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A B S T R A C T

Ischemic stroke results in a loss of neurons for which there are no available clinical strategies to stimulate
regeneration. While preclinical studies have demonstrated that functional recovery can be obtained by trans-
planting an exogenous source of neural progenitors into the brain, it remains unknown at which stage of neu-
ronal maturity cells will provide the most benefit. We investigated the role of neuronal maturity on cell survival,
differentiation, and long-term sensorimotor recovery in stroke-injured rats using a population of human corti-
cally-specified neuroepithelial progenitor cells (cNEPs) delivered in a biocompatible, bioresorbable hyaluronan/
methylcellulose hydrogel. We demonstrate that transplantation of immature cNEPs result in the greatest tissue
and functional repair, relative to transplantation of more mature neurons. The transplantation process itself
resulted in the least cell death and phenotypic changes in the immature cNEPs, and the greatest acute cell death
in the mature cells. The latter negatively impacted host tissue and negated any potential positive effects asso-
ciated with cell maturity and the hydrogel vehicle, which itself showed some functional and tissue benefit.
Moreover, we show that more mature cell populations are drastically altered during the transplantation process
itself. The phenotype of the cells before and after transplantation had an enormous impact on their survival and
the consequent tissue and behavioral response, emphasizing the importance of characterizing injected cells in
transplantation studies more broadly.

1. Introduction

The ability of neural stem cell transplantation to restore brain
function has been established in pre-clinical models of stroke [1–3] and
has recently been tested in a Phase IIa clinical trial (PISCES-II); how-
ever, the optimal state of cell maturity for transplantation remains
elusive. Neural progenitor cells (NPCs) derived from induced plur-
ipotent stem cells (iPSCs) are an attractive source of cells for trans-
plantation [1,4], but once transplanted these cells are influenced by the
stroke microenvironment to differentiate into any neural progeny, and
often predominantly become astrocytes [5,6], making it difficult to
isolate the effect of neuronal delivery. It has been suggested that the use

of neuronal lineage-restricted precursors can both limit the differ-
entiation into undesired cell types that can occur with the use of un-
differentiated stem cells, and promote the formation of functional
connections with the host tissue [7,8]. However, there are benefits and
challenges with the use of both mature and undifferentiated cells for
transplantation. More mature neurons may be better able to form
functional synaptic connections with the host tissue, but are more
susceptible to cell death during the transplantation process [9,10]. This
cell death may be mitigated with the use of a hydrogel delivery system.
Conversely, undifferentiated cells may be able to survive the trans-
plantation process and secrete pro-survival factors into the host tissue,
but may differentiate into an undesired cell type [11,12]. Although it
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has been suggested that differences in maturity may affect the ability of
cells to survive the transplantation process [13], it is unknown speci-
fically which cells are affected, and, most importantly, what effect this
would have on the host tissue and functional outcome.

To test the effect of neuronal maturity on transplantation success in
a rat model of stroke, we differentiated three populations of human
induced-pluripotent stem cell (iPSC)-derived, cortically-specified, neu-
roepithelial progenitor cells (cNEPs) from a single starting population,
into a neuronal population in vitro which has been previously described
[13]. Identifying cNEPs along the differentiation continuum allows
their maturity to be investigated in terms of transplantation success –
that is, long-term cell survival and differentiation, as well as functional
recovery of stroke-injured rats. Three cNEP populations of defined
maturity were first compared in vitro: early-differentiated cells (0 days
of in vitro differentiation), mid-differentiated cells (16 days of in vitro
differentiation), and late differentiated cells (32 days of in vitro differ-
entiation). The early-differentiated cells expressed Sox2 and nestin, the
mid-differentiated cells expressed nestin, DCX, and βIII-tubulin, and the
late-differentiated cells primarily expressed βIII-tubulin and MAP2. We
delivered the early-, mid- and late-differentiated cells into the stroke
injured brain in a hydrogel vehicle composed of hyaluronan (HA) and
methylcellulose (MC), collectively termed HAMC, which has been
shown to improve cell survival and distribution in several CNS pre-
clinical models of disease [14–16]. HA has been shown to attenuate the
inflammatory response, and to promote cell survival through a CD44-
mediated mechanism, making it an attractive material for cell delivery.
Moreover, HA is shear-thinning while MC is inverse thermal gelling,
facilitating injectability and fast in-situ gelation.

Comparing the outcome of delivery of early, mid and late differ-
entiated cells, we report that delivery of early cells, that is, the most
immature, results in the greatest motor recovery. Interestingly, while
we noted some positive effect of mid differentiated cells and HAMC
alone on recovery, late differentiated cells showed no beneficial effect.
Furthermore, we demonstrate that, despite initial differences in cell
maturity in vitro, 50 days after delivery into the stroke-injured rat brain,
all cell groups are remarkably similar in terms of survival and expres-
sion of stem, neuronal and glial cell markers. This suggests that there
may be selective survival of subpopulations of transplanted cells, re-
gardless of the phenotype of the starting population. We tested this
hypothesis in vitro, finding that during cell harvesting, the detachment
of cells and their subsequent injection through a fine gauge needle re-
sults in substantial death of mature neurons in the late-differentiated
group specifically, despite encapsulation within the hydrogel. To the
best of our knowledge, we are the first to demonstrate that the phe-
notypic composition of transplanted neural cells changes upon de-
tachment from a culture plate and injection itself. The early differ-
entiated population, which demonstrated minimal cell death and
phenotype changes during transplantation, resulted in significantly
improved behavioral recovery, whereas transplantation of the late
differentiated population resulted in greater host tissue damage. Thus,
mature cell death has significant consequences for tissue and functional
outcomes after transplantation, which has broad implications for
transplant applications.

