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Inflammation after traumatic spinal cord injury (SCI) is non-resolving and thus still present

in chronic injury stages. It plays a key role in the pathophysiology of SCI and has been

associated with further neurodegeneration and development of neuropathic pain. Neural

precursor cells (NPCs) have been shown to reduce the acute and sub-acute inflammatory

response after SCI. In the present study, we examined effects of NPC transplantation

on the immune environment in chronic stages of SCI. SCI was induced in rats by

clip-compression of the cervical spinal cord at the level C6-C7. NPCs were transplanted

10 days post-injury. The functional outcome was assessed weekly for 8 weeks using

the Basso, Beattie, and Bresnahan scale, the CatWalk system, and the grid walk test.

Afterwards, the rats were sacrificed, and spinal cord sections were examined for M1/M2

macrophages, T lymphocytes, astrogliosis, and apoptosis using immunofluorescence

staining. Rats treated with NPCs had compared to the control group significantly fewer

pro-inflammatory M1macrophages and reduced immunodensity for inducible nitric oxide

synthase (iNOS), their marker enzyme. Anti-inflammatory M2 macrophages were rarely

present 8 weeks after the SCI. In this model, the sub-acute transplantation of NPCs did

not support survival and proliferation of M2 macrophages. Post-traumatic apoptosis,

however, was significantly reduced in the NPC group, which might be explained by

the altered microenvironment following NPC transplantation. Corresponding to these

findings, reactive astrogliosis was significantly reduced in NPC-transplanted animals.

Furthermore, we could observe a trend toward smaller cavity sizes and functional

improvement following NPC transplantation. Our data suggest that transplantation of

NPCs following SCI might attenuate inflammation even in chronic injury stages. This

might prevent further neurodegeneration and could also set a stage for improved

neuroregeneration after SCI.
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macrophages, apoptosis
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INTRODUCTION

Cervical spinal cord injury (SCI) is a devastating event with
severe consequences for patients including paralysis, autonomic
dysfunctions, and sensory deficits. Less than 1% of spinal cord
injury patients regain a normal neurological status by the time
they are discharged from the hospital, and therapeutic options
are still very limited (1, 2). The cervical spine is involved in 54%
of spinal cord injuries—by far more often than any other region
of the spine (1). From a translational point of view, animalmodels
of cervical trauma are therefore highly clinically relevant.

Traumatic SCI induces an inflammatory response that
includes immune cell infiltration, up-regulation of inflammatory
cytokines and production of oxygen/nitrogen radicals (3,
4). Although some beneficial effects have been described,
the resulting inflammatory milieu is regarded to impede
neuroregeneration and to exacerbate secondary spinal cord
damage (5). Moreover, post-traumatic inflammation is non-
resolving and persists also in chronic stages of SCI (6–8).

While neutrophils disappear after 5–10 days following SCI,
the numbers of both T lymphocytes and microglia/macrophages
are chronically increased in the injured spinal cord (6, 7).
T lymphocytes are part of a complex adaptive immune
response with both beneficial and detrimental effects, though
their occurence appears to be highly dependent upon species
and staining method (9–11). Microglia/macrophages are the
predominant inflammatory cell population after central nervous
system (CNS) injuries (12). Their activation is associated with
tissue damage, whereas the depletion of macrophages reportedly
leads to improved recovery (13, 14).

SCI activates microglia/macrophages along a continuum of
different phenotypes, which represent functional states (15). Two
phenotypes of microglia/macrophages seem to play a key role for
insufficient neuroregeneration after SCI: M1 macrophages, also
termed classically activated, are part of the acute inflammatory
response, but remain chronically activated (12, 16). They
facilitate inflammation by secreting reactive oxygen species and
pro-inflammatory cytokines and are suggested to be neurotoxic
and detrimental to recovery after SCI (12, 16, 17). M2
macrophages, also termed alternatively activated, are thought
to be anti-inflammatory, as they secrete immunosuppressive
cytokines and possibly promote axonal growth (12, 16, 17). M2
macrophages are reported to greatly decrease in number over
time after SCI (12).

