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Abstract

Dental pulp contains multipotent mesenchymal stem cells that improve outcomes when administered early after temporary
middle cerebral artery occlusion in rats. To further assess the therapeutic potential of these cells, we tested whether
functional recovery following stroke induced by photothrombosis could be modified by a delayed treatment that was initiated
after the infarct attained maximal volume. Photothrombosis induces permanent focal ischemia resulting in tissue changes that
better reflect key aspects of the many human strokes in which early restoration of blood flow does not occur. Human dental
pulp stem cells (approximately 400 x 10° viable cells) or vehicle were injected into the infarct and adjacent brain tissue of
Sprague-Dawley rats at 3 days after the induction of unilateral photothrombotic stroke in the sensorimotor cortex. Forepaw
function was tested up to 28 days after stroke. Cellular changes in peri-infarct tissue at 28 days were assessed using immu-
nohistochemistry. Rats treated with the stem cells showed faster recovery compared with vehicle-treated animals in a test of
forelimb placing in response to vibrissae stimulation and in first attempt success in a skilled forelimb reaching test. Total
success in the skilled reaching test and forepaw use during exploration in a Perspex cylinder were not significantly different
between the 2 groups. At 28 days after stroke, rats treated with the stem cells showed decreased immunolabeling for glial
fibrillary acidic protein in tissue up to | mm from the infarct, suggesting decreased reactive astrogliosis. Synaptophysin, a
marker of synapses, and collagen IV, a marker of capillaries, were not significantly altered at this time by the stem-cell
treatment. These results indicate that dental pulp stem cells can accelerate recovery without modifying initial infarct for-
mation. Decreases in reactive astrogliosis in peri-infarct tissue could have contributed to the change by promoting adaptive
responses in neighboring neurons.

Keywords
stroke, focal ischemia, dental pulp stem cells, functional recovery, peri-infarct, astrocytes

' Centre for Neuroscience, College of Medicine and Public Health, Flinders
University, Adelaide, South Australia, Australia

2 Stroke Research Programme, School of Medicine, University of Adelaide,
South Australian Health and Medical Research Institute, Adelaide, South
Australia, Australia

Introduction

Stroke is a major cause of adult disability. Ischemic stroke,
the predominant form of this disorder, usually results from

occlusion of a cerebral artery by a thrombus or embolus.
This produces a region of markedly impaired blood flow
in the brain. Tissue infarction, involving the death of essen-
tially all cells, develops in the affected tissue if the occlusion
is not rapidly reversed. Each year, this form of stroke
accounts for almost 50 million disability-adjusted
life years', a parameter that measures time lost to premature
death and disability.

3 Flinders Centre for Epidemiology and Biostatistics, College of Medicine
and Public Health, Flinders University, Adelaide, South Australia, Australia

Submitted: April 27, 2021. Revised: November 18, 2021. Accepted:
December 08, 2021.

Corresponding Author:

Neil R. Sims, College of Medicine and Public Health, Flinders University,
GPO Box 2100, Adelaide, South Australia, 5001, Australia.

Email: Neil.Sims@flinders.edu.au

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
@ License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
NC

permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0001-7436-0779
https://orcid.org/0000-0001-7436-0779
https://orcid.org/0000-0003-1830-091X
https://orcid.org/0000-0003-1830-091X
mailto:Neil.Sims@flinders.edu.au
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0963689720984437
http://journals.sagepub.com/home/cll
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

Cell Transplantation

Neurological function improves over the initial
few months in most survivors of ischemic stroke®>. These
improvements apparently result from a combination of adap-
tive changes in neurons in the “peri-infarct” tissue immedi-
ately surrounding the area of major cell loss as well as
alterations in the function of neurons at other sites in the
central nervous system® *. There is currently considerable
interest in identifying interventions that can promote favor-
able elements of these responses and improve recovery>>°.

In animal models of stroke, multipotent and pluripotent
stem cells from various sources have been found to improve
functional recovery®’. Phase I and some phase II clinical
trials, mostly using mesenchymal cells from bone marrow
and umbilical cord blood cells, have supported the safety and
feasibility of this approach for treating stroke, although
unequivocal evidence of efficacy has not yet been
obtained® . Future trials would benefit from a better under-
standing of factors influencing outcomes, including the tim-
ing of the treatment and the types of stem cells that are used.

A population of stem cells in the dental pulp of adult
teeth'® provides a potential source of human material that
is suitable for autologous transplantation''. These multipo-
tent cells are derived, at least partly, from Schwann cells or
Schwann cell precursors in peripheral nerves'? and have a
high proliferative capacity in vitro'®. They normally gener-
ate pulp cells and odontoblasts but can be induced to gen-
erate neurons and astrocytes'> !>,

The ability of dental pulp stem cells (DPSCs) to promote
recovery in animal models of stroke has been much less
investigated compared with some other stem cell popula-
tions, particularly mesenchymal cells prepared from bone
marrow®’. Nonetheless, intracerebral injections of DPSCs
from humans'® and pigs'®, as well as an intravenous injec-
tion of human cells'’, have been found to improve recovery
of neurological function in rats treated one day after tempo-
rary middle cerebral artery occlusion. Interestingly, the func-
tional improvement was similar in animals treated with
either DPSCs or mesenchymal cells from bone marrow, but
there were substantial differences between the 2 treatments
in the changes induced in some cellular markers and the
pattern of gene expression in the brain tissue and cerebrosp-
inal fluid"”.

