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Abstract

Penetrating traumatic brain injury (PTBI) is one of the major cause of death and disability worldwide. Previous studies

with penetrating ballistic-like brain injury (PBBI), a PTBI rat model revealed widespread perilesional neurodegeneration,

similar to that seen in humans following gunshot wound to the head, which is unmitigated by any available therapies to

date. Therefore, we evaluated human neural stem cell (hNSC) engraftment to putatively exploit the potential of cell

therapy that has been seen in other central nervous system injury models. Toward this objective, green fluorescent protein

(GFP) labeled hNSC (400,000 per animal) were transplanted in immunosuppressed Sprague–Dawley (SD), Fisher, and

athymic (ATN) PBBI rats 1 week after injury. Tacrolimus (3 mg/kg 2 days prior to transplantation, then 1 mg/kg/day),

methylprednisolone (10 mg/kg on the day of transplant, 1 mg/kg/week thereafter), and mycophenolate mofetil (30 mg/kg/

day) for 7 days following transplantation were used to confer immunosuppression. Engraftment in SD and ATN was

comparable at 8 weeks post-transplantation. Evaluation of hNSC differentiation and distribution revealed increased

neuronal differentiation of transplanted cells with time. At 16 weeks post-transplantation, neither cell proliferation nor

glial lineage markers were detected. Transplanted cell morphology was similar to that of neighboring host neurons, and

there was relatively little migration of cells from the peritransplant site. By 16 weeks, GFP-positive processes extended

both rostrocaudally and bilaterally into parenchyma, spreading along host white matter tracts, traversing the internal

capsule, and extending *13 mm caudally from transplantation site reaching into the brainstem. In a Morris water maze test

at 8 weeks post-transplantation, animals with transplants had shorter latency to platform than vehicle-treated animals.

However, weak injury-induced cognitive deficits in the control group at the delayed time point confounded benefits of

durable engraftment and neuronal differentiation. Therefore, these results justify further studies to progress towards

clinical translation of hNSC therapy for PTBI.
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Introduction

Traumatic brain injury (TBI) is a critical public health

problem worldwide.1 TBI involving firearm injury is an in-

creasingly serious issue in the United States, costing > $70–75

billion annually.2,3 Timely neurosurgical intervention aided by

improved neuroimaging and advances in acute trauma management

have lowered the firearm fatality rate.4–6 The proportion of gunshot

wound survivors among disabled TBI patients has been rising

steadily.7–12 Among brain injuries, penetrating traumatic brain in-

juries (PTBI) are associated with the worst outcomes,13–15 and no

effective restorative treatment beyond physical therapy is currently

available to mitigate post-TBI disability and associated cogni-

tive deficits.16–18 Therefore, there is an urgent need to explore

additional treatment options to address long-term TBI-related

disabilities.

Failure of injury-induced regenerative neurogenesis, chronic

inflammation, and atrophy underlie poor outcomes.19–21 Loss of

neurons and consequent brain atrophy in TBI survivors22–25 has

been recapitulated in a survivable rat model: penetrating ballistic-

1Miami Project to Cure Paralysis, Miami, Florida.
2Branch of Brain Trauma Neuroprotection and Neurorestoration, Center for Military Psychiatry and Neuroscience, Walter Reed Army Institute of

Research, Silver Spring, Maryland.
3Neuralstem, Inc. Germantown, Maryland.
*The first two authors contributed equally.

JOURNAL OF NEUROTRAUMA 34:1981–1995 (June 1, 2017)
ª Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2016.4602

1981



like brain injury (PBBI)26–28 Because of the extremely rapid cell

loss following PBBI, acute neuroprotection alone has had limited

success in mitigating damage.29,30 Therefore, exploration of ex-

ogenous cell transplantation to aid recovery is necessary.

Human amniotic membrane placental stem cells (AMP) have

been used in PBBI.26,31 AMP secreted trophic factor releases sig-

nificantly attenuated axonal degeneration.26,31,32 Among the non-

neural stem cells from which neural stem cells (NSC) have been

derived, AMP have exhibited the best potential and ability to al-

leviate TBI-related cognitive deficits.33,34 In contrast to few reports

of mesenchyme-derived NSC integration,35–38 neural precursors

have been the subject of several successful studies.39–44 Im-

munodeficient rodents or host immunosuppression with allograft-

ing45,46 provide the best-case scenario for engraftment. Upon

engraftment, xenografted NSC aid endogenous repair and behavior

modification.47–50 In contrast, first trimester (8–15 weeks) human

fetal neural stem cells conferred only early, transient alleviation of

TBI deficits.51–60 In spite of xenotransplantation, there was no

consensus on necessity or duration of immunosuppression59,61,62

The resulting immunorejection hindered engraftment and long-

term survival in rodent models of TBI.63 Poor transient engraftment

was marked by low neuronal differentiation of transplanted

cells.52,55,64 Such confounding data dampened enthusiasm for

clinical translation. Only recently, to overcome these shortfalls, a

novel TBI xenotransplantation model with athymic (ATN) rats was

developed, and brain repair was tested with long-term (‡ 2 months)

human embryonic stem cell (hESC) derived NSC (hNSC) trans-

plantation. Transplanted hNSC survived for at least 5 months post-

transplantation and differentiated into mature neurons, astrocytes,

and oligodendrocytes. The hNSC transplantation facilitated cogni-

tive recovery without affecting either lesion volume or tissue vol-

ume.65 Similar to rat NSC, an overall increase in host hippocampal

neuron survival was observed.47,65 The authors concluded that hNSC

transplantation may be a viable, long-term therapy to restore cog-

nition after brain injury.65 The United States Food and Drug Ad-

ministration (FDA) (Rockville, MD) recommends that evidence of

cell fate post-administration is necessary to uncover the activity and

safety profile of the investigational cell therapy product. This can be

achieved by demonstration of robust durable engraftment.66,67

In the past decade, Neuralstem Inc. had developed NSI-566, an

epigenetically expanded bank of NSC derived from the 8-week-old

human fetal spinal cord, which is not on the federal moratorium list

for funding.68 These cells have been subject to extensive pre-

clinical safety testing and characterization, by multiple indepen-

dent laboratories with multiple immunosuppression regimens.69–76

The cells are produced under Current Good Manufacturing Practice

(CGMP) regulations enforced by the FDA, and have been recently

tested in several animal models. The FDA has approved the use of

these cells in amyotrophic lateral sclerosis (ALS) and chronic

spinal cord injury clinical trials.