2. Materials and methods

2.1. In vitro culture and differentiation of cNEPs

Culture, differentiation and characterization of cortically-specified
neuroepithelial progenitor cells (cNEPs) has been previously described
[13]. Briefly, cNEPs were obtained from a source of human fibroblasts
reprogrammed into iPSCs and differentiated into neuroepithelial pro-
genitor cells using a cocktail of small molecule inhibitors (unpublished
results). Undifferentiated cNEPs were maintained in neural main-
tenance medium containing 50% DMEM-F12 with glutamine and
HEPES, 50% Neurobasal, 0.1 mM 2-mercaptoethanol, 2 mM Glutamax,

1x N2 supplement, 0.05x B27 minus vitamin A supplement (Gibco),
20 ng/mL Insulin + zinc, 10 ng/ml FGF2, 3 μM CHIR99021 (Pepro-
tech), 10 μM SB431542 (Peprotech), and 50 ng/ml noggin. Cells were
routinely passaged with Accutase as single cells, and plated at
3× 105 cells per cm2 on a laminin coated surface. Cells were differ-
entiated by culturing in serum-free medium containing 50% DMEM/
F12 with glutamine and HEPES, 50% Neurobasal medium (Gibco),
0.1 mM 2-mercaptoethanol, 2 mM Glutamax, 1x N2 supplement, 0.05x
B27 minus vitamin A supplement (Gibco), and 20 ng/mL Insulin + zinc
for a defined number of days to obtain three stages of neuronal ma-
turity: early, mid, and late. Early differentiated cells predominantly
express sox2 and nestin, mid-differentiated cells express nestin, DCX,
and βIII-tubulin, and late-differentiated cells express DCX, βIII-tubulin,
and MAP2, while sox2 and nestin expression are absent.

2.2. HAMC preparation

A physical blend of hyaluronan (HA, 1200–1900 kDa, Novamatrix,
Drammen, Norway) and methylcellulose (MC, 300 kDa, Shin-Etsu,
Tokyo, Japan) was used to prepare HAMC, as previously described
[13]. Briefly, 24 h before use, sterile filtered HA and MC were dissolved
into artificial cerebrospinal fluid (aCSF) at a concentration of 1% w/v,
mixed in a SpeedMixer (DAC 150 FVZ, Siemens) for 30 s and left at 4 °C
overnight. Prior to use, HAMC was kept on ice for all experiments.

2.3. In vitro cNEP assays

Early, mid, or late-differentiated cNEPs were dissociated from the
culture plate using Accutase (Sigma-Aldrich) and dissociated into a cell
pellet. Cell were counted using Trypan blue exclusion and approxi-
mately 50,000 cells/μL were suspended in an equal volume of 1% w/v
of each of HA and MC, resulting in a final concentration of 0.5% HA and
0.5% MC, w/v. 2 μL of this solution was injected through a Hamilton
10 μL Gastight syringe #1701 fitted with a 26G 45° beveled needle at a
rate of 0.25 μL/min into an Eppendorf tube and cell viability was de-
termined. An additional 2 μL of the cell-gel solution was removed from
the sample prior to injection to determine cell viability after dissocia-
tion but without injection. In both instances cell viability was de-
termined using calcein AM (for live cells) and ethidium homodimer (for
dead cells, Thermo Fischer) and capturing images on an Olympus
FV1000 laser scanning microscope. Cell viability was expressed as the
percentage of live cells normalized to the initial cell number. Following
injection, cells were diluted with differentiation medium and reseeded
onto laminin-coated culture plates at a density of 30,000 cells/cm2 for
immunocytochemistry.

2.4. In vitro cNEP immunocytochemistry

Either 1 h or 7 d after injection of cNEPs, media was removed and
cells were fixed in 4% paraformaldehyde (PFA) for 20min and washed
twice in PBS. Cells were then blocked for 1 h with blocking solution
(0.1% Triton-X-100, 5% BSA in PBS) and incubated with primary an-
tibody diluted in blocking solution overnight at 4 °C. The following
antibodies were used: anti-Sox2 (1:500, Abcam 137385); anti-DCX
(1:500, Abcam ab18723); anti-β-III tubulin (1:1000, Abcam ab41489);
anti-MAP2 (1:500, Sigma Alrich m1406); anti-Ki67 (1:500, Abcam
ab15580); anti-Caspase3 (1:500, Abcam ab13847). GFAP-positive as-
trocytes were not quantified following detachment and injection, be-
cause prior to 32 days of differentiation the number of cNEPs which
differentiate into astrocytes is minimal. Cells were washed three times
for 5min each with PBS and incubated with the secondary antibodies
diluted in blocking buffer for 2 h at room temperature. Alexa-tagged
secondary antibodies (Molecular Probes, Invitrogen) were used at 1:500
dilutions: Alexa Fluor® 488 goat anti-rabbit IgG (Invitrogen, A11034),
Alexa Fluor® 546 goat anti-mouse IgG (Invitrogen, A11003), and Alexa
Fluor® 633 goat anti-chicken IgG (Invitrogen, A21103). Wells were
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washed three times for 5min each with PBS and left in PBS with DAPI
for imaging. Images were captured on an Olympus FV1000 laser
scanning microscope using a 20x objective lens and consistent settings
between experimental groups. Protein expression was evaluated in 3
areas of each well to count cells and expressed as a percentage of total
cells.

2.5. Animal procedures

Experimental procedures were performed in accordance with the
Guide to the Care and Use of Experimental Animals and approved by
the Animal Care Committee at the University of Toronto. Stroke sur-
geries were performed as described previously [13,17]. Seventy-five
male Sprague-Dawley rats (Charles River) at 250 g were anaesthetized,
the skull was shaved, and the skin cleaned and a rostral-caudal incision
was made on the skull. Using sterile technique, the skull was exposed
and three holes were drilled at coordinates: (1) AP 0.0, ML 3.0; (2) AP
2.3, ML 3.0, and (3) AP 0.7, ML 3.8. Animals were subjected to an
endothelin-1 (Et-1, Calbiochem San Diego CA) induced stroke in the
cortex and striatum by injecting 1 μL of 400 pmol/μL Et-1 at a rate of
0.25 μL/min through each of the drilled holes into the brain, 2.3 mm
ventral from the surface of the skull for locations 1 and 2, and 7.0 mm
ventral for location 3, using a 10 μL Hamilton Gastight syringe (#1701)
fitted with a 26G 45° beveled needle. The needle was left in place for
3min after Et-1 injection and then slowly withdrawn to prevent back-
flow. The incision was sutured closed and animals were given Keto-
profen (3mg/kg) and 3mL saline for recovery. The functional deficit
was assessed four days following injury using the staircase test and
animals were evenly distributed into treatment groups for cell trans-
plantation. Animals which had a minor deficit, i.e., their performance
was equal to or greater than 80% of baseline on the staircase test, were
excluded from behavioral analysis.