The previous investigations indicate that DPSCs are pro-
mising candidates for improving outcomes following stroke
in humans. However, the use of a short period of arterial
occlusion in these studies potentially reduces the relevance
of the findings for many cases of stroke in humans. Current
interventions for acute stroke involving the use of thrombo-
lysis and clot retrieval have increased the numbers of
patients with early reperfusion of the affected tissue, but the
majority of those affected by this disease still do not receive
such treatments®. Although reperfusion commonly develops
without intervention, this usually does not happen for
many hours or days. Analysis of spontaneous reperfusion
using angiography in patients not receiving treatments to
remove clots indicated that at least 75% of arterial

occlusions persisted at 6 h with approximately 50% still
occluded at 4 days'®. Thus, blood flow remains severely
impaired in most patients until local tissue damage is well
advanced or fully developed.

In animal models of stroke, early reperfusion alters the
pattern of cellular changes that result in infarct development
and reduces infarct volume when compared with the
responses to longer periods of occlusion or permanent ische-
mia'®?'. These differences are also likely to influence adap-
tive responses of cells in the peri-infarct tissue, which are
important contributors to functional recovery. Furthermore,
treatment with DPSCs at 1 day after temporary middle cere-
bral artery occlusion directly reduced infarct volume in some
studies'®!”, raising the complication that the reduced tissue
damage was a likely contributor to improved functional
recovery.

To help address these limitations and further assess the
therapeutic potential of DPSCs, we have tested whether
delayed treatment with these cells can improve neurological
recovery following stroke induced by photothrombosis in
rats. Photothrombotic stroke can be targeted to specific cor-
tical regions to reproducibly generate small infarcts®?,
mimicking the situation in humans that is associated with
better functional recovery>?’. This model has been widely
employed to characterize neuronal changes contributing to
the recovery of neurological function following stroke*>*.
Furthermore, the blockage of cerebral vessels by photo-
thrombosis is usually permanent. The pattern of tissue dam-
age and potential for recovery following photothrombosis
provides a better model than short-term middle cerebral
artery occlusion for those cases of human stroke in which
the occlusion persists for many hours or days.

Photothrombosis leads to a more rapid development of
the mature infarct than is seen in models based on occlusion
of a major artery. Infarct size peaks within 1 to 3 days and
then contracts®>°. In the present study, the DPSCs were
injected 3 days after stroke to ensure that the volume of the
infarct was maximal prior to treatment. Recovery of neuro-
logical function compared with a vehicle-treated control
group was monitored over 28 days. The brains were then
analyzed for cellular changes indicative of reactive astro-
gliosis, angiogenesis, and synaptogenesis in peri-infarct tis-
sue that could potentially contribute to treatment-induced
modifications of recovery.

Materials and Methods
Experimental Design

Male Sprague-Dawley rats were obtained from Laboratory
Animal Services (University of Adelaide, Adelaide, Austra-
lia). All studies involving the rats were conducted according
to the “Australian code for the care and use of animals for
scientific purposes, 2013” published by the National Health
and Medical Research Council, Australia. Ethical approval
for these studies was obtained from the Animal Welfare
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Committee of Flinders University, Adelaide, South Australia
(Project number 869/13). Ethical approval for the use of
human DPSCs in these investigations was from the Southern
Adelaide Clinical Human Research Committee (Application
205.14-HREC/14/SAC/202).

The rats were kept in a temperature-controlled and
humidity-controlled room with a 12 h /12 h light/dark cycle.
Stroke was induced in rats weighing between 295 and 331 g
(DPSC-treated: 310 + 11 g; vehicle-treated: 315 + 9 g;
mean + SD)

Rats were randomly preassigned to treatment with either
DPSCs or vehicle (n = 9 per group). Forepaw function was
assessed at multiple time points up to 28 days. Brain tissue
was then perfusion fixed for immunohistochemical analysis
of cell markers in peri-infarct tissue.

Functional assessment using the single-pellet skilled
reaching test and cylinder test, as well as imaging and data
analyses, was performed by blinded investigators.

Induction of Focal Ischemia by Photothrombosis

An infarct was produced in the forelimb motor cortex using a
minor modification® of previously described proce-
dures”®?’. The rat was anesthetized with an intraperitoneal
injection of 100 mg/kg ketamine and 10 mg/kg xylazine.
A cannula was inserted into the femoral vein and used to
maintain anesthesia with additional injections of ketamine as
required. The rat was placed in a stereotaxic frame, the scalp
retracted, and the surface of the skull cleared of periosteum
and blood. To limit light exposure to tissue in the region of
the forelimb motor cortex, a brass shim stencil with a rec-
tangular window (3 x 5 mm) was positioned at 1.5 mm
anterior to bregma and 2.5 mm lateral to the midline. The
stencil was placed on the side contralateral to the limb that
was used preferentially by the rat in a single pellet retrieval
task (see below).