In this proof-of-concept study, we evaluated the aforementioned

fetal spinal cord-derived human neural stem cell line (NSI-566) in

three strains of rats subjected to PBBI, and assessed survival, dif-

ferentiation, distribution, and long-term effect on injury-deficit.

Methods

Study design and animals

All animal procedures followed guidelines established by the
National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals, Animal Research: Reporting of In Vivo Ex-
periments (ARRIVE), and were approved by the Walter Reed

Army Institute of Research (WRAIR) and University of Miami’s
Institutional Animal Care and Use Committees. Animals were
randomized to experimental groups. Surgical procedures were
performed under aseptic conditions. To identify which rodent strain
best supported xenotransplantation, Fisher 344 and Sprague–
Dawley (SD) with unilateral PBBI were produced. SD and Fisher
344 animals served as test strains to establish efficacy of a chemical
immunosuppression regimen. The ATN SD ‘‘nude’’ rats served
as positive control, as they lack T-cell-mediated immunity (see
Table 1 for animal use). All animals were acquired from Envigo
(Indianapolis, IN) at 2–3 months of age, and were operated on at an
initial weight of ‡280 g. Following establishment of the transplant
paradigm, behavioral assessments were evaluated in a separate study
with immunosuppressed SD rats. The sample size calculations are
described in the subsequent behavior testing section. Digitizing be-
havioral data from recorded video tapes, green fluorescent protein
(GFP) cell number quantitation in histological sections using unbi-
ased stereology was performed by investigators blinded to the study
design and experimental groups. They were also not involved in
surgeries, behavior testing, or planning of the experiments.

Anesthesia

Anesthesia was induced with isoflurane (2–5%) delivered in a
mixture of 70% nitrogen and 30% oxygen. Body temperature was
maintained at normothermia (37 – 1�C) throughout all surgical
procedures by means of a homeothermic heating system (Harvard
Apparatus, South Natick, MA).

PBBI

The PBBI apparatus consists of a penetrating probe (Kadence
Science, Lake Success, NY), a stereotaxic frame (Kopf, Tujunga,
CA) equipped with a probe holder, and a hydraulic pressure-pulse
generator (4B080; MITRE, MA). The penetrating probe is made of
a 20G stainless steel tube with fixed perforations along one end that
are sealed by a piece of airtight elastic tubing. The anesthetized rat
was secured in a stereotaxic frame, and an incision was made along
the midline to expose the dorsal surface of the skull. A cranial
window was made at +4.5 mm anterior-posterior (AP) and +2mm
medial-lateral (ML) from bregma on the right frontal pole. The
multi-port balloon-tipped probe was inserted through the burr hole
12 mm into the brain at an angle 25 degrees lateral from midline and
50 degrees deep from the surface. The balloon was then rapidly
expanded with water to 6.33 mm diameter for 40 ms by activating
the HPD-1700 generator to induce a unilateral PBBI at 10% brain
volume. This level of expansion produced a severe but survivable
(< 10% mortality) temporary cavity mimicking a ballistic shock-
wave. The probe was retracted from the rat, the wound was closed
with 9 mm wound clips, and the incision site was treated with
topical antibiotic.77

Cell transplantation

Transplants were performed 7–10 days following injury. This
time point was selected based on the expected abatement of the
initial injury-induced inflammatory response and the scheduled
immunosuppression regimen, and to avoid freezing or prolonged
storage of cells. The anesthetized rat was secured in a stereotaxic
frame, and the scalp was reopened along the midline to expose the
skull surface. A Hamilton 8000 Gastight 10 lL micro syringe was
backfilled and flushed with suspension media and then attached to
a World Precision Instruments UMP3 micro syringe injector and
micro4 controller. The syringe was filled with NSI-566 cells in
suspension media (concentration of 100,000 cells/lL).47 A burr
hole was made at -2.5 mm AP and +3 mm ML from bregma, ip-
silateral to the injury. The micro syringe was lined up at -2.5 mm
AP and +3 mm ML from bregma and advanced vertically 6 mm
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deep into the brain. Using the micro pump preset, 2 lL were in-
jected at a rate of 1 lL/min. The needle was then retracted to 4 mm
depth from the brain surface, and another 2 lL were injected. The
transplant locations were within the perilesional zone (PLZ) of the
injury, adjacent to the primary injury cavity. This PLZ was pre-
viously determined by autoradiographically mapping regional
metabolic disruption and secondary cell death in this region fol-
lowing injury.78

Immune suppression

Tacrolimus was administered intraperitoneally (i.p.) at 3 mg/kg
beginning 2 days prior to transplantation and continued daily for 2
weeks, then switched to 1 mg/kg/day for the rest of the survival
period. Methylprednisolone was injected i.p. weekly beginning
on the day of transplant at 10 mg/kg, continuing thereafter at
1 mg/kg throughout the course of survival. Mycophenolate mo-
fetil in 5% dextrose was injected i.p. 30 mg/kg daily, only for the
1st week following transplantation.71,79,80 The animals were
maintained on a 12 h/12 h light/dark cycle and given food ad
libitum. They were provided an enhanced recovery diet following
surgical procedures until baseline weight was re-established.
Immune-deficient animals were handled under a laminar airflow
hood, in a dedicated closed vivarium room, with sterile gloves for
all long-term care procedures.