2.6. Behavioral task training and testing

The Montoya staircase and tapered beam tests were used to assess
functional recovery of rats as previously described [18,19]. For the
staircase test, rats were trained to retrieve pellets for 14 consecutive
days, twice a day, and were required to obtain an average of at least 15
pellets per session to be considered successfully trained. For the tapered
beam walk, rats were placed on the end of a tapered beam and trained
for one day to cross the beam without interruption and enter a dar-
kened goal box with a food reward. Baseline performance for each test
was assessed by a blinded reviewer over three days immediately prior
to the stroke surgery. At day 4 post-stroke, animals were tested to ob-
tain a pre-transplantation measurement, and following cell transplan-
tation, post-stroke animals were tested at 14, 28, 42, and 56 d on both
tests. The staircase performance was recorded over 6 sessions (2 ses-
sions per day for 3 days), and the final value was taken as an average of
the last 4 sessions and expressed as a percentage of the individual an-
imal's baseline performance. Animals without surviving cells at the
terminal time point were removed from the final analysis. For the ta-
pered beam test, a minimum of 5 runs across the beam was recorded for
each animal during one session per testing period. A blind reviewer
scored the number of hind limb foot faults that occurred during each
run using the video playback, and the total number of foot faults was
expressed as a percentage of the baseline performance.

2.7. Cell transplantation

The three populations of cells (early, mid, and late differentiated)
were transplanted into the cortex of rats seven days after stroke surgery.
Approximately 50,000 cells/μL were suspended in an equal volume of
1% HAMC, final concentration 0.5% HA/0.5% MC, w/v, and loaded
into a Hamilton 10 μL Gastight syringe #1701 fitted with a 26G 45°
beveled needle. The needle tip was inserted 2.2 mm below the surface

of the skull and 2 μL of cells in HAMC were injected into two of the
three previously drilled locations corresponding to cortical lesion sites:
AP 0.0mm, ML 3.0mm; and AP 2.3 mm, ML 3.0 mm. The rate of in-
jection was 0.25 μL/min and the needle was left in place for 3min
before being slowly withdrawn. Vehicle control animals were given an
injection of 0.5% HA/0.5% MC w/v without cells. Cyclosporine A (CsA;
Catalogue # C-6000, LC Laboratories, Woburn, MA, USA) was dissolved
in conventional 65% ethanol, 35% Cremophor EL and rats received
daily subcutaneous injections of CsA (15mg/kg) for two days leading
up to the cell transplantation. During the transplantation surgery, a
subcutaneous osmotic minipump (Alzet, 2ML4) with CsA (15mg/kg/
day) was implanted in all animals. Both incisions were sutured closed
and animals were given ketoprofen (3mg/kg) and saline for recovery.
The researchers were blinded to which treatment each rat received.

2.8. Immunohistochemistry

At the terminal time point of 50 d post-transplantation, rats were
sacrificed by CO2 asphyxiation. Tissue was fixed by immersion in 4%
PFA for 10 days followed by cryoprotection in 30% sucrose. Brains were
flash frozen using dry ice cooled 2-methyl-butane and serially sectioned
to 20 μm using a cryostat (Leica CM3050S). Every sixth section from
each brain was used for staining and quantification. The following
antibodies were used for analysis: anti-human nuclear antigen (HuNu,
1:500, Millipore MAB1281); anti-Ki67 (1:500, Abcam ab15580); anti-
DCX (1:500, Abcam ab18723); anti-β-III tubulin (1:1000, Abcam
ab41489); anti-NeuN (1:500, Abcam ab177587); anti-Caspase3 (1:500,
Abcam ab13847); anti-glial fibrillary acidic protein (GFAP, 1:2000,
DAKO Z0334); anti-human cytoplasm, STEM121 (1:1000, Takara Bio
Y40410). Human nuclear antigen was chosen to identify cNEPs as it is a
reliable and specific identifier of human cells in xenograft models and
has been previously used by our group and others [13,38,48]. To in-
vestigate colocalization of cytoplasmic proteins with transplanted
cNEPs, we used STEM121, which is present only in human cell cyto-
plasm [58]. Images were captured either using an Olympus FV1000
laser scanning microscope at 20x magnification to generate 25 μm-thick
z-stacks or using a Zeiss AxioScan.Z1 slide scanner at 10x magnifica-
tion. Quantification was conducted by using Fiji is Just Image J (Ras-
band, W.S., ImageJ, U.S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997–2016) and was con-
ducted by a user blinded to treatment.

2.9. Tissue quantification

To calculate total cell number per brain, the number of HuNu-po-
sitive pixels in each stained section was counted, multiplied by the
number of microns between sections sampled, and divided by the
average number of pixels in one HuNu-positive cell to determine the
number of cells per brain. To quantify cell fate, the number of either
HuNu or STEM121-positive pixels was overlapped with positive pixels
for each protein of interest to obtain the number of colocalized pixels.
Protein expression was quantified as a fraction of colocalized pixels
divided by total HuNu or STEM121 pixels to obtain a percentage value.
To quantify the amount of caspase3, GFAP, NeuN, βIII-tubulin and DCX
expression in the host tissue, a region of interest (ROI) was selected to
encompass all STEM121 + transplanted cells, and within this ROI the
number of marker-positive/STEM121-negative pixels was quantified to
represent host tissue adjacent to the transplant. The amount of caspase3
and GFAP in control groups containing no cells (Injury alone or HAMC)
was quantified by selecting an ROI based on the NeuN-/DAPI+ lesion
and using an in-house custom MATLAB script to quantify the number of
positive pixels in a 100 μm area surrounding the lesion, i.e., the peri-
infarct. Since quantification was conducted using different regions of
interest in the cell vs non-cell groups, the data have been presented on
different graphs.
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2.10. Quantification of lesion volume

Sagittal tissue sections from 2.5 to 4.0mm medial-lateral relative to
the bregma were collected for lesion analysis. Sections stained for NeuN
and counterstained with DAPI were used to quantify the lesion volume
per brain as described elsewhere [16]. The lesion was defined as both
the infarct and cavity; areas stained with DAPI but devoid of NeuN were
defined as the infarct, whereas areas lacking in both DAPI and NeuN
staining were defined as the cavity. Image J was used to manually trace
the area of infarct and lesion for every sixth section of brain tissue. The
lesion volume was calculated by summing the area of lesion for each
representative tissue section and multiplying it by the thickness of the
total tissue sample.