The skull was transilluminated for stroke induction using
a 150 W light source (Intralux 5000; Volpi AG, Schlieren,
Switzerland) equipped with a green filter (532.5 to 587.5 nm
passband) and attached fiber-optic cable (6 mm diameter).
Prior to each procedure, the light intensity was measured at
the point of emission from the fiber-optic cable to ensure that
it was between 160,000 and 170,000 lux. The fiber-optic
cable was positioned directly over the window of the stencil
and as close as possible to the skull without contacting it.
Rose Bengal (10 mg/ml, 13 mg/kg) was injected via the
femoral vein cannula at 200 pL/min. The light was illumi-
nated for 15 min immediately after the injection was
initiated.

Preparation of Human DPSCs

DPSCs were isolated from an impacted third molar from a
20-year-old person by digestion of the pulp tissue as previ-
ously described'®'”. Cells were initially grown in culture to
passage 4, cryoprotected in 10% dimethyl sulfoxide in fetal

calf serum (Thermo Fisher Scientific, Waltham, MA, USA),
and stored frozen in aliquots in liquid nitrogen. The cultured
cells were shown to be free of mycoplasma contamination.
For the present study, an aliquot of cells was thawed and
expanded by culturing for 2 additional passages in a-modified
Eagle’s medium (Sigma-Aldrich, St Louis MO, USA) sup-
plemented with 20% fetal calf serum, 100 pM L-ascorbic acid
2-phosphate, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin at 37 °C'°. Aliquots of these cells
were again frozen in 10% dimethyl sulfoxide in fetal calf
serum. When required for injection, cells were thawed and
grown in culture to approximately 75% confluence. Immedi-
ately prior to injection, the cells (now passage 7) were har-
vested following dissociation with trypsin and resuspended
in a-modified Eagle’s medium without supplements. The
suspensions used for injection contained 104 + 9 X
10% cells / pL. Cell viability assessed by trypan blue exclusion
in samples prepared for injection was 91.0% =+ 6.6%.

Intracerebral Injections

At 3 days after induction of the stroke, rats (9 per treatment
group) were anesthetized with 100 mg/kg ketamine and 10 mg/
kg xylazine intraperitoneally and placed in a stereotaxic frame.
The DPSCs in a-modified Eagle’s medium or vehicle were
injected (2 pL at each site) into the infarct (anteroposterior
[AP] +1.5 mm, mediolateral [ML] +2.5 mm, dorsoventral
[DV] 42.4 mm) and into cortical tissue 1.5 mm caudal to the
infarct (AP —2.5 mm, ML +2.5 mm, DV +2.4 mm). All rats
received a daily subcutaneous injection of 10 mg/kg cyclos-
porin A between day 2 after stroke induction (i.e., 1 day before
the intracerebral injections) and day 27.

Assessment of Forelimb Function

The forelimb function of rats was assessed up to 28 days
following stroke induction using 4 measures: a forelimb pla-
cing test, 2 components of a single pellet skilled reaching
test, and a cylinder test. Baseline measures of function were
obtained within the 4 days prior to stroke induction. One
vehicle-treated rat died on day 25 after stroke without prior
signs of illness or obvious abnormalities in the prior pattern
of recovery of neurological function. Thus, values reported
for 28 days were obtained from 8 rats in the vehicle-treated
group and 9 rats in the DPSC-treated group.

Forelimb Placing Test.. A minor modification®® of the forelimb
placing response, as described by Schallert and Woodlee®,
was used as a criterion for inclusion in the study and as the
primary measure of recovery of forelimb motor response
after stroke. No specific training was needed for this task
but rats were familiarized with the procedure before stroke
induction. Each rat was handled by an investigator for at
least 10 min per day on 3 separate days leading up to the
induction. In these sessions, rats were placed on the testing
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platform for a few minutes and were given approximately
5 trials of each variant of the forelimb placing task.

Three variants of the test were used for subsequent assess-
ments of forelimb placing®®. In the first, the rat was moved
toward the platform so that both sets of vibrissae were sti-
mulated. If the rat placed the forelimb on the platform, the
trial was scored as a success. Stimulation of the vibrissae
ipsilateral and then contralateral to the limb being assessed
was used in subsequent tests. Each forelimb was tested
10 times with each of the 3 stimuli and a total success score
out of 30 was calculated. Rats were tested at 3 h after induc-
tion of the stroke. To reduce variability in functional assess-
ment, rats with a score greater than 5 at this time were not
used for the study?. Only 1 rat that underwent surgery was
not subsequently used because of this exclusion criterion.
Rats were tested again at 1, 7, 14, 21, and 28 days.

Single Pellet Skilled Reaching Test.. Rats were trained to retrieve
a pellet through a narrow slit in a single pellet reaching box
and tested after stroke for total success and first attempt
success in retrievals using the forelimb contralateral to the
infarct, as described previously®”**. To facilitate training,
rats were food restricted so that their body weight gradually
reached 90% to 95% of that expected if they had free access
to food. Rats were trained in daily 10-min sessions over 2 to
3 weeks up to the day prior to stroke induction. Initial train-
ing allowed the paw preference for this task to be identified.
Baseline performance was assessed on a 20-trial test within
the 4 days prior to stroke induction. At this time, the median
value for total success in each group was above 50%.