Behavior testing with the Morris water maze
(MWM) test

Sample size calculations for behavioral outcome in this model
were computed a priori with software ‘‘G*Power 3.1’’ with type I
error a set at 0.05 with power (1-type II error b) 0.8 and estimated
effect size (Cohen’s d) d = 0.66.77 Learning and memory were as-
sessed at 8 weeks following transplant using the MWM with video
tracking system. A platform was placed in a pool (75 cm deep;
175 cm diameter filled to a depth of 60 cm with water maintained at
temperature of 22�C) just under the water level at a fixed location
35 cm from the wall of the pool in the northeast quadrant. For each
trial, the rat was released into the pool facing the wall from north,
south, east, or west starting positions. The north and east start po-
sitions were designated short arms and the south and west positions
were designated long arms. Start position of each trial was semi-
random, alternating short and long, with each start point used once

daily. Once released, the rat was allowed to swim until it reached
the platform, or until a period of 60 sec had elapsed. If the rat failed
to reach the target in the given period, it was manually placed on the
platform. Once on the platform, the rat was allowed 10 sec rest
before being returned to the cage for a 4–5 min inter-trial rest. Four
trials (one at each start position) were performed daily over the
course of the first 4 days. Latency to platform presented as the
mean – standard deviation in contrast to previously used methods
with the TBI, PBBI models with cell transplantation, where the
deficit persisted at least 10 weeks following injury.47,65,77,81 The
EthoVision Video Tracking Software (Noldus EthoVision XT) was
used to confirm latency to reach platform (which was manually
recorded with a stopwatch immediately after the trial); path length
and swim speed were traced from video using EthoVision. Animals
with evidence of far greater than average transplant rejection
(criteria such as surviving transplant cell counts at 8 weeks below
one third of average cell survival, and the presence of immune
cells) were excluded from behavior analyses.

Specimen collection and histology

Rats were perfused transcardially with 0.1 M phosphate-
buffered saline (PBS), followed by cold 4% paraformaldehyde
(PFA) in 0.1M phosphate buffer. Brains were dissected out and
post-fixed in 4% PFA for 12 h, then transferred to a 30% sucrose
solution for 24 h. Brains were frozen in M-1 embedding matrix
using dry ice, and stored at -20�C before being sectioned on a
cryostat at 40 lm thickness. Sections were stored free floating in
0.02% sodium azide in PBS prior to immunohistochemistry.
Samples were assessed with the following primary antibodies: anti-
GFP (Millipore MAB1083), NeuN (Millipore MAB377), dou-
blecortin (DCX) (Millipore AB2253), glial fibrillary acidic protein
(GFAP) (Dako Z0334), Olig2 (Millipore AB9610), HuNu (Milli-
pore MAB1281), Ki67 (Millipore AB9260), nestin (Millipore
ABD60), MBP (Covance, SMI 94), and Calbindin (Cell Signaling
#2136X). Appropriate fluorescent secondary antibodies were
used (Life Technologies) with 2-(4-amidinophenyl)-1H-indole-6-
carboxamidine (DAPI) prior to mounting and imaging.

Imaging and analysis

Volumetric GFP cell counts were generated using the physical
fractionator method in StereoInvestigator (version 10.6 Stereo

Table 1. Experimental Groups, Sample Size, and Figures

Exp no. Measurement Experimental group n/group Results

1 Engraftment
Week 1 post-transplantation Athymic SD PBBI+hNSC 1
Week 1 post-transplantation SD PBBI+hNSC 2 Fig. 2
Week 2 post-transplantation Athymic SD PBBI+hNSC 1
Week 2 post-transplantation SD PBBI+hNSC 2 Fig. 3
Week 5 post-transplantation Athymic SD PBBI+hNSC 1
Week 5 post-transplantation SD PBBI+hNSC 2 Fig. 1
Week 8 post-transplantation Athymic SD PBBI+hNSC 7
Week 8 post-transplantation Fisher PBBI+hNSC 6
Week 8 post-transplantation SD PBBI+hNSC 10 Figs. 1–3

2 Morris Water Maze SD-Sham 11 Fig. 7A and B
SD-PBBI-Vehicle 9
SD-PBBI+hNSC 9a

Week 8 post-transplantation SD-PBBI+hNSC 6/9a Figs. 4 and 6
Week 16 post-transplantation SD-PBBI+hNSC 3/9a Figs. 1,3,4–6

aThree animals from this group were allowed to survive for 16 weeks post-transplantation histology.
The first column lists the major experiment. The subsequent columns lists outcome measured, experimental groups, and number of rats per group, and

in which figures the results are presented.
PBBI, penetrating ballistic-like brain injury; hNSC, human neural stem cell.
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Investigator, MBF Bioscience, Williston, VT) on evenly spaced
(0.2 mm apart) brain sections, and used to calculate estimated total
cell survival. The percentage of NeuN and GFP double-positive
cells in grafts was determined by analysis of raw image files with
Imaris 6.0.0.1 software. High-resolution fluorescent images were
generated on a confocal microscope (n = 3–5 sections/brain; 3
brains/group). Using Imaris analysis software (version 8.0.1), and
based on NeuN-positive host hippocampal neurons, the fluores-
cence intensity and object diameter were estimated. This served as
the threshold for NeuN signal; similarly, a GFP limit was set using
the transplanted cells. Points of NeuN-positive signal were auto-
matically counted by approximate diameter and intensity based on
host neurons (using the Spots tool). Similarly, GFP-positive points
were counted based on diameter and relative background subtrac-
tion. The co-occurrence of both signals as calculated by the Imaris
software was used to estimate NeuN positivity of grafts at 8 and 16
week time points. The synaptophysin signal was similarly analyzed
in Imaris by comparing the occurrence of synaptophysin-positive
spots at a set signal threshold in sample sites from transplant lo-
cation versus contralateral regions of host brain expressing no GFP
signal. The incidence of synaptophysin signal was compared
overall between GFP-negative and GFP-positive tissue.