2.11. Statistical analysis

All data are reported as mean ± standard error of the mean unless
otherwise indicated. Statistical analysis was performed using GraphPad
Prism 6 (GraphPad, La Jolla, CA). For comparisons between multiple
groups, an analysis of variance (ANOVA) followed by Tukey's post-hoc
test was used. For comparisons between two groups, a Student's t-test
was used. A p-value of less than 0.05 (i.e., 95% confidence) was re-
garded as statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001).

3. Results

3.1. Functional recovery observed in early-differentiated transplant animals

To determine an optimal cell maturity for transplantation we in-
vestigated three cell populations, based on differentiated neuronal
maturity, for injection into the stroke-injured rat brain: early- (Sox2+,
nestin+), mid- (nestin+, DCX+, βIII-tubulin+) and late- (βIII-tubulin
+, MAP2+) differentiated cNEPs [13]. The time line for stroke injury,
cell transplantation, and behavioral training and testing is outlined in
Fig. 1A. To investigate the effect of transplanted cell maturity on animal
behaviour, we used two sensorimotor assays: the staircase test [20] and
the tapered beam test [21]. The staircase test showed differences in
functional recovery (Fig. 1B–F) whereas the tapered beam test showed
statistical differences neither between groups nor within each group
(Fig. S1). At 4 d post-stroke and prior to cell injection, animals display
an average deficit of approximately 50% of baseline performance in the
staircase test. Compared to 4 d following stroke, animals transplanted
with early-differentiated cells show significant improvement at both 42
and 56 d post-transplantation (Fig. 1B); animals transplanted with the
mid-differentiated cells show significantly improved recovery at 56 d
(Fig. 1C) and animals transplanted with the late cell group show no
significant recovery over the course of the experiment (Fig. 1D). In-
terestingly, we also observed significant functional recovery in animals
transplanted with the HAMC vehicle control at 56 d vs. 4 d post-stroke
(Fig. 1E), demonstrating a beneficial effect of the vehicle itself and
underlining its utility for cell delivery. However, even the recovery
observed with HAMC was insufficient to overcome injury in the late-
differentiated cell group, suggesting other host tissue effects resulted
from transplantation of these more mature cells. We observed no evi-
dence of significant recovery in the injury alone group at any time point
tested (Fig. 1F). Thus, we observed significant differences over time
with transplantation of early- and mid-differentiated cells and with
HAMC, but no significant differences between the groups (Fig. 1G).

3.2. cNEPs survive and proliferate in all maturity groups

We next examined the survival and proliferation of transplanted
cells by immunostaining the tissue for human nuclear antigen (HuNu)
to detect human cells within the rat brain (for survival) and then those
co-localized with Ki67 (for proliferation) (Fig. 2A–L). We detected

HuNu+ nuclei in the cortex at the approximate injected location for
early- (Fig. 2A–D), mid- (Fig. 2E–H) and late-differentiated cells
(Fig. 2I–L) at 50 d after transplantation. We found that approximately
80% of animals that received transplants contain surviving cells, which
was similar across all experimental groups (Fig. 2M), and that the
average number of cells per brain does not differ significantly, largely
due to the high variability in the mid- and late-differentiated groups
(Fig. 2N); however, there is a trend towards more cells in the mid- and
late-differentiated cell groups vs. the early-differentiated group (and
this difference would be significant at 90% confidence with p= 0.086
for mid- vs. early-differentiated cells; and p=0.088 for late- vs. early-
cells). Given that approximately 2×105 cells were transplanted into
each animal, the early-differentiated group has 28 ± 10.4% of the
initial cell number whereas the mid- and late differentiated cell groups
have 206 ± 67.0%, and 202 ± 54.8%, respectively. Although on
average more cells are found in the mid- and late-differentiated groups,
there are no significant differences in the percentage of proliferating
cells between groups at the terminal time point (Fig. 2O).

3.3. Expression of phenotype markers did not differ between transplant
groups

We next investigated the expression of phenotype markers to de-
termine if the pre-transplantation maturity of the cell populations is
maintained post-transplantation, or if cells differentiate further in vivo.
Markers examined included: the neural stem cell marker, Sox2, neu-
ronal lineage markers DCX (neuroblasts), βIII-tubulin (immature neu-
rons), and NeuN (mature neurons), and the astrocyte marker GFAP.
Surprisingly, and in contrast to what is observed pre-transplantation,
there are no significant differences between cell maturation markers
comparing brains from early-, mid- and late-differentiated cell groups at
50 d after transplantation (Fig. 3A–E). On average per brain, 5% of cells
expressed Sox2, 30% expressed DCX, 25% expressed βIII-tubulin, 5%
expressed NeuN, and 20% expressed GFAP, indicating that the majority
of transplanted cells adopt an immature neuronal or glial phenotype at
50 d post-transplantation.