In a previous study, recovery on this task was highly
variable if rats were only tested at weekly intervals*®. To
improve the reproducibility of the findings and potentially
promote recovery in this study, rats were tested on day 1 and
then on 10 separate occasions between days 7 and 28 (days 7,
8o0r9,100r11,14,150r 16,17 or 18, 21, 22 or 23, 24 or 25,
and 28). Reported values were determined from the average
of the scores on 2 consecutive tests. The values reported
for days 7, 14, and 21 are the average of the scores for the
test on this day and the subsequent test, which was com-
pleted within the following 2 days. The 28-day values rep-
resent the average of the scores from the final 2 tests. Rats
showed limited interest in pellet retrieval on day 1 and most
completed 50% or less of the 20 trials with little, if any,
success when trials were terminated at 15 min. Because of
the low number of trials completed by many of the rats,
results for this time point have not been reported.

Cylinder Test for Forelimb Asymmetry.. Forelimb use for weight
support during rearing, while rats were engaged in explora-
tion in a Perspex cylinder (20 cm diameter; 30 cm height)
was evaluated as previously described**2"*°. The explora-
tory behavior of rats was recorded with an Otek high defi-
nition digital video camera (Otek Corporation, Tucson, AZ,
USA). Rats were tested within 4 days prior to stroke induc-
tion and then at 1, 7, 14, 21, and 28 days after stroke. The

recording on each occasion was continued until an observer
detected at least 90 separate wall touches. Subsequent anal-
ysis of video recordings showed median values between 122
and 139 total touches for the different time points with indi-
vidual rat values ranging between 95 and 166 touches.
The percentage of affected limb usage was calculated as
100 x (the number of touches of the forepaw contralateral
to the infarct 4 half the number of simultaneous place-
ments)/total paw placements.

Brain Fixation

At the conclusion of functional testing on day 28, rats were
anesthetized with 100 mg/kg ketamine and 10 mg/kg xyla-
zine injected intraperitoneally. They were transcardially per-
fused with approximately 180 ml of 10 g/LL NaNO, in 0.01 M
sodium phosphate buffer (pH 7.4) and then with 200 ml of
40 g/L paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.4). The brains were incubated in the same paraformal-
dehyde solution overnight at 4 °C. They were then cryopro-
tected by phased transfer into 300 g/L sucrose in
phosphate-buffered saline (PBS, pH 7.4) containing
0.2 g/L sodium azide and frozen in O.C.T. compound
(Tissue-Tek, Sakura Finetek USA Inc., CA, USA). Coronal
sections (20 pm) were prepared using a cryo-microtome
(Leica Systems, NSW, Australia).

Immunohistochemistry

The antibody used to detect the glial fibrillary acidic protein
(GFAP; rabbit polyclonal; catalog number G4546) was from
Sigma-Aldrich, those for collagen IV (rabbit polyclonal;
ab6586), synaptophysin (rabbit polyclonal; ab1492), and
human mitochondrial protein (mouse monoclonal;
ab92824) were from Abcam (Cambridge, UK) and for NeuN
(mouse monoclonal; clone A60; MAB377) was from
Millipore-Chemicon (Merck, Darmstadt, Germany).
Alexa-fluor-conjugated secondary antibodies were from
Thermo Fisher Scientific. Coronal sections from 6 rat brains
for each of the treatment groups were investigated in this part
of the study. However, the immunolabeling with GFAP and
with synaptophysin for 1 vehicle-treated rat showed varia-
bility in intensity across the sections and could not be
analyzed.

For each rat, separate sets of duplicate free-floating brain
sections separated by at least 500 um were immunolabeled
to detect GFAP, collagen IV, and synaptophysin. Each sec-
tion was also immunolabeled for NeuN to identify the infarct
and assist in defining tissue for analysis (see below). For the
collagen IV labeling, the sections were initially incubated in
10 mM citrate buffer (pH 8.5) for 10 min at 85 °C. All
sections were then blocked and permeabilized in 0.3%
Triton-X 100, 5% donkey serum in PBS, pH 7.4 (blocking
buffer) for 2 h at room temperature. The sections were incu-
bated overnight at 4 °C in primary antibodies diluted in
blocking buffer (collagen IV and human mitochondrial
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protein: 1/500; NeuN and GFAP: 1/400; synaptophysin: 1/
250). After washing, secondary antibodies (1/2000) and
Hoechst 33258 (1/5000; Thermo Fisher Scientific) diluted
in PBS were added, and the sections incubated for 2 h at
room temperature on an orbital shaker. They were then
washed before being mounted on glass slides in Prolong
Gold antifade mountant (Thermo Fisher Scientific).

Whole immunolabeled sections were batch-scanned
using the Pannoramic 250 Flash II slide scanner (3DHistech;
Budapest, Hungary). Images from the peri-infarct and equiv-
alent contralateral regions were then extracted using the
CaseViewer software (ver 2.1; 3DHistech) into TIFF files
for analysis in ImagelJ®'. GFAP immunolabeling was
assessed using a modification of the approach of
Lopez-Valdes et al.>?. Preliminary analysis of coronal sec-
tions indicated that elevated GFAP immunolabeling
extended at least 1 mm into cortical tissue from the lateral
edge of the infarct. The area fraction of GFAP in this tissue
was assessed in 4 adjoining 250-um wide rectangular regions
of interest (ROIs). The medial edge of the first ROI was
positioned approximately parallel to the lateral edge of the
infarct at the point at which NeuN immunoreactivity was
similar to that in contralateral tissue. The ROIs extended
through the full depth of cortical gray matter excluding any
parts of the tissue in which NeuN labeling was reduced.
Corresponding ROIs from the contralateral cortex were also
analyzed.