Transplantation of stem cells is a promising strategy
to improve neuroregeneration and functional recovery
after SCI. Stem cells are likely to be effective through a
variety of mechanisms including the secretion of growth
factors and modulation of the hostile post-traumatic

Abbreviations: APC, Adenomatous Polyposis Coli; BBB, Basso, Beattie,

and Bresnahan; bFGF, Basic Fibroblast Growth Factor; CD206, Cluster of

Differentiation 206; CD3, Cluster of Differentiation 3; CNS, Central Nervous

System; DAPI, 4’,6-diamidino-2-phenylindole; EGF, Epidermal Growth Factor;

GFAP, Glial Fibrillary Acidic Protein; GFP, Green Fluorescent Protein; Iba1,

Ionized Calcium-Binding Adapter Molecule 1; iNOS, Inducible Nitric Oxide

Synthase; NPCs, Neural Precursor Cells; PBS, Phosphate-Buffered Saline; PDGF-

AA, Platelet-Derived Growth Factor AA; SCI, Spinal Cord Injury.

microenvironment (2, 18, 19). Importantly, stem cells may
impact neuroinflammatory processes: It has been shown that
transplantation of mesenchymal stem cells leads to a shift from
the M1 to the M2 phenotype during the acute phase following
SCI (20).

Neural precursor cells (NPCs) are promising candidates
for stem cell transplantation, as they can differentiate into
neurons, astrocytes, and oligodendrocytes, thus supporting
regeneration and recovery (21–23). It has been reported that
NPCs enhance remyelination, release neurotrophic factors, and
support functional recovery (24–26). Additionally, NPCs seem
to be able to modify the immune environment as they inhibit
the activation of M1 macrophages and reduce the secretion of
pro-inflammatory cytokines in the sub-acute phase after SCI (27).

In this study, we examined the effects of NPC transplantation
on the immune environment at chronic stages of a clinically
highly relevant cervical (C6-C7) SCI model.

MATERIALS AND METHODS

Animals and Cervical Spinal Cord Injury
A total of 22 female Wistar rats (250 g; Charles River
Laboratories, Sulzfeld, Germany) were divided into a NPC
(n = 13) and a control group (n = 9). All experimental
protocols were approved by the Animal Care Committee of
Heidelberg University. The contusion/compression model was
performed with an aneurysm clip as previously described (28–
30). Briefly, rats were anesthetized with isoflurane (2–2.5%)
and a 1:1 mixture of O2 and N2O before a microsurgical
laminectomy was performed at the C6/C7 level. A modified 28-
g aneurysm clip (Fehlings Laboratory, Toronto, Canada) was
applied extradurally, using a quick-release applicator for 1min at
the C6 level. The animals were subject to extensive post-operative
care and received buprenorphine (0.05mg/kg subcutaneously)
and meloxicam (2.0mg/kg) for 3–5 days. Fluids and nutritional
support were administered to all injured animals. An antibiotic
prophylaxis (moxifloxacin, 4 mg/kg) was given for 7 days, and
bladders were manually expressed three times per day until the
return of the bladder function. Animals were housed in a 12-h
light-dark cycle at 26◦C with food and water ad libitum.

Isolation and Culture of Neural Precursor
Cells (NPCs)
NPCs were isolated from the subventricular zone of
2-week-old embryos of green fluorescent protein (GFP)
expressing transgenic Wistar rats. Tissue pieces from the
cortical hemispheres free from meninges were obtained and
washed in 2mL cold PBS. After removing the buffer, 1.5mL
0.05% trypsin/ethylenediaminetetraacetic acid with 0.2%
deoxyribonuclease I per 10 tissue pieces was added. The
suspension was then incubated at 37◦C for 5min before the
enzymatic activity was inhibited by adding 10% fetal bovine
serum. Additionally, the tissue was mechanically dissociated into
a cell suspension with a fire-polished pipette before centrifuging
the suspension for 6min. NPCs were plated in poly-l-ornithine-
laminin-coated tissue culture plates at a density of 1.5 × 104

cells/cm2 in 1.5mL growth medium containing Dulbecco’s
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Modified Eagle’s Medium/F12 with sodium bicarbonate and
L-glutamine, 1% penicillin/streptomycin, 1× N2 supplement,
20 ng/mL bFGF, and 10 ng/mL EGF. Cells were incubated in
a humidified incubator at 37◦C with 5% CO2. When reaching
a confluence of 80–90%, NPCs were split 1:3 to 1:6. For
transplantation, the NPCs were washed once with PBS before
incubation with Accutase for 3min. The growth medium as
described above was added, and detached cells were collected for
transplantation.

