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ABSTRACT
Background and purpose The therapeutic potential
of different stem cells for ischaemic stroke treatment is
intriguing and somewhat controversial. Recent results from
our laboratory have demonstrated the potential benefits of
human umbilical cord blood-derived mesenchymal stem
cells (MSC) in a rodent stroke model. We hypothesised that
MSC treatment would effectively promote the recovery of
sensory and motor function in both males and females,
despite any apparent sex differences in post stroke brain
injury.
Methods Transient focal cerebral ischaemia was induced
in adult Sprague-Dawley rats by occlusion of the middle
cerebral artery. Following the procedure, male and female
rats of the untreated group were euthanised 1 day after
reperfusion and their brains were used to estimate the
resulting infarct volume and tissue swelling. Additional
groups of stroke-induced male and female rats were
treated with MSC or vehicle and were subsequently
subjected to a battery of standard neurological/
neurobehavioral tests (Modified Neurological Severity
Score assessment, adhesive tape removal, beam walk and
rotarod). The tests were administered at regular intervals
(at days 1, 3, 5, 7 and 14) after reperfusion to determine
the time course of neurological and functional recovery
after stroke.
Results The infarct volume and extent of swelling of
the ischaemic brain were similar in males and females.
Despite similar pathological stroke lesions, the clinical
manifestations of stroke were more pronounced in males
than females, as indicated by the neurological scores and
other tests. MSC treatment significantly improved the
recovery of sensory and motor function in both sexes, and
it demonstrated efficacy in both moderate stroke (females)
and severe stroke (males).
Conclusions Despite sex differences in the severity
of post stroke outcomes, MSC treatment promoted the
recovery of sensory and motor function in male and female
rats, suggesting that it may be a promising treatment for
stroke.

INTRODUCTION
Pharmacological treatments that facilitate neurological recovery after ischaemic
stroke remain an unmet clinical need. As an

alternative approach, therapy with cells offers
a potential regenerative treatment to restore
post stroke deficits and disabilities.1 Cell-based
therapies could replace the dead or damaged
cells in the ischaemic core and rescue the
dying tissue in the penumbra.2 3 Treatment
with stem cells promotes vasculogenesis,
neurogenesis and synaptogenesis, reduces
scar thickness, enhances autophagy and
inhibits inflammation-induced brain damage,
all of which are likely to be beneficial in stroke
recovery.4–9 Following systemic administration, stem cell grafts preferentially migrate to
the spleen and abrogate chronic inflammation after stroke.10 Together, these protective
mechanisms could contribute to the restoration of post stroke neurological function.
The therapeutic potential of different
stem cells for ischaemic stroke treatment
is intriguing and somewhat controversial.11
Recent results from our laboratory employing
a rodent model of ischaemic stroke have
demonstrated that treatment with human
umbilical cord blood-
derived mesenchymal
stem cells (MSC) reduces apoptosis and post
stroke brain damage, downregulates DNA
damage-
inducing genes, upregulates DNA
repair genes and attenuates the induction of
matrix metalloproteinases in the ischaemic
brain.12–14 The administration of MSC to
rabbits after ischaemic stroke was also shown
to suppress the inflammatory responses and
neuronal apoptosis.15 More recently, we have
reported that exosomes derived from these
MSC under the appropriate experimental
conditions improve the functional recovery
of stroke-induced rats.16 While the aforementioned studies reporting enhanced neurological recovery after human umbilical cord
blood-derived MSC treatment in both rodent
and non-rodent models are encouraging, the
limited neurological testing conducted in
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Stem cell treatment improves post
stroke neurological outcomes: a
comparative study in male and
female rats
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METHODS
A total of 50 young adult male and 50 young adult
female Sprague-Dawley rats were used in this study. Of
this number, 20 rats (10 males and 10 females) were
used to evaluate possible sex differences in brain infarct
size or swelling after ischaemic stroke. These animals
were assigned to untreated ischaemic cohorts designated respectively as Untreated Males and Untreated
Females. The remaining 80 animals were used to evaluate the effects of MSC treatment on post stroke deficits. The animals were randomly assigned by sex to one
of the two treatment cohorts resulting in four groups,
each consisting of 20 animals. The groups were vehicle-
treated males (Vehicle Males), vehicle-
treated females
(Vehicle Females), MSC-treated males (MSC Males) and
MSC-treated females (MSC Females). Rats from all the
groups were subjected to a 2-hour middle cerebral artery
occlusion (MCAO) followed by reperfusion as previously
described by our group.14 For stem cell treatment, approximately 0.25 million human umbilical cord blood-derived
MSC suspended in sterile PBS were administered intravenously (tail vein) to the appropriate groups of stroke-
induced rats at 1 day after reperfusion. PBS was administered to rats in the vehicle-treated groups. A schematic
diagram of the experimental design is shown in figure 1.