Initial examination of sections immunolabeled for col-
lagen IV revealed increases in immunolabeling in
peri-infarct tissue relative to that in the contralateral hemi-
sphere that were smaller and more restricted in distribution
than those for GFAP. Thus, the labeling of collagen IV and
of synaptophysin was analyzed in 2 adjacent rectangular
ROIs extending 500 pm perpendicular to the lateral edge
of the infarct. As for GFAP, the ROIs included the full depth
of cortical tissue in which NeuN labeling was preserved.

For analysis of GFAP immunolabeling, the ROIs within
the contralateral region were thresholded using the “Triangle
method” in ImageJ and the same thresholding level was
applied to the ROIs within the peri-infarct region. The area
fraction of GFAP immunolabeling was determined using the
“Measure” function. For collagen IV labeling, the ROIs
within the peri-infarct tissue and equivalent contralateral
regions were thresholded using the “Li method”. The area
fraction of collagen IV immunolabeling within each ROI was
determined using the “Analyze Particle” function with the
particle size set to a lower limit of 1000 pixels (to exclude
debris). For synaptophysin, the mean fluorescence intensity
within each ROI was determined using the “Measure” func-
tion. For each protein marker, the analysis from 2 coronal
brain sections was averaged in obtaining the final results.

Statistical Analysis

Data from tests of neurological function are presented as box
plots. All other data are shown as mean + SD.

Behavioral responses were modeled using linear-mixed
effects models using Stata software (StataCorp, USA; version
15). Linear mixed-effects models are suitable for continuous
data in which there are repeated measurements performed
over time. They include both “random” effects and “fixed”
effects and account for the correlation within each experimen-
tal unit across time by way of a variance-covariance matrix
for the random effects, which allows adjustment of the SEs
obtained from standard linear regression models. The random
effects (i.e., random intercepts and random slopes) allow the
modeling of variation of each experimental unit’s trajectory
over time around the overall mean effect for each group. An
additional strength of the method is to ensure that all recorded
information is used, thereby ensuring optimal power and that
missing data points borrow strength from surrounding infor-
mation rather than using imputation techniques. Data that is
skewed (nonparametric) but measured repeatedly over time
will often still meet the assumptions of the model which are
the normality of the random effects (intercepts and slopes)
and normality of the (level 1) residuals, since experimental
units tend to measure consistently over time, for example,
consistently higher or consistently lower, which results in the
normality of both the random effects and residuals.

For each analysis, the mixed models included both
fixed-effect and random-effect terms. The fixed-effect terms
consisted of the day, which was treated as a categorical
variable (e.g., day 1, day 7, day 14, day 21, and day 28) and
a time X treatment interaction term, in order to test whether
the recovery curves differed between treatments across time.
The random-effects component consisted of a random inter-
cept for each rat, a random slope for the day, and a random
slope for the treatment x day term. The covariance matrix
for each of these random effects was an identity matrix (i.e.,
1’s on the diagonal and 0’s on the off-diagonal terms) and
the within rat variability (i.e., model residuals) was modeled
using an independence matrix (i.e., within-rat variance’s on
the diagonal terms and 0’s on the off-diagonal terms). Each
of the models thus accounted for variability around each of
the overall fixed effects for each of the individual rats (both
the overall mean response at each time point and the differ-
ence in response depending on treatment group) and also
accounted for the correlation across time for each rat. When
testing for the significance of the time x treatment interac-
tion, we first tested for global significance, and when signif-
icant, then assessed at which of the time points the difference
in treatment effects occurred using the separate treatment x
time interaction terms estimated from the model. For each
analysis in this study, the normality of the level 1 and level 2
residuals were confirmed using histograms of these
residuals.

Statistical analysis of data derived from images of immu-
nolabeled brain sections was performed using the SPSS soft-
ware package (IBM SPSS Statistics for Windows. Version
23.0; IBM Corp., Armonk, NY, USA). The effects of DPSC
treatment and of distance from the infarct (or linear distance
from an equivalent starting point within the contralateral
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Fig. 1. The effect of DPSC treatment on forelimb function following stroke. (A) Forelimb placing test. (B) Single pellet skilled reaching test:
total success from 20 trials. (C) Single pellet skilled reaching test: first attempt success from 20 trials. (D) Cylinder test. Values are for 9 rats
per group except for the vehicle-treated group on day 28 where n = 8 because | rat was lost to the study on day 25. Outliers are shown as
filled circles. There was a statistically significant overall effect of treatment on recovery in the forelimb placing test and first attempt success
in the skilled reaching test. The asterisk identifies individual days showing a significant difference between the 2 treatments (P < 0.05).

region) were analyzed using a two-way analysis of variance
in the 2 hemispheres. For all analyses, differences with
P < 0.05 were considered statistically significant.