NPC Transplantation
Prior to transplantation, NPCs were successfully
characterized by colocalization with the NPC-marker Nestin
(GFP+/Nestin+/DAPI+). Then, 10 days after SCI, animals were
randomized into two groups (NPC or control), anesthetized as
described above, and the dura of the spinal cord was exposed
again under microscope observation. NPCs were transplanted
into the spinal cord in four sites, bilaterally 2mm rostral
and caudal to the epicenter of the lesion, using a stereotactic
microinjector (31). 4 × 105 NPCs in 8 µL (i.e., 2 µL per site)
of growth medium were injected into the spinal cord with a
Hamilton syringe at a rate of 5 nL/s, 1.5mm deep from the dorsal
surface of the spinal cord. The needle was left in the spinal cord
for an additional minute to allow for diffusion of the cells. Rats of
the control group received the same amount of growth medium
but without NPCs.

For a continuous administration of growth factors, an
osmotic micropump (Alzet, Cupertino, USA; model 1007D) was
subcutaneously implanted and connected to a microcatheter
that was placed subdurally with its open tip over the epicenter
of the lesion. Animals of both groups received intrathecally
growth factors (PDGF-AA, 1 µg/100 µL; EGF, 3 µg/100 µL;
bFGF, 3 µg/100mL; all Sigma-Aldrich) diluted in 0.1% rat serum
albumin for 7 days (30, 32).

Animal Perfusion and Tissue Processing
Eight weeks after SCI, the animals were deeply anesthetized with
isoflurane and transcardially perfused with 50mL 0.1M cold PBS
followed by 150mL 4% paraformaldehyde in 0.1M PBS (pH 7.4).
Tissues were post-fixed in 4% paraformaldehyde for 24 h and
then cryoprotected in 30% sucrose for 48 h. Spinal cord segments
of 2 cm length centered around the injury site were dissected and
embedded in mounting media on dry ice. Serial cryostat cross-
sections (240µm apart) were cut with a thickness of 30µm, and
slides were stored at−80◦C until further processing.

Immunofluorescence Staining
For all immunofluorescence stainings, the slides/cells were
first blocked with a blocking solution containing 5% non-fat
milk, 1% bovine serum albumine, and 0.3% Triton-X100 in
0.1M PBS for 1 h. The following primary antibodies, diluted
in the same blocking solution, were then applied overnight:
anti-Nestin (1:400, Millipore) for NPCs, anti-Iba1 (1:1000,
Wako) for microglia/macrophages, anti-iNOS (1:500, Abcam)
for M1 macrophages, anti-CD206 (1:500, R&D Systems) for
M2 macrophages, anti-CD3 (1:100, Serotec) for T lymphocytes,
anti-GFAP (1:400, Millipore) for astrocytes, and anti-caspase-3

(1:200, Cell Signaling) for apoptotic cells. Isotype controls with
non-specific immunoglobulin at the same concentration were
performed to ensure specificity of the antibody stainings (images
not shown). Alexa Fluor 568 goat anti-mouse (1:400, Invitrogen),
Alexa Fluor 647 goat anti-rabbit (1:400, Invitrogen), and Alexa
Fluor 405 donkey anti-goat (1:400, Abcam) diluted in blocking
solution without Triton-X100 were used as secondary antibodies
and applied for 1 h before covering the slides with mounting
medium.

Image Analysis and Quantification
All images were obtained using a confocal laser microscope (LSM
700, Carl-Zeiss). Cell counting, as well as all immunodensity
measurements, were performed by three independent
investigators blinded to treatment groups.

To assess NPC survival, the areas with GFP-positive cells
were traced under 10x magnification on each tissue section
(transplant area). Considering transplant area and distance
between the slides (240µm), the total transplant volume was
approximated using Cavalieri’s method. For each tissue section,
surviving NPCs (GFP+/DAPI+), neuronally differentiated
NPCs (GFP+/DAPI+/NeuN+), and oligodendroglially
differentiated NPCs (GFP+/DAPI+/APC+) were counted
under 40× magnification in 10 fields (368 × 368 µm2), which
were randomly placed in the transplant area, and the mean
density (in cells/mm3) for each field was calculated. The total
number of surviving and differentiated NPCs was estimated
by multiplying the averaged mean density with the transplant
volume in each rat.

For cell counting of M1/M2 macrophages and T cells,
seven perilesional sections (− 3, − 2, − 1, 0, 1, 2, and
3mm from the epicenter) were selected from each animal.
Cells were manually counted in five fields (368 × 368 µm2),
which were always placed in the same topographical regions of
the spinal cord: Bilaterally in the anterior and lateral funiculi
and centrally in the posterior funiculus. M1 macrophages
were defined as Iba1+/iNOS+/CD206-, M2 macrophages as
Iba1+/CD206+/iNOS-, and T lymphocytes as DAPI+/CD3+
cells.