Brain injury was assessed in the untreated rats by
performing triphenyltetrazolium chloride (TTC) staining
at 1 day after reperfusion. The percent infarct volume
was quantified by using the formula: Infarct volume
(%)=[(volume of contralateral hemisphere−volume of
non-ischaemic ipsilateral hemisphere)/volume of contralateral hemisphere]×100. This formula takes into account
the possible interference of brain oedema/swelling on
infarct volume. Swelling of the ipsilateral hemisphere was
calculated by using the formula: Swelling (%)=[(volume

Figure 1 Schematic representation of the experimental design. mNSS, Modified Neurological Severity Score; MSC,
mesenchymal stem cells. The figure was created with BioRender.com under a paid subscription.
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these studies precluded any strong conclusions regarding
the efficacy of these treatments on sensory and motor
function.17 18 Furthermore, another shortcoming of these
studies is that they were not conducted in both sexes
as recommended by the Stroke Treatment Academic
Industry Roundtable.19
It is well known that stroke incidence in young-aged to
middle-aged adults is lower in women than men. However,
this trend reverses later in life, especially when women
enter the postmenopausal stage.20 Similarly, young female
animals appear to be more resistant to ischaemic brain
damage than age-matched males.21 22 Studies in ovariectomised rodents have revealed that oestrogens provide
significant neuroprotection against ischaemic stroke
in females.21 23 Other studies have provided additional
evidence for reduced infarct size and neuroprotective
action of oestrogen.24–26 However, oestrogen increased
infarct volume in aged female rodents.27 28 In summary,
these studies suggest that oestrogen protects the younger
brain but exacerbates the damage in the ageing brain,
after ischaemic stroke. Thus, oestrogen may not be the
only causative factor for sexual dimorphism in post stroke
brain injury. This is further supported by the divergent
cell death pathways in males and females after ischaemic
stroke.20
The purpose of the present study was twofold: (1) to
investigate the efficacy of MSC treatment on post stroke
sensory and motor function, using a battery of neurobehavioral tests and multiple timepoint assessments over an
extended period in both male and female rats, and (2)
to determine whether the efficacy of MSC treatment is
similar or different between the two sexes. We hypothesised that MSC treatment, by its very nature, would be
effective in promoting the recovery of sensory and motor
function in both males and females despite any apparent
sex differences in post stroke brain injury.
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of ipsilateral hemisphere−volume of contralateral hemisphere)/volume of contralateral hemisphere]×100.
Rats treated with MSC or vehicle were subsequently
subjected to a battery of standard neurological/neurobehavioral tests, including the Modified Neurological
Severity Score assessment (mNSS),29 adhesive tape
removal test,30 beam walk test31 and accelerating rotarod.
The tests were administered at regular intervals (at days
1, 3, 5, 7 and 14) after reperfusion to determine the time
course of neurological and functional recovery after
stroke. The detailed methodology including data collection, exclusion criteria and statistical analysis is provided
in online supplemental material.
RESULTS
Infarct volume and extent of swelling are similar in both
males and females
TTC staining of thick coronal brain sections was used
to delineate infarcted from normal tissue as shown in
figure 2A. The estimated total infarct volume and extent
of swelling (both expressed as a percentage of the total
contralateral hemisphere volume) were 51.2%±3.8% and
12.4%±1.2%, respectively, in males and 46.0%±3.2% and
9.9%±2.3%, respectively, in females at 1 day after reperfusion (figure 2B,D). The mean infarct volumes and
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extents of swelling were not statistically different in males
and females (p=0.343 and p=0.341, respectively). A more
detailed analysis comparing each respective brain section
along the anterior–posterior axis also did not find any
significant sex-related differences in either infarct size
(p=0.353) or swelling (p=0.871) (figure 2C,E). Overall,
these results suggest that the degree of post stroke brain
damage (ie, pathological lesions of stroke) before treatment was similar in both males and females.