Results
Recovery of Forepaw Function Following Stroke

At 3 h after stroke, forelimb placing in response to vibrissae
stimulation on the side contralateral to the infarct was almost
completely impaired (Fig. 1A). These severe deficits largely
persisted at 24 h. Performance on this task then recovered
slowly but remained substantially below pre-stroke values in
most vehicle-treated rats at 28 days. The overall rate of
recovery was faster in rats treated with DPSCs compared
with vehicle, with significant differences in performance
detected at 21 and 28 days (Fig. 1A). Testing of the forelimb

ipsilateral to the stroke showed that function was essentially
fully preserved, with median values of 29 or 30 at all
time points in both treatment groups.

For the skilled reaching test involving retrieval of a pellet
through a slit in a Perspex chamber, both total success and
success on the first attempt were analyzed (Fig. 1B, C). At
7 days, the ability to retrieve pellets on the first attempt
remained greatly impaired in both groups. Improvement
over the next 3 weeks led to a return to near pre-stroke
performance by 28 days (Fig. 1C). Recovery in this aspect
of the test was faster in the DPSC-treated rats, with a signif-
icant difference in performance seen on day 14. Total suc-
cess in retrieving pellets (irrespective of the number of
attempts) was less impaired at 7 days relative to the baseline
values (Fig. 1B). The rate of recovery of total success did not
differ significantly between the 2 groups.
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Fig. 2. Human mitochondrial protein was detected in brain tissue at 28 days after stroke. Micrographs showing immunolabeling for
(A) human mitochondrial protein (hmito) to identify cells derived from the injected dental pulp stem cells, (B) glial fibrillary acidic protein,

and (C) the merged image. Scale bar = 50 um.

The other test of forelimb function examined the use of
the affected forelimb during rearing while exploring in a
Perspex cylinder (Fig. 1D). This measure showed substantial
decreases at 1 and 7 days but near complete restoration of
function in many animals at later time points. There was no
difference in recovery between the DPSC-treated and
vehicle-treated rats up to 28 days.

Analysis of Cellular Responses in Peri-Infarct Tissue

Coronal sections prepared from fixed brain tissue removed at
the conclusion of the functional testing on day 28 were
immunolabeled and analyzed to identify cellular changes
that could have contributed to the faster functional recovery
in DPSC-treated rats. To assess whether DPSCs or their
progeny remained in the brain, sections near the site of injec-
tion posterior to the infarct were immunolabeled for human
mitochondrial protein. Occasional immunopositive cells
were observed in the cortical tissue (Fig. 2). Immunolabeling
for GFAP in the same sections suggested this protein was
also expressed in several cells that were positive for human
mitochondrial protein (Fig. 2).

At 4 weeks after stroke, GFAP was dramatically increased
in cells immediately adjacent to the infarct (Fig. 3A), consis-
tent with advanced development of an astroglial scar at this
time>>**. Increases in GFAP, albeit smaller, were also still
readily detectible within the peri-infarct tissue that surrounds
this developing scar and in which the numbers of neurons are
essentially preserved. These GFAP changes, which were the
focus of our analysis, are indicative of reactive astrogliosis
that can influence adaptive responses in neighboring surviv-
ing neurons. Within the first 250 um of this tissue, the area
fraction of GFAP immunolabeling was increased more than
5-fold compared with the corresponding contralateral tissue
(Fig. 3B). The area fraction decreased progressively with
increasing distance from the infarct indicating reduced reac-
tive astrogliosis (Fig. 3A, B). Nonetheless, in tissue between

750 pm and 1 mm from the infarct, the GFAP area fraction
was still more than twice that in contralateral tissue.

Treatment with DPSCs resulted in a small but consistent
decrease in GFAP area fraction across the regions analyzed
within the first 1 mm of tissue in which NeuN immunolabel-
ing was essentially preserved (Fig. 3B). Two-way analysis of
variance showed a significant effect of distance from the
lesion and of the treatment. There was no significant inter-
action between the 2 factors reflecting the similar effect of
treatment across each of the 4 bands of tissue that were
investigated. Interestingly, treatment with DPSCs also pro-
duced a statistically significant change in GFAP area frac-
tion in corresponding tissue in the contralateral cortex.
However, this involved a small increase in area fraction in
the DPSC-treated samples contrasting with the decrease that
was seen in the affected hemisphere.

Immunolabeling for collagen IV was used to detect pos-
sible changes in capillaries associated with angiogenesis in
the peri-infarct tissue. Increases in this labeling compared
with contralateral tissue were again most apparent immedi-
ately around the infarct (Fig. 4A). However, there were
smaller increases relative to equivalent tissue in the contral-
ateral hemisphere than those seen for GFAP, and these were
largely restricted to the first 250 um of peri-infarct tissue in
which NeuN immunolabeling was preserved (Fig. 4A).
Analysis of the area fraction of collagen IV labeling
(Fig. 4B) confirmed a significant effect of distance from the
infarct (P < 0.01). However, there was no significant effect
of DPSC treatment compared with vehicle treatment.