Quantification of caspase-3-positive cells was also performed
on seven perilesional sections. The following ImageJ2 (National
Institute of Health, Bethesda, MD, USA) algorithm was used for
both the entire spinal cord and the gray matter: First, a Gaussian-
filter (Sigma: 2.00) was applied to reduce background noise.
The IsoData-thresholding algorithm was then used to transform
the selected area (spinal cord/gray matter) into a binary image,
in which only caspase-3-stained nuclei with signals above the
threshold were displayed. Caspase-3-positive cells were then
automatically counted using the “Analyze Particles” function.
Only structures with a minimum area of 20 µm2 were counted
to avoid inclusion of artifacts.

Immunodensity measurements of iNOS were performed on
seven perilesional sections, whereas GFAP staining wasmeasured
on 5 perilesional sections (at the epicenter, 1.2mm and 2.4mm
caudal and rostral). As described previously (30, 33), the entire
spinal cord, the gray matter, and the cavity were traced separately
with ImageJ. The parameters “Integrated density” and “Area”
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of the cavity were measured and subtracted from the respective
values of the entire spinal cord and gray matter. This “subtracted
integrated density” was then divided by the respective “subtracted
area” yielding the immunodensity of the entire spinal cord and
the gray matter for every staining. Results were averaged by
distance and group or pooled by group as overall group means.

To assess cyst dimensions, GFAP was visualized on serial
tissue sections (240µm apart) and photographed at 10x
magnification. When present, the cystic cavitation was manually
measured using ImageJ. The total cyst volume was then
calculated using Cavalieri’s method, considering the total cyst
area sum and the distance between slides.

Behavioral Assessment
In order to assess the functional outcome, the Basso-Beattie-
Bresnahan locomotor rating scale (BBB) was performed on a
weekly basis from 1 week before until 8 weeks after SCI by two
independent observers blinded to treatment groups. For this test,
rats were placed into an open field for 4min, and hindlimb
locomotor function, joint movement, coordination, and weight
support were evaluated using a rating scale from 0 to 21 points
(34). A BBB score of 21 indicates normal motor function, while a
score of 0 is equivalent to complete paralysis.

In order to assess regeneration of forelimbs, footprint analysis
as well as kinematic analysis was performed weekly using the
CatWalk XT gait analysis system which allows an objective
analysis of gait parameters (35). In short, footprints of animals
crossing the CatWalk XT walkway illuminated by a fluorescent
light were detected and recorded by a high-speed camera. Three
runs were recorded for each animal and automatically analyzed
by the CatWalk XT software. Measured parameters of all runs
were then averaged per animal.

Fine motor coordination was tested 8 weeks after SCI by the
grid walk test. In short, step errors of animals crossing a pathway
of irregularly placed metal grids were counted over four runs and
errors were averaged (36).

Statistical Analysis
Results are given as mean ± standard error of the mean.
Differences between the NPC and the control group were
evaluated for statistical significance using unpaired two-sample
t-tests. A p-value of p < 0.05 was considered significant. All
statistical analyses were conducted using the software R (37).

RESULTS

Long-Term Survival and Differentiation of
NPCs
To evaluate survival, differentiation, and distribution of
transplanted NPCs, we quantified GFP-positive cells 6 weeks
after transplantation (n = 11). The mean number of surviving
NPCs definded as GFP+/DAPI+ was 2224.38 ± 380.37. All rats
showed a substantial rostro-caudal distribution of NPCs over a
length of 4.63 ± 0.41mm, suggesting an outward migration of
these cells from the transplant zone. The transplanted cells were
usually located in the dorsal white or gray matter. Furthermore,

FIGURE 1 | GFP-positive NPCs (green) and Iba1-positive macrophages (red)

in the injured spinal cord 8 weeks after traumatic cervical SCI (n = 7).

(A) GFP-positive NPCs were mainly distributed in the dorsal white and gray

matter (10× magnification, scale bar = 500µm). (B) Additionally,

GFP-expressing NPCs were often located very close to Iba1-positive

macrophages (40× magnification, scale bar = 15µm). (C) Surviving NPCs

differentiated primarily along the oligodendroglial lineage (GFP/APC), while only

a minority of NPCs differentiated into neurons (GFP/NeuN).

we could observe a close spatial relationship between NPCs and
macrophages (Figures 1A,B).