Post stroke neurological scores are higher in males than
females and MSC treatment reduces the scores in both sexes
The present results were obtained on 48 of the original
80 male and female rats allocated to this part of the study.
Following cerebral ischaemia, neurological assessment of
stroke as rated by the mNSS revealed scores of 12.9±0.3
for the males (n=25) and 10.4±0.4 for the females
(n=23). These values were obtained 1 day after reperfusion (prior to treatment randomisation) and compared
with a pre ischaemic baseline score of 0.0 for both sexes.
The neurological scores of the females were significantly
lower (p<0.0001) than the males and correspond to a
mild stroke in the female rats versus a severe stroke in
the male rats. Based on the neurological scores (and
other test results described below), there appears to be
3
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Figure 2 Post stroke brain damage and swelling. (A) Representative images of TTC-stained serial coronal brain sections
from untreated male and female ischaemic rats. Animals were subjected to a 2-hour ischaemia and were subsequently
euthanised 1 day after reperfusion. Sections are shown anterior to posterior (top to bottom) and span most of the forebrain from
approximately +2 mm to −4 mm from bregma. The red-stained areas indicate normal healthy tissue, whereas the unstained
(white) areas ipsilateral to MCAO indicate infarcted tissue. The column scatter plots show the total infarct volume (B) and
swelling (D) at 1 day after reperfusion in untreated male and female ischaemic rats. Values are expressed as mean±SEM. Group
N’s were six males and six females for infarct volume and five males and six females for swelling. No statistically significant
differences were found between the two groups in either infarct volume or brain swelling (p>0.05, unpaired t-test). The bar
graphs show the section-by-section analysis of TTC staining in untreated male and female ischaemic rats for infarct volume (C)
and swelling (E). Values are expressed as mean+SEM (group N’s as above). Two-way repeated measures analysis of variance
did not reveal any significant differences between the two groups in either infarct volume or swelling. MCAO, middle cerebral
artery occlusion; TTC, triphenyltetrazolium chloride.
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a sex difference in the clinical manifestations of stroke
with females generally less affected than males despite
showing similar pathological lesions of stroke (ie, infarct
volume and swelling).
Following randomisation of animals to the treatment groups, the neurological breakdown scores were
treated male and
13.8±0.3 and 9.9±0.6 for the vehicle-
female rats, respectively, and 12.0±0.4 and 11.2±0.6 for
the MSC-treated male and female rats, respectively. The
scores of the two vehicle-treated cohorts were significantly
different (p<0.001) from each other, while the scores of
the two MSC-treated cohorts were not (figure 3). Thus,
the randomisation of the male and female rats to the
respective treatments (ie, vehicle control vs MSC) was
effective, as no significant sex-
dependent differences
were observed between the control and treated groups
at 1 day after reperfusion. The neurological scores of the
rats in each cohort gradually declined over the course of
the study as the animals recovered from the stroke. At the
end of the study, the severity of the strokes was relatively
mild in both the MSC-treated groups and the vehicle-
treated females but remained moderately severe in the
vehicle-treated males.
In the vehicle-treated cohorts, the neurological scores
of the females were significantly lower than the scores of
the males at all the timepoints studied (p<0.001 at day
1 and p<0.0001 at days 3, 5, 7 and 14). By contrast, in
the MSC-treated cohorts, the neurological scores of the
females and the males were not significantly different at
any timepoint.
4

In males, the neurological scores were significantly
lower (p<0.0001) in the MSC-treated group compared
with the vehicle-treated group at days 3, 5, 7 and 14.
Although the neurological scores tended to be lower in
the MSC-treated female group compared with the vehicle-
treated group, the decreases were not statistically significant at any of the timepoints. At the end of the study (day
14 after reperfusion), the elevated neurological scores of
the males were decreased to 8.0±0.8 in the vehicle-treated
group and to 3.8±0.5 in the MSC-treated group. In the
females, the elevated neurological scores were decreased
to 3.7±0.4 in the vehicle-treated group and 2.0±0.2 in
the MSC-treated group. Thus, MSC treatment appeared
to have a greater impact on reducing the neurological
stroke severity in males than in females.