3.4. Detachment & injection through syringe causes acute cell death and loss
of mature phenotype

To gain a greater understanding of any changes that may be oc-
curring to the cells during the transplantation process, we re-examined
our cells in vitro using the identical protocol for cells being transplanted
in vivo – that is, cell detachment from culture plates followed by in-
jection through an identical needle at the same rate (0.25 μL/min). We
hypothesized that the transplantation paradigm affects mature cell
survival, leading to a change in the population phenotype. We tested
our hypothesis by detaching and injecting all three cell phenotypes
(early-, mid-, and late-differentiated) separately through a 26-gauge
needle and immunostaining the cells for markers of cell maturity after
either 1 h or 7 d in culture. Following detachment and injection, cell
viability decreases in all three groups whereas following detachment
alone, cell viability decreases significantly only in the late cell group
relative to the viability of adhered cells (Fig. 4A). Viability for early-
and mid-differentiated cells following injection is approximately 85%
compared to ∼50% in the late-differentiated group, relative to the
adhered cell viability. Investigating phenotype, we observed that 1 h
following either detachment alone or detachment and injection, the
early-differentiated cells (Fig. 4B) express similar levels of Sox2, DCX,
βIII-tubulin and MAP2 as adherent cells, demonstrating that early-dif-
ferentiated cells do not change significantly during processing and in-
jection. In contrast, compared to the adherent levels, the mid- (Fig. 4C)
and late- (Fig. 4D) differentiated cells have significantly reduced levels
of DCX and βIII-tubulin following detachment and injection, and no
MAP2 expression – a protein expression pattern that differs con-
siderably overall from adherent cultures. These changes in phenotype
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are accompanied by a change in cell morphology in the late-differ-
entiated group, wherein the long neuronal processes are not re-estab-
lished in vitro (Fig. 4E), even when cultures are maintained for longer
time periods of 7 d post-injection (Fig. S2). These results demonstrate
that the transplantation paradigm causes acute cell death, leading to
changes in phenotype and viability of the more mature transplanted
cells.

3.5. Host injury and gliosis are increased with transplantation of late-
differentiated, mature cells

To gain insight into the effect of the transplanted cells on the host
brain tissue, we quantified lesion volume, apoptosis and gliosis. The
lesion is comprised of an infarct and cavity and was measured by im-
munostaining the host brain tissue for NeuN+ neurons and DAPI
+ cells. The infarct volume is defined as the region of DAPI+/NeuN-
cells and cavity as the DAPI-/NeuN- region (Fig. 5A). The infarct vo-
lume is significantly greater in those brains transplanted with late-dif-
ferentiated cells vs. mid-differentiated cells, HAMC, or injury alone

Fig. 1. Paradigm for cell transplantation and behavioral analysis of functional recovery using the Montoya staircase test. (a) Animals were trained on the behavioral
tests for two weeks prior to stroke surgeries and performance baselines were established 4 d before endothelin-1 stroke. Animals were implanted with a cyclosporin A
(CsA) osmotic pump at the time of cell transplantation. Early-, mid- or late-differentiated cNEPs were injected into the stroke-injured brain 7 d following a stroke
injury. Following cell injection, performance was measured biweekly for 56 d. Animals were sacrificed 56 d after injury. Within-group differences were assessed
relative to the injury time point (4 d post stroke) for (b) early-differentiated, (c) mid-differentiated, (d) late-differentiated cells, (e) HAMC, and (f) injury alone.
Animals injected with the early-differentiated cells improved significantly at 42 d (**p < 0.01) and 56 d (*p < 0.05) relative to pre-cell injection values at 4 d
whereas those injected with the mid-differentiated cells and HAMC improved significantly (*p < 0.05) at 56 d. Injury alone groups showed no significant im-
provement. (g) There were no significant differences between experimental groups. Dotted line with arrow delineates time of cell transplantation. (n = 6–10,
Mean ± SEM, one-way ANOVA with repeated measures and Tukey's post hoc, *p < 0.05, **p < 0.01).
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(Fig. 5B). While animals transplanted with the late-differentiated cells
have the largest cavity volume, it does not differ significantly between
groups (Fig. 5C). The total lesion volume is significantly greater in the
late-differentiated group compared to the mid-differentiated cell group
(Fig. 5D).

The impact of the transplanted cells on apoptosis and gliosis in the
host brain was quantified immediately adjacent to the transplanted
cells by Caspase3 (Fig. 6A) and GFAP expression (Fig. 6B), respectively.
To differentiate between host and transplanted cells, the tissue was also
stained with STEM121, a human cytoplasmic marker. There is

significantly more apoptosis in the peri-infarct host tissue in animals
injected with late-differentiated cells than early-differentiated cell
transplants, as demonstrated by Caspase3+/STEM121-cells (Fig. 6D).
There is also a trend towards increased transplant cell apoptosis with
increased cell maturity (from early-to mid-to late-), but no significant
differences using Caspase3+/STEM121 + staining (Fig. 6C). To better
understand the glial host tissue response, we compared GFAP
+/STEM121-staining in the host brain tissue among the three trans-
planted cell groups. Host tissue gliosis adjacent to the transplant is
significantly higher in animals transplanted with the late differentiated

Fig. 2. Cell survival and proliferation 50 d post-transplantation. (a–l) Representative immunohistological images of cNEPs stained for nuclei (DAPI, blue), human
nuclear antigen (HuNu; green) and Ki67 (red). (m) The number of animals with cells detected at the terminal time point for each maturity type transplanted. (n)
Quantification of average HuNu+ cell number per brain. (o) Quantification of the average percentage of proliferating cNEPs as determined by colocalization of HuNu
and Ki67. Scale bar = 100 μm. Inset scale bar = 50 μm n = 8–10, mean ± SEM, one-way ANOVA with Tukey's post hoc, *p ≤ 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

S.L. Payne et al. Biomaterials 192 (2019) 309–322

314



(caption on next page)

S.L. Payne et al. Biomaterials 192 (2019) 309–322

315



cell group compared to the early- or mid-differentiated groups (Fig. 6E).
Interestingly, the amount of host caspase3 and GFAP expression was
also evaluated in the peri-infarct region of brains from the injury and
HAMC control groups, and it was found that animals injected with
HAMC alone had significantly less caspase3 expression than the injury
control group (Fig. S3), demonstrating a positive tissue effect of the
vehicle itself which may explain the functional benefits observed. We
also quantified the amount of NeuN+, βIII-tubulin+, and DCX+ host
in the vicinity of the transplanted cNEPs (Fig. 6F–H), and found that,
while there was no difference in the number of βIII-tubulin or DCX
pixels between cell groups, there were significantly more NeuN+ pixels
in the early-compared to the late-differentiated group. Together, these
results demonstrate that transplantation of the more mature cell po-
pulation has a negative effect on the host tissue in terms of increased
lesion volume, cell death, and gliosis that negated the beneficial effects
of HAMC alone.