Statistical analysis

Histopathological and behavioral end-points were compared by
independent samples t tests or analysis of variance (ANOVA)
followed by Fisher protected least significant difference (PLSD)
post-hoc and paired t test analyses when appropriate (SigmaStat).
All data are presented as the mean – standard deviation, and p
values <0.05 were considered significant.77,82 For all experiments,
the trained investigators performing the behavioral and neuro-
pathological assessments were blinded to the experimental groups.
MWM results were compared using two way repeated measures
ANOVA followed by Tukey’s test. Data were graphed using
GraphPad version 6.0.

Results

Survival

Following PBBI expansion, *6mm lesion is produced, span-

ning the dorsal frontal cortex (+3.0 mm Bregma), anterior striatum,

anterior-lateral edge of the caudate nucleus, corpus callosum, and

anterior caudate-putamen, and terminating near the amygdala

(-3.0 mm Bregma). The injury core and PLZ release a host of

inflammatory cytokines including IL-1b, and thus contribute to

secondary injury propagation.28,83 It was not known to what extent

the toxic PBBI milieu would impede survival of a human cell

transplant. Therefore, the human NSI-566 NSCs were transplanted

into three different rat strains subjected to PBBI: 1) outbred SD

standard laboratory rats, 2) relatively less immunocompetent Fi-

scher 344 rats, and 3) immunocompromised SD ATN rats. The SD

and Fischer animals were treated with an immunosuppression

regimen as per the protocol previously described.71,79,80 ATN rats

were treated with only methylprednisolone weekly, to reduce

injury-induced inflammation. Rats were euthanized at specific time

points to track graft survival (1, 5, 8, and 16 weeks following

transplantation). Robust engraftment could be seen as far as 16

weeks post-transplantation, the last time pointed tested. In the first

set of experiments, at 8 weeks, grafts were present in 15/16 SDs,

9/10 ATNs, and 4/6 Fischer 344 (28/32 total). The number of GFP-

positive cells was quantitated using unbiased stereological count-

ing, and supplemented with manual counts of confocal images

when necessary. No significant difference between ATN and im-

munosuppressed SD or Fischer rats with PBBI was found in the

number of surviving graft cells, which averaged 150% of the

original transplanted cell numbers (SD = 6.5 · 105, ATN = 6.2 ·
105, Fischer = 5.7 · 105 cells). In next set of experiments for be-

havioral analysis, following stable immunosuppression of SD rats

3.7 · 105 – 1.1 · 105 cells could be counted at 8 weeks post- trans-

plantation. This suggests that the immunosuppression regimen is

effective in supporting xenogeneic human cell graft survival for the

majority of the animals (9/12), in the rodent PBBI model. The

transplant size did not vary between 5 and 16 weeks post-

transplantation (Fig. 1).

Differentiation

The following results were produced in immunosuppressed SD

rats. The human origin of the GFP-positive xenograft was con-

firmed with HuNu, a marker for human cell nuclei (Fig. 2B, E, and

H). At 1 week post-transplant, the cells appeared rounded, undif-

ferentiated, and <5 lm in diameter (Fig. 2A–C). By 8 weeks, the

cells had hypertrophied to >10 lm across with extended neuronal-

like processes (Fig. 2 D–I). Processes extending from the central

soma spread out to into the host tissue, lending support to the

development of multipolar neurons. The process of transplanted

NSC differentiation was evident based on the decreasing nestin-

immunoreactivity over time. Nestin expression was high in trans-

planted cells at 2 weeks, but reduced by 8 weeks, and was almost

absent by 16 weeks (Fig. 3A–L). A similar pattern was observed

with nuclear Ki67, where expression at 2 weeks had diminished by

16 weeks (Fig. 3M–T). In brain sections (*-4.0 mm bregma, 1 mm

caudal to lesion) from a representative immunosuppressed SD rat

shown in Figure 4 A, The DAPI-stained nucleus (Fig. 4B) indicated

by a white arrow belongs to transplanted GFP-positive cells

(Fig. 4C) that expressed the immature neuronal lineage marker

DCX at 8 weeks (Fig. 4D). A 27 – 12% fraction of GFP+ cells also

expressed NeuN, a marker for mature neurons (1729 NeuN+ out of

6489 GFP+ cells) (Fig. 4E). The combined fluorescence of GFP and

DCX (Fig. 4F) dilutes the GFP intensity (compare C with F).

Overlay of DCX and NeuN (Fig. 4G) shows different localization

of the two antigens. The cell appears yellow (Fig. 4H) because of

the combined fluorescence of GFP and NeuN. Corresponding im-

ages for the 16 week post-transplantation time point show diffuse

DCX expression because of the greater fragmentation into number

of processes (Fig. 4D’). At this time, the fraction of NeuN-

immunoreactivity of GFP+ cells increased to 43 – 17% (2791

NeuN+ out of 6357 GFP+ cells), indicating prolonged neuronal

differentiation (Fig. 4H’). Overlays confirm the co-expression of

DCX with GFP (Fig. 4F’) and NeuN with GFP (Fig. 4H’), and

lowered DCX in NeuN cells (Fig. 4G’) (compare G with G’).