Surviving NPCs differentiated primarily along the
oligodendroglial lineage (994.32 ± 199.03 GFP+/APC+),
while only a minority of NPCs differentiated into neurons (91.91
± 24.02 GFP+/NeuN+; Figure 1C).
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Assessment of Macrophage Polarization
Into an M1 and M2 Phenotype
To assess the effects of NPC transplantation on macrophage
differentiation in chronic stages of the injury (i.e., 8 weeks
after SCI), spinal cord sections were stained for Iba1, a marker
for macrophages, iNOS, a marker for pro-inflammatory M1
macrophages, and CD206, a marker for anti-inflammatory M2
macrophages (control group, n = 6; NPC group, n = 7). Only
M1 macrophages, but not M2 macrophages were observed in
substantial numbers in both groups (Figure 2). M1 macrophage
counts were significantly lower in the NPC group compared
to the control group without stem cell transplantation (2,130
± 233 vs. 2,959 ± 314 cells/mm3 for NPC and control group,
respectively; p< 0.05). The number of M2macrophages was very
low without any significant group differences (29 ± 9 vs. 15 ± 6
cells/mm3 for NPC and control group, respectively).

Assessment of iNOS Activity in M1
Macrophages
After confirmation that M1 macrophages are present in chronic
stages of SCI, their functional activity and spatial distribution
were evaluated by measuring the immunodensity of iNOS, a
marker enzyme for M1 macrophages (control, n = 6; NPC,
n = 7). This analysis revealed a chronic pro-inflammatory state
in injured rats 8 weeks after SCI that was most distinct in the
epicenter of the lesion (Figure 3A). The maximum of measured
iNOS immunodensities was detected in the SCI epicenters of
control animals with these values gradually decreasing toward the
periphery. The mean immunodensity of perileserional sections
was significantly lower in the NPC group compared to the

control group (p < 0.05; Figure 3B). The immunodensity in
the gray matter was generally higher compared to that in the
entire spinal cord (Figure 3C). The difference in the mean iNOS
immunodensity of the gray matter was highly significant between
NPC and control group (p < 0.001).

Presence of T Lymphocytes
To quantify the number of T lymphocytes, CD3-positive cells
were counted 8 weeks post-injury (n = 5). As a part of the
adaptive immune response, T lymphocytes are very rare in the
uninjured spinal cord (0-3 cells/section) (10). Our data confirm
the previously reported presence of T lymphocytes in substantial
numbers during the chronic phase after SCI. We determined
7,520 ± 147 cells/mm3 in the NPC group and 7,717 ± 295
cells/mm3 in the control group; however, this finding does not
show any significant differences between the treatment groups
(Figure 4).

Assessment of Reactive Astrogliosis
Reactive astrogliosis, a hallmark of CNS pathologies, is closely
related to inflammation. Astrocytes are involved in the regulation
of CNS inflammation, while also producing pro-inflammatory
cytokines and reactive oxygen species (38). We examined the
expression of GFAP to evaluate the extent of reactive astrogliosis
8 weeks after SCI (n = 5). In the NPC group, a significant
decrease in the mean GFAP immunodensity compared to the
control group was observed, indicating a significantly reduced
astrogliosis (p < 0.05; Figure 5A).

FIGURE 2 | Quantification of M1 and M2 activation 8 weeks after SCI (n = 6–7). (A) Pro-inflammatory M1 macrophages were significantly reduced in the NPC group

compared to the control group, while anti-inflammatory M2 macrophages were rarely observed in either group. (B–D) Colocalization of Iba1-positive macrophages

(red) with the marker enzyme iNOS (green) indicated by the blue arrows confirm the presence of M1 activated macrophages (40× magnification, scale bar = 40µm).
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FIGURE 3 | (A) Immunodensity of iNOS is in injured control animals (n = 6)

maximal at the SCI epicenter with a gradual decline in intensity toward the

periphery. (B) Mean iNOS immunodensity was significantly reduced in the NPC

group compared to the control group, indicating a reduced pro-inflammatory

M1 activation. (C) Immunodensity values for iNOS were especially high in the

gray matter with a highly significant group difference in favor of the NPC group.