4. Discussion

To determine the effect of neuronal progenitor cell maturity on
transplant success, we delivered human early-, mid- and late-differ-
entiated cNEPs in a HAMC hydrogel into the stroke-injured rat brain,
finding the fastest behavioral recovery with the transplantation of
early-differentiated cNEPs. Importantly, our cells were derived from the
same starting population, making them directly comparable in terms of
maturity without the confounding factor of different sources. Despite
clear differences in cell phenotype in vitro, we observed similar cell
proliferation, and expression profiles of neural stem and progenitor
markers across groups after 50 days in vivo. We investigated cell via-
bility and phenotype following the injection process and determined
that injection causes selective death of mature neurons, leading to an
increase in the number of dead cells delivered into the brain in the late-
differentiated group. Fig. 7 summarizes the differences in cell survival
and functional repair as a function of cell maturity. This injection of
dead cells leads to negative host tissue effects and inhibited the bene-
ficial effects of HAMC alone on both behavioral recovery and host tissue
death, emphasizing a need to characterize changes in cell viability and
phenotype post-injection.

When we investigated cell phenotype and survival in vitro after cell
detachment and injection through a syringe needle, we found that
mature cells in the late-differentiated group underwent significant
death likely due to their greater fragility and disruption of cell processes
during detachment from the culture plate. Surprisingly, the interplay
between cell maturity and transplantation paradigm has not been pre-
viously reported and cell survival alone is rarely reported or quantified.
Viability of human NSCs or NPCs immediately following injection has
been reported as between 81% in saline [22] and 97% in a hydrogel for
the clinically-tested CTX cell line [23], and as low as 60% in saline for
mouse NPCs [24]. There are limited data for transplantation of more
differentiated progeny; however, one study investigating the use of
mesencephalic dopaminergic neuron precursors noted that more dif-
ferentiated precursors had poor cell viability following fluorescent ac-
tivated cell sorting (FACS) and transplantation into the brain compared
to less-differentiated progeny [10]. Another study investigating un-
differentiated or differentiated striatal human NSCs found no difference
in viability after cell harvesting, but also found no differences in cell
survival or functional outcome after transplantation into a mouse
model of Huntington's Disease [25]. GFAP-positive astrocytes were not

quantified following detachment and injection, because, prior to 32
days of differentiation the number of cNEPs which differentiate into
astrocytes is minimal. A number of factors such as cell processing, in-
jection rate, concentration of cells, needle gauge and length, time that
cells remain in the syringe before injection, and delivery vehicle all
contribute to acute cell viability [26,27]. The damage to adherent, late-
differentiated cells during the detachment and pelleting process is dif-
ficult to avoid, but other parameters can be investigated to reduce cell
death in this group. For example, the HAMC hydrogel delivery vehicle
used herein could co-deliver pro-survival or differentiation factors to
promote the survival of more mature cells and/or direct their differ-
entiation [16,28].

Interestingly, animals transplanted with HAMC alone showed both
behavioral recovery at 56 days whereas injury alone animals did not,
and reduced caspase3 expression relative to those animals with injury
alone. These data demonstrate that HAMC promotes host tissue repair
and is thus a good cell delivery vehicle. Although HAMC is resorbed and
cleared from tissue in approximately 3–7 days [15,29], host cells may
infiltrate into HAMC and contribute to early tissue preservation and the
recovery seen; however, given that we characterized the tissue at 50
days after HAMC injection, it is difficult to confirm this hypothesis.
Others have reported host cell infiltration into non-degradable or
slowly resorbable materials, such as ECM [30] and electrospun
agarose/methylcellulose hydrogels [31], at late time points (84 and 60
days, respectively), and Ghurman et al. report cell infiltration as early
as 24 h following implantation of the hydrogel [30]. We too have ob-
served cell migration with HAMC injection into the spinal cord [32];
however, in that case HAMC was modified with both cell adhesive RGD
peptides and the PDGF growth factor whereas in the current study there
was no additional modification to HAMC. Previous studies have shown
HAMC to promote cell survival through a CD44-HA mediated interac-
tion [14] and anti-inflammatory properties; here we show its beneficial
effects on host tissue in terms of reduced apoptosis and on behaviour,
which has not been previously observed. It is possible that an early
reduction in inflammation leads to a decrease in long-term cell apop-
tosis through a CD44-dependent modulation of pro-inflammatory cy-
tokine secretion in leukocytes [33]. Future studies beyond the scope of
this manuscript will be needed to investigate this further and link the
decrease in host cell apoptosis to the functional recovery observed.

In addition to the importance of investigating the changes in cell
viability following injection, determining the impact of these changes
on the host tissue is also essential. We demonstrated that the increased
cell death observed in the late-differentiated group led to greater host
tissue damage than that observed with early- and mid-differentiated
cell transplants, as evidenced by the greater lesion volume, gliosis at the
site of injection and greater caspase3 expression. This corroborates the
only other study on the effect of cell viability on host brain tissue where
dead cells that were purposefully injected into the brain resulted in an
increased inflammatory response and a larger lesion [34]. Lesion vo-
lume, depending on the location, has been correlated with the degree of
impairment in preclinical stroke models [22,35] while cortical atrophy
has been correlated with worsening staircase test performance [8]. The
inflammatory response following a stroke is important for tissue repair
but can also lead to long-term negative effects. Initial infiltration of
immune cells into the lesion can help to remove debris caused by dying
cells, but also results in secretion of pro-inflammatory factors leading to
inflammation and gliosis. Others have shown that the inflammatory
response is decreased by 14 days following a stroke and diminishes at