Further, by week 16 post- transplantation, Calbindin immunore-

activity could be observed in tranplant-derived cells with neuronal

morphology (Fig. 4I–K and 4I’–K’). Robust expression of pre-

synaptic protein synaptophysin could be seen in the transplant

compared with the host (Fig. 4L), whereas there was no difference

in the expression of the postsynaptic protein gephyrin (data not

shown). Quantitative analysis of synaptophysin expression in

GFP+ tissue and in contralateral GFP- host tissue indicated a sig-

nificant increase in expression at the site of transplantation. (GFP+
synaptophysin = 350.6 – 20.7 puncta/mm2 n = 8, GFP- synapto-

physin = 251.4 – 21.9 puncta/mm2 n = 9; p = 0.005) (Fig. 4M).

Further orgthogonal analysis confirmed transplant- derived syn-

patophsin via demonstration of fluorescence overlap (Fig. 4N–P).

The transplant cells did not express GFAP, a marker for astro-

cytes (Fig. 5A–C), or Olig2, a marker for oligodendrocytes as the
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FIG. 1. Representative brain sections containing green fluorescent protein (GFP) human neural stem cell grafts (hNSCs) at 5, 8, and
16 weeks post-transplantation in immunosuppressed Sprague–Dawley (SD) rats with penetrating ballistic-like brain injury (PBBI).
Adjacent to PBBI lesion, persistent engraftment (GFP fluorescence) of hNSCs with little migration from transplant site is evident. Scale
bar 1 mm.

FIG. 2. Morphological changes with time in vivo of human neural stem cell (hNSC)-green fluorescent protein (GFP). At 1 week post-
transplantation, cells exhibit round undifferentiated neural stem cell morphology devoid of processes (A). HuNu immunoreactivity (red)
confirms human origin of cells (B). Fluorescence overlay of GFP with HuNu renders hNSC yellow, which is absent in the host (top right
corner of C). By week 8, GFP cells have differentiated neural cellular morphology (D–F). The cell in the white square at a higher
magnification (insets). The morphology persists at week 16 (G–I). Scale bar 10 lm.
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human ubiquitin C promoter-driven GFP signal did not overlap

with that from antibodies (Fig. 5D–F), as determined by evaluation

of confocal imaging of transplant sites. Further, the GFP processes

extending from the transplanted cells did not overlap with myelin

basic protein from the host, indicating lack of transplant-derived

myelination even at 16 weeks (Fig. 5G–I).

Distribution

The GFP cell bodies could be seen up to 1 mm from the initial

transplant sites at 8 weeks and even at 16 weeks, indicating little

migration of the cells from injection sites. Cells extended processes

up to *0.5–1 mm from the site of transplantation, by 8 weeks, and

those on the edges of the site extended these processes farther into

host tissue The transplant-derived processes, however, extended

5 mm rostral and 13 mm caudal to transplant site. Transplanted

cells could be seen all along the injection tracts in the thalamus,

cortex, and hippocampus and bordering the lateral ventricle. Ex-

amples of transplant cell morphology were consistent with pyra-

midal cells in the cortex (Fig. 6A), hippocampus (Fig. 6B), and both

bipolar and multipolar interneuron-like cells in the thalamus

(Fig. 6C). This suggests that transplant cells responded to regional

cues to determine differentiation patterns. Distally, processes were

seen in the ventral brainstem into the spinal cord, extending over

13 mm from the primary transplant site (Fig. 6D–H). These GFP

processes extended around the ipsilateral thalamus into the internal

capsule (Fig. 6 D, L, and N), along host white matter tracts, crossing

the midline (Fig. 6J) and periaqueductal gray (Fig. 6M), and

emerged along the contralateral white matter tracts (Fig. 6L and N).

Shorter processes were observed throughout the cortex and parts of

the hippocampus from the transplant tract.

Behavior

Significant impairment of spatial memory in SD rats with PBBI

has been reported previously.77 The effect of transplants on the

PBBI-induced deficit was assessed using the MWM at 8 weeks

post-transplantation. This time point was deemed the minimum

FIG. 3. DAPI fluorescence reflects the nuclear density at time points indicated above the image (A, E, I, M, D, Q). GFP fluorescence
is also relatively similar (B, F, J, N, R) while immunoreactivity to Nestin, neural stem cell marker (red) is diminished over time (C, G,
K), similarly anti-Ki67 immunoreactivity diminished with time (O, S). The bottom panel shows the combined fluorescence of GFP and
Nestin (D, H, L) or GFP and Ki67 (P, T). (Scale bar 10 lm.)
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duration needed for differentiation and integration of human neural

stem cells.2,79 For latency to platform, a two way repeated measures

ANOVA (one factor repetition) revealed a statistically significant

interaction between groups and acquisition days (F2,84 = 2.689,

p = 0.019). Experimental groups were sham (no PBBI, no cells,

n = 12), vehicle (PBBI, no cells, n = 11), and transplant (PBBI, cell

transplant, n = 9). The main effect was with acquisition days

(F2,84 = 34.505, p £ 0.001) but not experimental groups (F2,84 = 1.861,

p = 0.174). Next all pairwise multiple comparison procedures (Tukey

test) showed that latency to platform was reduced significantly in all

experimental groups from day 1 to day 4 of testing (sham p < 0.001,

vehicle p = 0.011, transplant p < 0.001). This decrease in latency to

platform was not uniform in all groups (sham = 63%, vehicle = 33%,

and transplant = 72%). It plateaued from acquisition day 2 to day 4 in

the vehicle group (PBBI+vehicle) while continuing to decline in both

the sham and transplant groups (sham p = 0.011, vehicle p = 0.259,

transplant p < 0.001). Latency was not significantly different between

sham and treatment groups ( p = 0.676) (Fig. 7A). However, a one

way ANOVA conducted on the day 4 data revealed significant

between-group differences (F2,30 = 5.952 and p = 0.0067), with post-

hoc analysis showing significant improvement on latency to the

hidden platform versus PBBI+vehicle (Fig. 7B). The effect size

(Hedge’s g) for latency to platform at 8 weeks post-transplantation

was -1.33 for PBBI+vehicle versus sham, whereas that for PBBI+
vehicle vesus PBBI+transplant was -1.0.