Analysis of the Intramedullary Cyst Size
The formation of an intramedullary cavity is a major obstacle for
regenerating axons in both humans and rats (39).We usedGFAP-
stained sections to quantify the volume of the post-traumatic
cystic cavitation (n = 5; Figure 5B). The mean cyst size was
reduced by about 18% in the NPC group compared to the control
group without reaching statistical significance (NPC, 4.47± 0.69
mm3; control, 5.48± 0.67 mm3; Figure 6A). At the epicenter, the
proportion of preserved tissue was 51.67 ± 6.84% in the control
group vs. 66.81 ± 7.01% in the NPC group. In sections 1.2mm
rostral and caudal from the epicenter, 91.13 ± 5.85% and 93.41

± 2.91% of cord tissue was intact in the NPC group compared
to 85.37 ± 8.47% and 75.71 ± 7.59% in the control group,
respectively (Figure 6B). All measured parameters demonstrated
a benefit of NPC transplantation; however, the differences did not
reach statistical significance.

Assessment of Apoptosis
Apoptotic cells were quantified by caspase-3 staining (control,
n = 6; NPC, n = 7), both in the entire spinal cord and the
gray matter (Figures 7D–F). The distribution of apoptotic cells
in the chronic phase following SCI shows a pattern similar to that
of iNOS-positive cells with a quantitative peak at the epicenter
and a gradual decline toward the periphery (Figure 7A). In
injured animals of the control group, 19,968 ± 1,538 caspase-3-
positive cells were counted per mm3 at the epicenter. At 3mm
rostral and caudal of the lesion, apoptotic cell counts decreased
to 13,245 ± 964 and 15,050 ± 596, respectively. Averaged per
group, 16,130 ± 483 caspase-3-positive cells/mm3 were present
in the control group compared to 14,291 ± 573 cells in the
NPC group. This difference was statistically significant (p < 0.05;
Figure 7B). Similar to the distribution of iNOS immunodensity,
apoptotic cells were predominantly found in the gray matter.
Quantification of the cells in the gray matter yielded a significant
group difference with 17,792± 936 caspase-3-positive cells/mm3

in the NPC group vs. 22,366 ± 1,088 in the control group
(p < 0.01; Figure 7C).

Behavioral Assessment
Functional recovery of hindlimbs was assessed using the BBB
score. Baseline BBB values obtained before SCI showed with a
score of 21 a normal neurologic function in all animals (control,
n= 9; NPC, n= 13). One week after SCI, animals in both groups
reached their lowest scores. During the following weeks, scores
gradually improved to 10.04 ± 0.44 in the NPC group and to
9.41 ± 0.65 in the control group 8 weeks after SCI (Figure 8A).
No animal in either of the groups reached a score higher than
12, reflecting the severe and long-lasting damage of cervical
SCI, which massively impairs forelimb-hindlimb coordination.
Although between-group differences for BBB scores did not
reach statistical significance, the scores in the NPC group were
continuously higher compared to those in the control group. The
density distribution of BBB scores showed 8 weeks after SCI a
clearly clinched curve for the NPC group compared to the control
group, indicating that it was more likely for transplanted animals
to reach a score above 9 (i.e., weight-bearing) (Figure 8B). NPC
transplantation may foster a faster recovery since mean BBB
scores above 9 were reached after 3 weeks in the NPC group
compared to 5 weeks in the control group.

Locomotor regeneration of forelimbs was evaluated by the
CatWalk XT analysis of footprints and kinematic motion in all
animals (control, n = 9; NPC, n = 13). Considerable forelimb
spasticity was observed in all injured animals. However, the
CatWalk XT analysis of the forelimb shows 8 weeks after SCI a
significantly larger footprint area, i.e., better results in the group
receiving NPCs compared to the control group (NPC, 0.632
cm2; control, 0.429 cm2; p = 0.042; Figure 8C). Evaluation of
the dynamic gait parameter “swing speed” that measures the
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FIGURE 4 | Quantification of CD-3-positive T lymphocytes 8 weeks after SCI (n = 5). (A) No group differences in perilesional total T cell numbers were observed

between NPC and control group. (B–D) Confocal fluorescence microscopy (40× magnification, scale bar = 15µm) of the injured spinal cord showing CD-3-positive T

lymphocytes (green) co-expressing the nuclear cell marker DAPI (blue).