Immunolabeling for synaptophysin produced a diffuse
pattern of immunolabeling across the tissue that is consistent
with previous reports®> 7 and reflects the localization of this
protein mainly in nerve terminals. There was a small
increase in the intensity of labeling around the infarct
(Fig. 5A). Because the labeling was not associated with
identifiable structures in the image, mean pixel intensity was
determined rather than area fraction. This measure was not
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Fig. 3. Immunolabeling for GFAP at 28 days after stroke. (A) GFAP immunolabeling in a coronal section showing increased labeling in the
tissue surrounding the infarct. The rectangles show the regions in each hemisphere in which area fraction was analyzed. (B and C) Higher
power images of (B) the peri-infarct neocortical tissue and (C) equivalent tissue in the contralateral hemisphere showing the 4 adjoining
250 um wide regions of tissue in which area fraction of immunolabeling was assessed. (B) Area fraction of immunolabeling up to | mm from
the infarct. There was a statistically significant effect of treatment with DPSCs (P < 0.05) and of distance from the lesion (P < 0.01) in the
peri-infarct tissue (two-way analysis of variance; n = 5 to 6 per treatment group). There was no significant interaction between the 2 factors.
DPSC treatment produced a statistically significant increase in area fraction in the contralateral hemisphere (P < 0.01), but there was no

significant difference across the 4 bands of tissue that were analyzed.

significantly affected by either DPSC treatment or distance
from the infarct (Fig. 5B).

Discussion

The present study demonstrates the ability of delayed treat-
ment with DPSCs to accelerate recovery of neurological
function following photothrombotic stroke. This treatment
also led to altered reactive astrogliosis in peri-infarct tissue
that could have contributed to the more rapid restoration of
function. The findings extend previous reports of improved

functional recovery following treatment with DPSCs'>™'". In

contrast to the earlier reports, faster recovery in the present
study was achieved in a stroke model that does not involve
early reperfusion of the ischemic tissue and with a treatment
initiated after the infarct attained maximal volume.
Improvements in the rate of recovery were detected with
both the forelimb placing test and first attempt success on the
skilled reaching test. These tests both assess forelimb func-
tion but have very different requirements for training. The
forelimb placing task involves a motor response to stimula-
tion of the vibrissae and requires no prior training to achieve
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Fig. 4. Immunolabeling for collagen IV at 28 days after stroke. (A) Peri-infarct neocortical tissue and (B) equivalent tissue in the contralateral
hemisphere. The 2 adjoining 250-um wide rectangles show the regions in which area fraction of immunolabeling was assessed. (B) Area
fraction of immunolabeling up to 500 pim from the infarct. In the peri-infarct tissue, there was a statistically significant effect of distance from
the infarct (P < 0.01) but no effect of DPSC treatment (two-way analysis of variance; n = 6 per treatment group). There was no significant
interaction between the 2 factors. There was no significant effect of either factor in the contralateral hemisphere.

consistent responses. For the single pellet skilled reaching
task, rats were trained for at least 2 weeks prior to stroke and
showed marked improvements in performance during the
training period. In contrast to the faster recovery induced
in these functional measures, the DPSC treatment did not
significantly improve the recovery of either total success
on the skilled reaching test or use of the affected limb in the
cylinder test, another assessment that does not require prior
training.

The apparent differential effects of DPSC treatment in
influencing recovery across the 4 measures of forepaw func-
tion could potentially arise from differences in the neural
circuitry required for each task, although such differences
are likely to be small for the 2 components of the skilled
reaching test. Differences in the size and pattern of the beha-
vioral changes that were induced by stroke are also likely to
have contributed to the ability to detect changes following
DPSC treatment. Deficits in forelimb placing and first
attempt success in skilled reaching were larger relative to
the pre-stroke baseline response than for the other measures,
providing more scope for detecting differences following
treatment. Furthermore, the forelimb placing response was
still impaired at 28 days in most vehicle-treated animals
providing a greater opportunity compared with the other

measures to detect differences later in the recovery period.
Improved recovery in a forelimb placing test but not alter-
native tests of forelimb function have been seen in previous
studies testing other interventions following photothrombo-
tic stroke in rats*®*®. These results are again consistent with
the possibility that the placing test is more sensitive to treat-
ment or has greater potential for modification in this stroke
model.

Occasional cells derived from the injected DPSCs were
still present around the injection site at 4 weeks after stroke.
This finding is consistent with previous reports indicating
that only a few percent of injected DPSCs remained in rat
brain at 4 weeks after treatment'” and that many of these
cells migrated toward the damaged tissue'>'”. Low survival
of injected cells has also been reported following treatments
with other stem cells’°. DPSCs can produce neurons under
some conditions in vitro'*'* and have been found to gener-
ate cells with either neuronal or astrocytic properties in the
brain following intracerebral or intravenous injection'>'”.
Nonetheless, as concluded from other reports of stem cell
treatments”>*'!, the small numbers of surviving cells and the
difficulties of incorporating new neurons into functional cir-
cuits in the damaged brain suggest that cell replacement is
likely to play little, if any, role in the faster recovery in
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Fig. 5. Immunolabeling for synaptophysin at 28 days after stroke.

(A) Peri-infarct neocortical tissue and (B) equivalent tissue in the

contralateral hemisphere. The 2 adjoining 250-pm wide rectangles show the regions in which the mean pixel intensity of immunolabeling
was assessed. (B) Mean pixel intensity of immunolabeling up to 500 pum from the infarct. There was no significant effect of treatment in either
hemisphere and no effect of distance from the lesion (two-way analysis of variance; n = 5 to 6 per treatment group).

aspects of neurological function. Rather, materials released
by these stem cells, including trophic factors and extracel-
lular vesicles, are likely to be important in influencing cel-
lular responses to damage that contribute to recovery, as seen
following treatments with mesenchymal stem cells®’.
Alterations that can promote recovery include increases in
synaptogenesis and altered neuronal connectivity that are
supported by angiogenesis and modifications to reactive
astrogliosis in the tissue surrounding the infarct.