For path length, with experimental groups sham (no PBBI, no

cells, n = 12), vehicle (PBBI, no cells, n = 10), and transplant (PBBI,

cell transplant, n = 9), two way repeated measures ANOVA (one

factor repetition) did not reveal a statistically significant interaction

between groups and acquisition days (F2,81 = 2.022, p = 0.072).

Albeit, the main effect was with acquisition days (F2,81 = 20.319,

p £ 0.001) but not experimental groups (F2,81 = 1.736, p = 0.195)

(Fig. 7C). One way ANOVA of the day 4 path length was also

significant (F2, 28 = 6.791 and p = 0.0039) (Fig. 7D). The path length

FIG. 4. Increasing neuronal differentiation of green fluorescent protein (GFP) human neural stem cell grafts (hNSCs) with time in vivo
is evident from 8 week images (A–H) and corresponding 16 week images (A’–H’), in A, the image of the whole hemisphere at 8 weeks
post-transplantation shows overlap of 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI), GFP, doublecortin (DCX), and NeuN
fluorescence. The black square in A is shown at a higher magnification in B–H. The DAPI-stained nucleus indicated by a white arrow in
B is GFP (C), strongly DCX+ (D) with weak NeuN immunoreactivity (E). Overlay of GFP with DCX (F), DCX with NeuN (G), and
GFP with NeuN (H) confirms neuronal differentiation of transplanted hNSC. Corresponding 16 week images (A’–H’) show weak,
diffuse DCX (D’) and stronger NeuN (E’) that is confirmed by fluorescence overlay (F’–H’). Scale bar 10 lm. Neuronal marker
expression at 16 weeks. Transplant-derived neurons show immunoreactivity to a mature neuronal marker, Calbindin (I–K). DAPI-
stained whole hemisphere image shows GFP transplant (I) that is Calbindin positive (Cal+) ( J). Overlay renders transplant yellow (K).
Scale bar 1 mm. The white square (in I–K) near the corpus callosum is shown at a higher magnification to highlight a single GFP cell
bearing neuronal morphology that is Cal+ (I’–K’). Scale bar 10 lm. DAPI and anti-synaptophysin antibody stained whole hemisphere
with 16 week transplant shows synpatophysin immunoreactivity in gray matter and transplant but not white matter (L). Quantitation of
synaptophysin immunoreactivity (red puncta in L) revealed greater synaptophysin puncta in transplant (green) than in host (red) (M).
The region in the white box is shown at a higher magnification as an orthogonal view with two representative synaptophysin puncta, one
each for transplant (orange arrow) and host (red arrow) (N). A zoomed-in view shows the presence of GFP signal in transplant (orange
arrow) but not host (red arrow) synaptophysin puncta. Quantitation of fluorescence is shown in P. Scale bar 10 lm. The scale bar for A,
A’, and I–L is 1 lm.
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tracings of a representative animal of each group from four release

points are shown in Figure 7E. The differences in swim speeds were

not statistically significant (data not shown).

Discussion

This study shows human fetal NSC survival, engraftment, and

associated functional outcome at 8 weeks post-transplantation

following PBBI in rats. This report of durable engraftment of

CGMP hNSCs with coincident amelioration of TBI-induced be-

havioral deficit extends the pioneering efforts exploring the use of

human fetal neural cells for TBI.59,64 These results are comparable

to previous studies in uninjured or TBI rodent models.45,46,59,64,84,85

Further, we have shown survival with evidence of neuronal differ-

entiation as far out as 4 months, thus meeting the criteria for dura-

bility.84 The findings reported here are consistent with those on

human fetal neural cell transplants in central nervous system (CNS)

injury by Wu’s52 and Tuszynki’s72 groups. In both studies, engrafted

hNSC in injured CNS projected over long distances covering almost

the entire neuraxis,72,86 and in particular, the fetal spinal cord-derived

NSI-566 cells used in this study have been shown to support func-

tional recovery after spinal cord injury.72 It is a common trend to

report the cell counts as percentage survival without direct evidence

of lineage. The cells present at latter time points have not conclu-

sively been shown to be the same at the time of transplantation.

Therefore, we report quantitation of cells at the time point rather than

percentage of transplanted cell survival. The NSI-566 cell transplant

morphology and neuronal antibody reactivity of the transplanted

cells at 8 and 16 weeks suggests robust neuronal differentiation of

transplanted NSCs in PBBI. The number of transplant-derived neu-

rons reported in this study (43%) is much higher than that reported

(1%) in other studies,59,64 which could in part be the result of dif-

ferences in immunosuppression protocol.71,79 The combination of

agents is critical for engraftment; previous studies showed complete

rejection when only one agent was used.71,79,80

The protcol used in this study renders the animals as immuno-

compromised as ATN; therefore, the numbers reported here bear

similarity to those with TBI ATN, in which *38% of the trans-

planted cells expressed NeuN.65 The duration of differentiation of

hNSCs into NeuN-positive cells is consistent with a published

report that showed that *6–8 weeks were sufficient to induce

transplant-derived neurogenesis.2,79,85 The length of processes de-

rived from hNSCs as a function of time is similar to that reported in

the literature.59,85 The lack of astrocyte or oligodendrocyte markers

is consistent with previous reports at 12 weeks post-transplantation in

TBI rats,59,64 and could in part be the result of the short duration of

the experiment (16 weeks). Human glial differentiation may occur at

a slower rate following transplantation in rodents.