MSC treatment facilitates the recovery of somatosensory
function in both sexes
Prior to ischaemia induction, the baseline sticky-
tape
ratio of all the rats was approximately 1, indicating little
or no difference between the two forelimbs. Following
MCAO however, the sticky-tape ratio fell below 1 (and
often to zero) depending on the severity of the stroke-
induced somatosensory deficit. At 1 day after reperfusion,
the sticky-tape ratios were 0.00±0.00 and 0.18±0.08 for the
vehicle-
treated male and female rats, respectively, and
0.20±0.09 and 0.08±0.04 for the MSC-treated male and
female rats, respectively. These low ratios collectively indicate that somatosensory function was severely compromised in all the cohorts at this early timepoint after
Nalamolu KR, et al. Stroke & Vascular Neurology 2021;0. doi:10.1136/svn-2020-000834
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Figure 3 Post stroke changes in Modified Neurological Severity Score. The bar graph shows the neurological scores of rats
subjected to a 2-hour ischaemia and subsequently treated with MSC or vehicle control 1 day after reperfusion. Values are
expressed as mean+SEM. Group N’s were 13 for the Vehicle Male group, 14 for the Vehicle Female group, 12 for the MSC
Male group and 9 for the MSC Female group except for the 14-day timepoint where the group N’s were 10 (Vehicle Males), 13
(Vehicle Females), 8 (MSC Males) and 7 (MSC Females). Data were analysed by two-way repeated measures ANOVA followed
by Tukey’s multiple comparisons test (for the 1–7-day timepoints) or by two-way ANOVA followed by Sidak’s post hoc test (for
the 14-day timepoint). ****p<0.0001 versus the same-sex vehicle group. +++p<0.001; ++++p<0.0001 versus males receiving the
same treatment. ANOVA, analysis of variance; MSC, mesenchymal stem cells.
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Figure 4 Treatment with MSC promotes the recovery of
somatosensory function. The line graph shows the sticky-
tape ratios of rats subjected to a 2-hour ischaemia and
subsequently treated with MSC or vehicle control 1 day after
reperfusion. Values are expressed as mean+SEM. Group N’s
were 13 for the Vehicle Male group, 14 for the Vehicle Female
group, 12 for the MSC Male group and 9 for the MSC Female
group except for the 14-day timepoint where the N’s were 7
(Vehicle Males), 10 (Vehicle Females), 8 (MSC Males) and 7
(MSC Females). Data were analysed by two-way repeated
measures ANOVA followed by Tukey’s multiple comparisons
test (for the 1–7-day timepoints) or two-way ANOVA
followed by Sidak’s post hoc test (for the 14-day timepoint).
*p<0.05; **p<0.01; ***p<0.001 versus the same-sex vehicle
group. +p<0.05; ++p<0.01 versus males receiving the same
treatment. ANOVA, analysis of variance; MSC, mesenchymal
stem cells.

reperfusion (figure 4). Furthermore, no significant sex-
related differences were observed (p=0.476). The sticky-
tape ratios of the rats in each cohort gradually increased
towards baseline levels over the course of the study until
14 days after reperfusion.
The sticky-tape ratios of the females compared with
those of the males were significantly higher in the
vehicle-treated cohorts (indicating less impairment), at
days 3 (p<0.01), 5 (p<0.05) and 7 (p<0.05), but were not
significantly different in the MSC-treated cohorts at any
timepoint studied. These results suggest that the females
initially recovered faster than the males in the vehicle
control cohorts but recovered similarly to the males in
the treatment cohorts.
In males, the sticky-tape ratios of the MSC-treated group
were significantly higher than those of the vehicle-treated
group at days 3 (p<0.01), 5 (p<0.01) and 7 (p<0.001), indicating a persistent treatment effect. In females however,
the sticky-tape ratio was significantly higher in the MSC-
treated group versus the vehicle-treated group only at
day 7 (p<0.05), suggesting a diminished treatment effect.
At the end of the study (day 14 after reperfusion), the
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MSC treatment promotes the recovery of coordinated motor
movement in both males and females
The beam walk score of rats provides an overall measure
of the animal’s motor coordination/integration and
balance (with 6 being a normal score). Following cerebral
ischaemia, beam walk performance drastically declined
in both male and female rats with most of the animals
unable to stay on the beam (score=0) or unable to move
(score=1). At 1 day after reperfusion, the beam walk
scores across the different treatments were 0.1±0.1 (for
the vehicle-treated males), 1.2±0.4 (for the vehicle-treated
females), 0.9±0.5 (for the MSC-treated males) and 0.4±0.4
(for the MSC-
treated females). These scores indicate
severe impairment of motor function in all the cohorts of
animals (figure 5A). The degree of motor disruption was
not related to sex (p=0.327) 1 day after reperfusion. The
beam walk scores of the rats in each cohort progressively
increased over the course of the study until 14 days after
reperfusion.