Fig. 3. Histological analysis of cell phenotype in the stroke-injured brain at 50 d after transplantation. Quantification of number of pixels positive for each marker per
brain revealed no significant difference in protein expression after transplantation among the (i) early-, (ii) mid-, and (iii) late-differentiated cell groups in terms of
(a) Sox2 for neural stem cells; (b) doublecortin (DCX) for neuroblasts; (c) βIII-tubulin for immature neurons; (d) NeuN for mature neurons; and (e) GFAP for glial
cells. Mean + SEM, n = 6–8, one-way ANOVA with Tukey's post hoc test, p≤ 0.05. Scale bar = 100 μm. (Nuclei were stained with DAPI, blue; transplanted cells
were stained with HuNu or STEM121, red; each marker, Sox2, DCX, βIII, NeuN, and GFAP, green). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 4. Quantification of cNEP viability and phenotype following in vitro injection and cell culture. Cells were cultured following detachment alone or detachment
and injection through a 26-gauge needle and either assayed using a live/dead stain or immunolabeled for neural stem cells (Sox2), immature neurons (DCX; βIII-
tubulin), and mature neurons (MAP2). (a) Cell viability decreases significantly following injection for all groups and significantly following detachment for only the
late-differentiated group. (b) Early-differentiated cells maintain their Sox2 expression following injection whereas (c) mid- and (d) late-differentiated cells lose their
mature neuronal phenotype following injection. Adhered = cultured cells; Detached = after detachment from culture plate, but before injection; Injection = after
both detachment and injection. (e) Representative images of late-differentiated cell morphology labeled with anti-MAP2 (red) before and after detachment and/or
syringe injection. Mean + SEM, One-way ANOVA with Tukey's post hoc, *p < 0.05, **p < 0.01, ***p < 0.001, n = 5. Scale bar = 50 μm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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later time points [36,37] and therefore differences would likely be
undetectable at 56 days post-stroke in our tissue. Apoptosis of trans-
planted cells is rarely reported at time points greater than one week;
however, in one study, 25% of total transplanted cells were positive for
caspase3 at 8 weeks post-transplantation [38], which is consistent with
our data. In our study, animals transplanted with the late-differentiated
cells showed the greatest amount of gliosis in the host tissue adjacent to
the transplant site. The glial scar, which forms in response to injury in
the peri-infarct tissue to limit damage, also acts as a chronic barrier that
prevents axon regeneration in the brain [39,40]. The size of the glial
scar has been correlated with reduced functional recovery [41], which
is consistent with our data. Interestingly, there appears to be a
threshold of cell death that must be reached before there is a measur-
able impact on host tissue and behaviour; while the mid-differentiated
group had some mature neuron death, it did not result in the detri-
mental host tissue effects found with the late-differentiated group,
suggesting that only when cell viability decreases beyond a certain
threshold does it impact the host.

The death of more mature cells at the onset of transplantation is
likely responsible for the observed similarities in cell phenotype at the
terminal time point in vivo, as the remaining progenitor cells pro-
liferated and differentiated. In a previous study of cNEP survival 7 days
post-transplantation, differences in number and phenotype based on
cell maturity were observed in vivo.13 Together with the data presented
herein, where no difference in phenotype was observed at 50 days post-
transplantation, these results suggest that both the transplantation
process and the microenvironment in the brain impact cells and that
they evolve over time during engraftment. Minimal NeuN expression
and evidence of proliferation in our transplants suggest that most
neurons present in all groups were relatively immature at this terminal
time point, despite the fact that, at 32 days of differentiation in vitro, a
significant proportion of cNEPs were phenotypically mature [13]. Our
data are consistent with other studies that show NPCs differentiated for
21 days prior to transplantation had more than double the initial
number of cells 1 month after transplantation, reflecting significant
proliferation [42]. In another study, NPCs that were analyzed at 50

weeks after transplantation expressed immature and proliferation
markers, Sox2 and Ki67, respectively, in the brain and exhibited a 20-
fold increase in the number of transplanted cells [43].

Although our data show that the injection paradigm was responsible
for acute changes in phenotype, it is well documented that the micro-
environment of the brain contributes over time to the fate of trans-
planted cells. Others have reported that transplant location into the
spinal cord influences the maturity of iPSC-derived NPCs [44], and that
the injured brain microenvironment favours the differentiation to as-
trocytes over neurons when an undifferentiated NSC population is
transplanted [6,14,45]. Since the population of cells that survived the
injection process were of a less-differentiated phenotype, their fate was
likely influenced by the stroke microenvironment, as evidenced by the
higher expression of GFAP in vivo (20–30%) than is typically seen in
cNEPs differentiated in culture for 30 days (15% in vitro) (Varga et al.,
in preparation) and the lower expression of βIII-tubulin in vivo (25%)
compared to that in vitro (80%) [13]. Others have seen this so-called
“phenotypic fluidity” [46] after transplantation even when cells are
pre-differentiated towards a neuronal lineage and sorted using PSA-
NCAM, a marker of migrating neuroblasts [16,47,48]. It is possible that
even with commitment to a neuronal lineage, if cells are not terminally
differentiated, they may switch to a glial fate. The increase in GFAP-
positive cells in vivo at 50 days, relative to that in vitro at 32 days, may
also reflect the longer time required to differentiate astrocytes, which
typically follow that of neurons [49].

We observed that the transplantation of late-differentiated cells re-
sults in acute loss of mature cell viability and provides no functional
benefit. Others that have investigated transplantation of cells of varying
maturity status reported mixed outcomes. Jensen et al., observed a si-
milar trend to our data where no differences in cell survival or phe-
notype of iPSC-NPCs were observed between transplanted cells of dif-
ferent maturity status after one month in vivo [50]. Fricker-Gates et al.
demonstrated decreased survival when post-natal neurons were trans-
planted compared to less differentiated, embryonic progenitors [12].
Interestingly, they also showed that embryonic stage neuroblasts or
immature neurons could form synaptic connections with the host while

Fig. 5. Lesion volume 50 d after trans-
plantation of cNEPs. (a) A re-
presentative image from the late-dif-
ferentiated group. Lesion volume is
defined as sum of infarct volume (vo-
lume of DAPI+/NeuN- tissue) and
cavity volume (volume of DAPI-/NeuN-
tissue). DAPI = blue, NeuN = red. cav
= cavity, cc = corpus callosum, cx =
cortex, inf = infarct, st = striatum.
Quantification of volume of (b) infarct,
(c) cavity, and (d) total lesion ( = in-
farct + cavity). Mean ± SEM, n =
6–9 per group, One-way ANOVA with
Tukey's post hoc, *p < 0.05,
**p < 0.01. (For interpretation of the
references to colour in this figure le-
gend, the reader is referred to the Web
version of this article.)
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post-natal projection neurons did not. While our findings are consistent
with those of Jensen and Fricker-Gates, we recognize that they con-
tradict other studies, making the ideal maturity status difficult to
identify. For example, rats transplanted with ‘cortically-fated’ human
NPCs had greater recovery than ‘unfated’ NPCs [11] while pre-differ-
entiated GABAergic neurons maintained their phenotype in vivo and

exhibited better survival than undifferentiated NSCs [6]. Abeysinghe
et al. hypothesized that undifferentiated transplanted cells pre-
dominantly became astrocytes that contributed to the glial scar whereas
the pre-differentiated GABAergic neurons increased endogenous neu-
rogenesis [6]. Several factors may account for these differing results:
susceptibility to cell death during the injection paradigm, model of