Changes potentially involved in the altered outcomes
following the DPSC treatment were assessed from the
immunolabeling for 3 proteins in peri-infarct tissue: GFAP
as a marker for reactive astrogliosis, collagen IV for angio-
genesis, and synaptophysin for synaptogenesis.

Asseen in Fig. 3, GFAP immunoreactivity at 4 weeks after
stroke remained greatly increased on the rim of the infarct
where it is associated with reactive astrocytes that are cen-
trally involved in the development of the glial scar. Changes
contributing to scar formation include the proliferation of a
subpopulation of these astrocytes, realignment and intertwin-
ing of astrocytic processes, and deposition of extracellular
matrix>>**, GFAP immunoreactivity was also markedly
increased at 28 days in tissue extending at least 1 mm from
the site of the developing scar in which the neuronal

population is largely preserved. The increase in GFAP is
again indicative of ongoing reactive astrogliosis, but there are
major differences in responses in these astrocytes compared
with those on the rim of the infarct®>-**, The astrocytes more
distant from the lesion generally do not proliferate. Further-
more, based on the evidence primarily derived from other
forms of brain injury, these cells largely remain in the same
territories that were occupied prior to the stroke and have very
limited overlap with the territories of neighboring astro-
cytes*®*!. Our measure of the area fraction of GFAP immu-
nolabeling focused on the population of astrocytes that were
more distant from the infarct. The use of immunohistochem-
istry for this analysis allowed the reproducible identification
of the cells of interest within tissue in which neurons were
essentially preserved, as determined from NeuN labeling,
without contamination of the signal from astrocytes in the
developing glial scar. The substantial increases seen in GFAP
area fraction are mostly due to major increases in the caliber
of astrocytic processes. This change requires increases in
GFAP production in the cells and increased distribution of
this protein such that it is detectible in parts of the processes
that are much further from the cell soma***!.

DPSC treatment produced a small but significant
decrease in GFAP immunolabeling suggesting a reduction
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in reactive astrogliosis in the peri-infarct tissue beyond the
developing scar at 28 days. Decreases in aspects of reactive
astrogliosis have been associated with improvements in
recovery of function in other studies®***. In particular, a
similar pattern of decreases in GFAP expression in
peri-infarct tissue up to 1 mm from the developing glial scar
(albeit with larger changes than the present study) was seen
together with improved recovery following treatment with
memantine, an N-methyl-p-aspartate receptor antagonist’2.
To our knowledge, comparable measures focusing on astro-
cytes outside of the developing scar have not been reported
in other investigations of stem cell treatments. However,
decreases have been found in the thickness of the mature
glial scar in response to treatments with mesenchymal stem
cells***** and in subgroups of GFAP-positive cells on the rim
of the lesion following treatment with DPSCs'”. These
results point to reductions in aspects of reactive astrogliosis
in scar-forming cells and, when considered together with our
findings, suggest that generalized reductions in reactive
astrogliosis might be associated with better outcomes fol-
lowing stem cell treatments.

Angiogenesis assessed from immunolabeling of the capil-
lary marker, collagen IV, was also increased in peri-infarct
tissue at 28 days, although the changes were smaller and
more restricted in distribution in the tissue than those for
GFAP. Small but more diffuse stroke-induced increases
were seen in synaptophysin immunolabeling in the
peri-infarct tissue suggesting a local increase in synaptogen-
esis. However, neither collagen I'V nor synaptophysin immu-
nolabeling was significantly modified by the DPSC
treatment. These findings suggest that either increased
angiogenesis or synaptogenesis in peri-infarct tissue were
not major contributors to the faster recovery with DPSC
treatment or that changes in these properties were transient
or small such that significant differences could not be
detected at 28 days with the techniques we employed.

Our findings contrast with increases in markers of angio-
genesis and synaptogenesis induced by treatments with
mesenchymal stem cells derived from bone marrow'’*” and
an increase in angiogenesis following DPSC treatment'’
when assessed at 28 days after temporary middle cerebral
artery occlusion. Differences in the treatment conditions and
stroke model are likely to be major contributors to the more
moderate effects on recovery and more limited peri-infarct
changes we observed. In particular, the use of a model not
involving early reperfusion, the generation of a much
smaller infarct and the initiation of treatment well after the
infarct had attained maximal size all have the potential to
reduce the impact of intervention. Nonetheless, our findings
indicate that recovery can still be modified even under these
experimental conditions and that delayed DPSC treatment
can influence this response.

In conclusion, the major finding from this study is that
treatment with DPSCs accelerated recovery of forepaw func-
tion when initiated at 3 days after induction of a small infarct
in the sensorimotor cortex by photothrombosis. This result

provides evidence for a direct influence of DPSCs on the
recovery process without affecting infarct volume. The
faster functional recovery also occurred in the absence of
early reperfusion and any downstream effects on tissue dam-
age. A decrease in GFAP immunolabeling was seen in the
tissue surrounding the infarct at 28 days after stroke, indi-
cating a moderation of reactive astrogliosis that could influ-
ence plasticity and contribute to the more rapid recovery.
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