This conclusion is supported by the observation that in the spinal

cord injury model, rat NSCs gave rise to 27% neurons and the rest

glia, whereas fetal hNSC (NSI-566RSC) gave rise to 57% neurons

with no gliogenesis 7 weeks post-transplantation,72 although with

FIG. 5. The first, second, and third columns show GFP (A, D, G), antibody (B, E ,H) and combined fluorescence (C, F, I) signal
respectively. At 16 weeks post-transplantation, transplant cells do not express astrocytic marker, GFAP as evident by absence of overlap
between GFP and GFAP (red) fluorescence (C). GFP positive transplant cells do not express oligodendrocytic precursor marker, Olig2
(F) or mature oligodendrocyte marker myelin basic protein (MBP) (I). (Scale bar 10 lm.)
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FIG. 6. Distribution of green fluorescent protein (GFP) cells and processes. Examples of transplant-derived cells and processes
in the host parenchyma. Pyramidal-shaped cell in the cortex (A), hippocampus cornus ammonis 1 (CA1) (B), and thalamus (C)
revealed by GFP and 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) (blue) fluorescence. Cells in the thalamus appear
to extend processes along the white matter tracts of the internal capsule (IC) (dotted outline in D). A sagittal section shows the
brainstem and cerebellum in E. Higher magnification of the boxes F and G show the presence of GFP fibers in the corresponding
higher resolution image on the right. The tip of a GFP process with a growth cone morphology is shown in H. lm bar is 10 lm for
A–C, 1000 lm for D, and 10 lm for F–H. Confocal image of penetrating ballistic-like brain injury (PBBI) brain section with
GFP+ human neural stem cell grafts (NSCs) at week 8 post-transplantation shows the distribution of transplant and GFP processes
(image at center). White boxes in the image are shown at a higher magnification in a counterclockwise arrangement. The GFP+
transplant-derived processes bilaterally wrap the thalamus. GFP processes from the transplant (I) cross the posterior commissure
( J) contralateral thalamic surface (contralateral thalamus, K) with the lateral ventricle (LV), culminating ventrally by the internal
capsule (L). GFP cells and processes can be seen in the periaqueductal gray (M) and ipsilateral internal capsule (N). lm bar is
30 lm in K–N.
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longer transplant survival times (5 months) hESC-derived hNSC

transplants differentiated 18–38% into neurons, 13–16% into as-

trocytes, and 11–13% into oligodendrocytes.65 Alternatively, the

location of the transplant could affect their potential, and studies are

in progress to gather evidence to test this hypothesis. The down-

regulation of neural stemness markers such as nestin and cell

proliferation marker nuclear Ki67 is consistent with the observed

neuronal differentiation. The diminishing of nuclear Ki-67 immu-

noreactivity has been reported earlier with these cells in a spinal

cord injury model.72 The distribution of the transplanted GFP cells

and axonal processes suggests that they respond to the PBBI milieu,

reminiscent of human amniotic membrane placental stem cells

(AMPs) in this model. The NSI-566 cells are known to secrete

neuroprotective factors such as insulin-like growth factor (IGF)-

1.87 Therefore, hNSCs and AMPs could mitigate PBBI-induced

remote axonal damage via similar mechanisms.26,31,32 Further,

extension of transplant processes along existing host white matter

tracts indicates the ability to recapitulate host neural pathways.

Extensions through the internal capsule adjacent to the lesion into

the host spinal cord suggest that these axons follow motor system

pathways, which are usually disrupted in the PBBI model. In ad-

dition, presence of GFP processes in the hippocampus suggests that

the transplanted cells have potential to interact with memory and

learning pathways, which are known to be impaired in PBBI.26

Unlike AMPs that did not need immunosuppression and were not

expected to integrate, hNSCs require immunosuppression for en-

graftment and to differentiate into neurons in the rat host. The three-

dimensional environment provided by type I collagen scaffold

seemed to be required for AMP cell survival in the injury core,26

whereas the hNSCs survived without any scaffold up to the latest

time point tested, that is, 16 weeks post-transplantation. Similar to

AMPs, a small fraction of hNSC cells migrated into the sub-

ventricular zone and the corpus callosum. The fetal spinal cord-

derived hNSCs had greater survival, engraftment, and neuronal

differentiation than scaffolded adult rat hippocampal neural pro-

genitor cells in this model.

Unlike rat adult progenitors that migrated into the surrounding

brain and differentiated into phenotypes including astrocytes and

oligodendrocytes,88 hNSCs did not differentiate into non-neuronal

lineages. Further, hNSCs did not need additional factors such as the

soluble Nogo receptor (sNgR) to integrate with surrounding viable

PBBI tissue. In this model, substantial axon formation was detected

with NSI-566 hNSCs, but not with adult rat hippocampal progen-

itors.89 Taken together, these studies suggest that with delayed

transplantation with adequate immunosuppression, the PBBI mi-

lieu is conducive to hNSC engraftment.

Transplantation of viable fetal neural progenitor cells (as early as

24 h post-TBI) attenuated host neuronal degeneration (as assessed

on day 6 post-transplantation), and also guided host microglia/

macrophages toward an anti-inflammation phenotype, indicating a

potentially beneficial effect of progenitor cell transplantation on

adjacent host cells.43,47,52,53 A similar mechanism needs to be in-

vestigated in this model with these cells.

In other TBI and stroke models, cells have been delivered via

intravenous (IV), intra-arterial carotid (IAC), or intraparenchymal

(IP) injections. However, IV administration causes loss of the

majority (*95%) of the cells during lung passage,48,63,64,84,90

whereas IAC injection carries the risk of causing embolic brain

infarction and fails to deliver sufficient cells across the vascular

wall barrier to the brain parenchyma, which is the major barrier for

putative clinical use of this route. Engraftment after IAC injection

is also dependent on cell type and adhesion molecule expression.

IAC has been developed with bone marrow MSCs into a clinical

trial for stroke.91,92 However, in all TBI studies exploring human

cell therapies with neural or non-neural origin hNSCs/progenitors,

no engraftment has yet been detected with either IV or

IAC.56,64,89,93 Especially in PBBI, where vascular damage is

characterized by hemorrhage and reduced perfusion to the le-

sion,27,28,78,94 vascular approaches may be technically challenging.