Fig. 6. Host and transplant cell death and changes in host tissue composition 50 d after injection of cNEPs. Representative images of (a) caspase3 (apoptotic cells,
green) and (b) GFAP (astrocytes, green) immunostaining for each transplanted maturity co-localized with STEM121 (human cells, red) and DAPI (nuclei, blue).
Quantification of cell death via total caspase3 expression in (c) transplant tissue (caspase3+/STEM121+) or (d) host tissue (caspase3+/STEM121-) . (e)
Quantification of host GFAP (GFAP+/STEM121-), (f) Quantification of host NeuN (NeuN+/HuNu-), (g) Quantification of host βIII-tubulin (βIII-tubulin
+/STEM121-), and (h) Quantification of host DCX (DCX+/STEM121-) Mean ± SEM, n = 4–8 per group, One-way ANOVA with Tukey's post hoc, *p < 0.05,
**p < 0.01. Scale bar = 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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injury, anatomical location of transplantation, and the neuronal sub-
type of the cells, which could affect their ability to respond and adapt to
the stroke microenvironment [7,12,51]. For example, differentiation of
NSCs into functionally mature midbrain dopaminergic neurons has
been shown to confer a resistance to the excitatory cytotoxicity that can
be found in the post-stroke microenvironment that less mature cells do
not possess [9].

We observed on average more cells present in the mid- and late-
differentiated groups than the early-differentiated group, which was
only significant at 90% confidence. In addition, the animals with the
greatest number of cells also had the highest proportion of Ki67+
proliferating cells. One possible explanation for this is a mechanism
known as the ‘Phoenix Rising’ pathway. Following an injury in en-
dogenous regenerative models (e.g., newts, xenopus tadpoles, and

mouse digit tips) cells undergoing apoptosis will induce proliferation of
nearby stem cells. This mechanism is thought to be an essential step in
initiating successful regeneration [52,53]. In the murine digit tip this
phenomenon is mediated by caspase3 expression in apoptotic cells,
which induces prostaglandin-2 secretion in neighboring stem cells and
upregulates proliferation [54]. We demonstrated that there was sig-
nificantly more caspase3 expression in the host tissue surrounding the
cNEPs, and a trend towards increased expression in the transplanted
cells in the late-differentiated group. Although more work is required to
determine if this mechanism can affect cNEP proliferation, it suggests
that the transplantation of more dead cells in the late-differentiated cell
group may have led to an increase in proliferation of the remaining live
cells, resulting in similar numbers of cells at the terminal time point,
regardless of starting number of live cells.

Fig. 7. Schematic summarizing the impact of harvesting and injecting cells of different in vitro maturity on tissue and functional repair in a rat model of stroke.
Initially early, mid, and late-differentiated cNEP populations are phenotypically distinct in terms of maturity. Following harvesting, encapsulation in HAMC and
injection, mature cells are selectively killed, leading to the delivery of more dead cells in the mid and late-differentiated groups than the early-differentiated group.
Post-transplantation, at 50 days, cell populations are phenotypically similar due to the acute death of mature cells, leading to increased host tissue damage. While the
HAMC hydrogel itself showed functional and tissue benefit, it was insufficient to overcome the effects of the mature cell group.
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Our results indicate that more immature cNEPs, that is the early-
differentiated cell group, are best suited for transplantation success. The
early-differentiated cell group exhibited the earliest within-group re-
covery with the staircase tests, although, curiously, with the lowest
average number of cells at day 50 after transplantation. There were no
differences between groups in the beam test, although this may reflect
the greater sensitivity of the staircase test to this sensorimotor injury
model [55]. Others have observed that cell number is not necessarily
correlated with recovery [22] and that the paracrine signaling by
transplanted cells can be more important than the cells themselves for
recovery [3]. Our phenotype analysis indicated that there were very
few mature neurons present at day 50 post-transplant, so it is unlikely
that the recovery that we observed was due to functional integration
with the host circuitry. In addition, the time frame in which we saw
recovery is too early for the extensive axonal growth and electro-
physiological maturity others report with human cells [8,43,56]. For
these reasons, host-transplant functional connectivity was not pursued.
Instead, early-differentiated cells may secrete pro-survival factors that
have paracrine effects on host tissue and thus cell integration may not
be required for tissue and behavioral repair. Indeed, we observed that
there were more NeuN+ host neurons in the area of the transplanted
cNEPs in the early-compared to the late-differentiated group, sug-
gesting that early differentiated cells promoted host neuron survival.
This constitutes an active debate about whether transplantation of
neurons is necessary to promote recovery. On the one hand, paracrine
effects seem to be sufficient [3] and on the other hand, functional
connections between host and transplant may be important [57].
Herein, pre-differentiation of cells was detrimental due to the asso-
ciated cell death on their transplantation and thus had no functional
benefit, suggesting that paracrine effects were most important to the
repair observed.

5. Conclusions

We investigated the effect of cell maturity on transplantation suc-
cess and found that undifferentiated progenitor cells resulted in the
greatest and fastest functional repair. In contrast, injection of the late-
differentiated cell group caused greater tissue damage due to acute cell
death during the transplantation process itself and consequently re-
sulted in no functional repair. The cell delivery vehicle, HAMC, induced
recovery at the terminal time point, but even this recovery was in-
hibited when combined with the late-differentiated cells. This high-
lights the importance of both the delivery vehicle, where reduced host
tissue damage was also observed relative to injury alone, and the im-
pact of the transplantation process itself on cell fate.
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