus injection of baclofen reduced con-
tinuous central pain and allodynia/hyperalgesia in three
of six patients after SCI [98]. In another study using con-
tinuous IT baclofen infusion [99], benefits were seen
only for musculoskeletal pain associated with spasticity.
However, tolerance to IT baclofen is one of the many
confounding problems associated with its long-term use
for SCI-associated therapy [100]; additional complica-
tions are associated with the use of IT catheters for
mechanical pump delivery of antinociceptive agents

[101]. Alteration of the endogenous spinal GABA system
after SCI plays a potentially major role in the induction
and maintenance of chronic pain in humans. Here, the
differentiated hNT2.17 cells can not only release the
inhibitory neurotransmitters GABA and glycine but also
secrete them basally without stimulation. We can argue
that if, indeed, the grafts make and secrete a dose of
GABA and glycine near the lumbar dorsal horn sensory
areas or into the CSF, the balance might be tipped toward
a recovered inhibitory influence, which seems to be lost
in this SCI model. Future studies will include the use of
IT GABA and glycine receptor antagonists during behav-
ioral testing in the presence and absence of grafts so that
we may understand whether GABA or glycine secreted
from transplants is modulating these behaviors.

The question of the nature of the allodynia and hyper-
algesia observed in animal studies remains a difficult one.
One recent argument is that these behavioral hypersensi-
tivities are evoked reflexive motor behaviors rather than
spontaneous painful responses. Perhaps more appropriate
is the inclusion of data from the nonreflexive excessive
grooming associated with QUIS injections [35] and the
aggressive grooming exhibited by Wistar Furth male rats
[102]. Like these and other studies with the QUIS model,
such behaviors are not consistent among all animals, with
at least 30 percent of rats never developing this auto-
phagia [35]. In the current study, a group of rats that
developed significant excessive grooming were followed
over time, and although the data can only be reported as a
trend, early transplantation of viable hNT2.17 cells with
adequate immunosuppression seemed to help resolve the
autophagia behaviors and decrease lesion size. Whether
allodynia and hyperalgesia actually represent clinical
pain remains an open question, although both are widely
used to report efficacy of various treatments for neuro-
pathic pain of central or peripheral origin.

Data presented here suggest that grafts of the
hNT2.17 inhibitory human neuronal cell line reverse the
behavioral hypersensitivity induced by SCI. These grafts
seem to improve the ability of the spinal cord sensory
system to handle the aberrant spinal processing of both
painful and nonpainful stimuli that might lead to chronic
neuropathic pain. These grafts also at least partially ame-
liorate neuropathy even with chronic SCI. Whatever
mechanism is induced by the presence of these transplants,
they are able to be safely placed distant from spinal injury
level, adding another desirable feature to their clinical
feasibility. The differentiated hNT2.17 cells appear free
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from the danger of tumor formation and possess a stable
neuronal phenotype making them attractive candidates
for further development as a clinical pain treatment.

In summary, many preclinical questions can be easily
addressed by animal studies before the expense of sec-
ond-tier FDA certification and phase I trials. Further
development and transplant of the human hNT2.17 cell
line, which is a stable human cell line that can be stored,
expanded, analyzed for absence of human pathogens, and
delivered to a surgical site for use in neuropathic pain, are
reasonable first steps in moving cell therapy for pain
closer to clinical application.
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