Together, these data show that direct transplantation of hNSCs to

replace damaged neural networks may be a viable approach in the

treatment of severe TBI.

Longitudinal characterization of enduring cognitive deficits in

PBBI is well documented.77 Amelioration of injury-induced cog-

nitive deficits following human cell transplantation has been ex-

tensively reviewed recently.84 These studies have quantified long-

term cell survival and neuronal differentiation,59,64 or measured

cognitive outcomes,26,31 but not both. The few studies that reported

cognitive benefit of human neural stem cell therapy did not exceede

8 weeks;84 therefore, the time required to allow for neuronal dif-

ferentiation could not demonstrate lasting benefits. In this study, the

MWM revealed a PBBI effect, albeit to a lesser extent, consistent

with previous work,77,95 and its amelioration at 8 weeks post-

transplantation was coincident with neuronal differentiation of

hNSCs. The vehicle- treated PBBI animals’ learning plateaued

(injury effect), whereas that of transplanted PBBI animals con-

tinued to improve (reversal of injury effect). These results were

both surprising and disappointing, and may be the result of a

number of factors. In the absence of significant MWM deficits, we

cannot state that we observed significant therapeutic benefits.

However, hNSCs did no harm. The animals that received cell

transplants did not perform any worse than the PBBI+vehicle

FIG. 7. (A) The mean latency – standard deviation for Morris Water Maze (MWM) behavioral outcome 8 weeks following trans-
plantation reveals the beneficial effect of transplantation. Results across four acquisition days are compared between sham (no
penetrating ballistic-like brain injury [PBBI], no cells), vehicle (PBBI, no cells), and transplant (PBBI, cell transplant) groups. Non-
uniform latency to platform can be seen in all experimental groups from day 1 to day 4 of testing. By day 4, latency to reach platform
was significantly lower in the sham group (blue) than in the vehicle group (red) ( p < 0.01). Latency to reach the platform was also lower
in the transplant (green) group than in the vehicle group ( p < 0.05). Latency was not significantly different between the transplant and
sham groups on any of the test days. There were no significant differences in latency on days 1–3 between any groups. The sham group
reduced latency significantly from day 1 to day 2 and from day 3 to day 4 ( p < 0.01). Vehicle group did not reduce latency significantly
between concurrent days, but improved from day 1 to day 3 ( p < 0.05). The transplant group reduced latency significantly across each
concurrent day of testing (D1->D2->D3->D4, p < 0.05 each) (A). A one way analysis of variance (ANOVA) for just the acquisition day
4 data revealed significant differences between sham and PBBI+ vehicle or PBBI+vehicle and PBBI+transplant (**p < 0.001) (B). Path
lengths did not differ significantly on a two way ANOVA (C). One way ANOVA of just the acquisition day 4 path length was significant
for sham (blue) versus vehicle (red) (**p < 0.001) as well as vehicle (red) versus transplant (green) (*p < 0.05) (D). The path length
tracings of a representative animal of each group from four release points (North = N, South = S, East = E, West = W) are shown in E.
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group, and showed a trend on day 4 toward performing bet-

ter. Taken together the data support the conclusion that there is a

beneficial, but not a therapeutic, effect of transplant at 8 weeks

post-transplantation. As repeated testing of the same animals

abrogates the differences between groups,77 future behavioral

assessments at different times in separate groups can establish a

time dependency of the transplant effect, and determine whether

using a working memory testing paradigm would provide more

injury-sensitive results for delayed testing.

To enable replication and standardization, we suggested use of

quality criteria and rigor. The effect size of PBBI (difference in

mean latency to platform between sham and PBBI +vehicle/stan-

dard deviation) in this study is comparable with that published

for PBBI,77 and the effect size of cell therapy benefit is also
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comparable with other studies with rat or human NSC trans-

plants.47,59 To our knowledge, this is the first study of human fetal

neural stem cell transplant in an immunosuppressed TBI model

with a duration of 16 weeks for histology, reporting robust en-

graftment and neuronal differentiation as well as amelioration of

injury-induced cognitive impairment at 8 weeks. According to

‘‘The International Society for Stem Cell Research and Center for

Biologics Evaluation and Research/Office of Cellular, Tissue and

Gene Therapies’’67 FDA guidelines, translation of cell transplan-

tation approach in TBI requires evidence supporting: 1) lack of

hNSCs tumorigenecity in TBI models, 2) cell dose dependence of

behavior alterations in TBI, 3) best site and time for transplantation

after TBI, and 4) establishing feasibility and scalability of the ap-

proach to both normal and TBI animals with longer gyrencephalic

brains, such as the pig or primate.66,67,96 We have, therefore, em-

barked on a program of dose refinement and safety testing for these

cells, as a prelude to human severe TBI clinical trials. Previous

human NSC transplants have been shown to be safe.64

Conclusion

This study demonstrates durable engraftment and increasing

neuronal differentiation with time for hNSCs in PBBI. The im-

munohistochemical analysis reveals transition of proliferating

hNSCs into differentiated neurons accompanied by homologous

morphological changes between 8 and 16 weeks post-transplantation.

Presence of presynaptic structural protein in transplant cells suggests

that behavior modification is attributable to integration into host

tissue. The relatively weak injury effect at the delayed time point

confounds the benefits of durable engraftment and neuronal differ-

entiation. Whether the development of these interactions between

transplant and host can be evaluated by electrophysiological means

needs to be determined. Nevertheless, the propensity for these cells to

develop neuronal phenotype, to project extensive processes into the

host brain, and to express structural components of synapse, with co-

incident absence of a harmful effect on cognitive deficits provides

rational and feasibility data for further studies exploring the trans-

latability of the cell therapy.
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