FIGURE 5 | (A) The quantification of GFAP immunodensity 8 weeks after SCI shows a significant reduction of astrogliosis in the NPC group (n = 5). (B) Confocal

fluorescence microscopy (10× magnification, scale bar = 500µm) showing GFAP-positive astrocytes (red) with a high density near the cavitation. The outskirts of the

astrogliosis, as well as the edge of the cystic cavitation, are shown in yellow.

velocity of a paw between ground contacts demonstrates higher
values in the NPC group (32.53 cm/s) compared to the control
group (22.22 cm/s), although this trend did not reach statistical
significance (Figure 8D).

Fine motor control seemed to be not affected by stem cell
transplantation with NPC-transplanted animals committing only
marginally fewer step errors in the grid walk test compared to
control animals (NPC, 2.087 ± 0.187; control, 2.320 ± 0.454;
Figure 8E).

DISCUSSION

This study was designed to examine effects of neural stem cell
transplantation on the immune environment in chronic stages

of cervical spinal cord injury. The inflammatory response likely
plays a pivotal role in the pathophysiology of SCI and the
neuroregeneration after SCI (5, 8). Post-traumatic inflammation
is not self-limiting and still detectable after months and years (6,
7, 40). Accordingly, as an evidence for this chronic inflammation,
we were able to verify the presence of M1 macrophages,
T lymphocytes, and apoptotic cells in substantial numbers in
the perilesional area 8 weeks after SCI. In this chronic stage,
astrogliosis and a cystic cavity were also present in injured
animals. The transplanted NPCs showed long-term survival and
substantial differentiation along the oligodendroglial lineage, as
reported by others (31, 41).

Interestingly, transplantation of NPCs led to significantly
lower numbers of M1 macrophages as well as a significantly
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FIGURE 6 | (A) The intramedullary cavity size, assessed on GFAP-stained cross-sections (see Figure 5B), was reduced in the NPC group compared to control,

although this difference did not reach statistical significance (n = 5). (B) The preserved tissue as a percentage of the entire spinal cord volume was higher in the NPC

group at all measured time points without reaching statistical significance.

FIGURE 7 | The distribution of caspase-3-positive cells shows an accumulation of apoptotic cells at the epicenter in injured control animals with apoptotic cell

numbers steadily decreasing toward the periphery (n = 6). (B) The quantification of caspase-3-positive cell numbers yields a significant reduction in the NPC group

compared to the control group (n = 6–7). (C) Apoptotic cell counts were generally higher in the gray matter and were also significantly reduced in the NPC group

compared to the control group. (D–F) Caspase-3-positive cells (red) with additional DAPI-expression (blue) were counted as apoptotic cells, as indicated by the yellow

arrows (scale bars = 15µm).

lower iNOS immunodensity of the whole spinal cord and its
gray matter. Moreover, significantly less apoptotic cells could be
observed in NPC-transplanted animals compared to the control

group. In addition, we could detect a non-significant trend
showing smaller cystic cavities and better functional recoveries
(i.e., higher BBB scores) in NPC-treated animals.
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FIGURE 8 | Functional recovery was weekly assessed using the BBB score, the CatWalk XT gait analysis, and the grid walk test (control, n = 9; NPC, n = 13). (A)

Although group differences do not reach statistical significance, BBB scores are continuously higher in the NPC group compared to the control group at all observed

time points. (B) The density curve, showing the distribution of BBB scores in each group for the first (week 1) and the last (week 8) time point, is clearly clinched

toward higher scores in the NPC group. (C) The parameter “Print area” in the CatWalk XT analysis 8 weeks after SCI shows significantly better results (i.e., a larger

forelimb area) in the NPC group compared to the control group. (D) The NPC group exhibits higher values in the forelimb parameter “Swing speed” of the CatWalk XT

test without reaching statistical significance. (E) NPC-transplanted animals made only marginally fewer step errors in the grid walk test compared to control animals.

Macrophages are a decisive immune cell population in chronic
inflammatory stages of SCI (12). Their functional state, often
described as a pro-inflammatory M1 phenotype or an anti-
inflammatory and pro-reparative M2 phenotype, has a great
impact on regenerating neurons and their surrounding tissue
(12, 16). Kigerl et al. (12) suggest that lesion-derived factors
might influence the differentiation of macrophages, down-
regulating M2 macrophages while promoting M1 phenotypes.
Pharmacological therapies aiming at promoting a shift from
M1 to M2 activation are reported to ameliorate the overall
inflammatory response and lead to improved locomotor function
(42, 43). As previously reported in other models, we uniformly
observed a long-lasting presence of macrophages in our
contusion-compression model of cervical SCI in rats (7, 16). M1
macrophages accumulated in the epicenter of the lesion with
a steady decline in numbers toward the periphery. It has been
shown that transplantation of stem cells can lead to a reduction of
pro-inflammatory M1 macrophages in acute and sub-acute post-
traumatic stages (20, 27, 44). In our study, we could show that
cell numbers of M1 macrophages were significantly reduced in
NPC-transplanted rats compared to the control group even in the
chronic phase, 8 weeks after SCI. Possible mechanisms involve
the down-regulation of pro-inflammatory cytokines, secretion
of trophic factors, and modulation of the perilesional milieu.
While M1 macrophages are assumed to persist after SCI, the
number of M2 is reported to decline to normal levels before
entering the chronic phase (12). We observed only very low
numbers of M2 macrophages 8 weeks after SCI. Thus, the
transplantation of NPCs did not have verifiable effects on the
presence of M2 macrophages in the chronic stage. Collectively,
our results suggest that transplantation of NPCs can attenuate

M1 activation but cannot sustain or induce M2 activation in
chronic stages.

Reactive astrogliosis is a characteristic response to injuries
of the central nervous system (45). GFAP-expressing reactive
astrocytes, while arguably being beneficial in the acute stage
by walling off the lesion and limiting secondary degeneration,
become an obstacle for regenerating neurons in the chronic
phase due to the secretion of inhibitory molecules and astroglial
scarring (46–49). In our study, we found a significant reduction
of GFAP-positive astrogliosis in the NPC-transplanted group
compared to the control group. A similar modulating effect of
NPC transplantation on reactive astrogliosis in chronic stages
of a cervical contusion/compression SCI model was shown by
Wilcox et al. (25). These findings are of particular interest,
as glial scarring is closely associated with inhibition of both
axonal growth and neural plasticity (48). Modulating astrogliosis
and inflammation in chronic stages could be of considerable
therapeutic value, as studies indicate that even chronically
injured neurons might be able to regenerate axons (50, 51).

Apoptotic cell death is a common feature of traumatic
insults to the CNS. Many studies demonstrate post-traumatic
apoptosis following SCI and decode signaling pathways (52–
55). While necrosis seems to be present mainly in the early
phase of SCI, apoptosis can be observed for weeks and at great
distances from the epicenter of the traumatic lesion (56). We
could confirm the presence of high numbers of apoptotic cell
bodies 8 weeks after SCI. Their prevalence was highest at the
epicenter with a continuous decrease toward the periphery, and
apoptotic cells were still detectable 3mm rostral and caudal
of the lesion. The quantity of caspase-3-positive cell bodies
suggesting apoptotic activity was significantly lower in the NPC
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group compared to the control group. Apoptosis is an important
functional parameter, as apoptotic cells are closely related to
neuronal and axonal damage and decay, tissue degeneration, and
neurological dysfunction (52, 56). Transplantation of NPCs may
have mitigated the post-traumatic hostile milieu, thus leading
to a reduced number of cells undergoing apoptosis. Therefore,
modulation of apoptotic activity might be a target to influence
neuroregeneration even in chronic stages of SCI.

A limitation of our study is the substantial amount of
GFP-positive NPCs that survived after transplantation but did
not differentiate along either the oligodendroglial or neuronal
lineage according to our quantification of APC+/NeuN+
stainings. As mentioned above, NPCs were characterized prior
to transplantation by colocalization with the NPC-marker Nestin
(GFP+/nestin+/DAPI+), however, an orthogonal measurement
of suchmarkers 6 weeks after transplantation was not performed.
We rather proceeded based on the findings of other experiments
that a vast part of precursor cells retains predominately
undifferentiated features, as shown for example in a study
by Cusimano et al. (44). It is however well documented that
even undifferentiated precursor cells, solely expressing GFP, can
greatly influence the injury environment and the secondary
response after CNS trauma such as spinal cord injury and
stroke (57).

In conclusion, our data indicate that transplantation of NPCs
may attenuate the immune environment after cervical SCI even
in chronic injury stages. Furthermore, the amount of pro-
inflammatory M1 macrophages, as well as the immunodensity
of their marker enzyme iNOS, are significantly reduced in the
NPC-transplanted group 8 weeks after SCI, which is a finding of
particular importance. An altered microenvironment in animals
with NPC transplantation might have induced the significant
reduction of reactive astrogliosis and post-traumatic apoptosis
in our study. Finally, we could observe slight improvement of

functional recovery in NPC-transplanted animals as well as a
trend toward a reduction in cavity size.
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