In the vehicle-treated cohorts, the beam walk scores of
the females were significantly higher than the scores of
the males (indicating less impairment) at days 3 (p<0.01),
5 (p<0.05), 7 (p<0.05) and 14 (p<0.05). These results
suggest that the female rats showed faster recovery from
stroke than the male rats. In the MSC-treated cohorts,
the beam walk scores were significantly elevated in the
females compared with the males at days 7 (p<0.01) and
14 (p<0.05). At these timepoints, the beam walk scores
of the MSC-treated females returned to approximately
baseline levels, but were still below baseline in the MSC-
treated males.
In males, the beam walk scores of the MSC-treated
group were significantly higher than the scores of the
vehicle-treated group at days 3 (p<0.05), 5 (p<0.01),
7 (p<0.05) and 14 (p<0.001), indicating a persistent
treatment effect. In females, the beam walk scores were
significantly higher in the MSC-treated group compared
with the vehicle-treated group at days 7 (p<0.001) and
14 (p<0.001), indicating a clear treatment effect. At
the end of the study, the decreased beam walk scores
in males were increased to 1.8±0.4 in the vehicle-
treated group and to 4.4±0.6 in the MSC-treated group.
Similarly, the decreased beam walk scores in females
increased to 3.4±0.5 in the vehicle-treated group and
to 6.0±0.0 in the MSC-
treated group, indicating full
recovery.
5
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decreased sticky-tape ratios of the males were increased
to 0.59±0.15 in the vehicle-treated group and to 0.80±0.06
in the MSC-treated group. Similarly, the decreased sticky-
tape ratios of the females were increased to 0.65±0.08 in
the vehicle-treated group and to 0.88±0.09 in the MSC-
treated group. Although the sticky-tape ratios were markedly increased in all the cohorts at day 14 relative to day 1,
the observed differences between and within treatments
were not sex dependent.
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MSC treatment promotes the recovery of locomotor
performance in both sexes
The accelerating rotarod performance of rats provides a
quantitative measure of motor function.
Prior to ischaemia induction, the baseline rotarod
latencies (in seconds) for the male and female rats were
72.3±4.4 (n=20) and 69.3±3.6 (n=23), respectively, and
were not significantly different (p=0.599). Following
cerebral ischaemia, there was a marked reduction in the
ability of the animals to walk on the rotarod. At 1 day
after reperfusion, the rotarod latencies (expressed as
a percentage of baseline values) were 0.6%±0.4% and
16.8%±7.0% for the vehicle-treated male and female rats,
respectively, and 5.8%±2.2% and 4.8%±2.0% for the MSC-
treated male and female rats, respectively. The decreases
in rotarod latencies were highly significant (p<0.0001)
across all treatment groups and indicate severe impairment of motor function in all the stroke-induced animals
(figure 5B). The rotarod latencies quickly (within 5 days
after reperfusion) returned to baseline levels or above in
the MSC-treated male and female cohorts. However, they
only gradually increased in the vehicle-treated male and
female cohorts and were still below baseline levels 14 days
after reperfusion. The rotarod latencies of the females
and the males in both the MSC-treated cohorts and the
vehicle-
treated cohorts were not significantly different
from each other at any of the timepoints studied.
6

In males, the rotarod latencies were significantly
higher in the MSC-
treated group compared with the
vehicle-treated group at days 3 (p<0.001), 5 (p<0.0001), 7
(p<0.0001) and 14 (p<0.05). The results in females were
similar to those in males. Thus, in females, the rotarod
latencies were significantly higher in the MSC-
treated
group compared with the vehicle-treated group at days 5
(p<0.001), 7 (p<0.05) and 14 (p<0.01), but not at day 3.
At the end of the study (day 14 after reperfusion),
the rotarod latencies in males were 54.5%±11.0% in the
vehicle-
treated group and 111.7%±24.3% in the MSC-
treated group. Similarly, the rotarod latencies in females
were 69.2%±11.5% in the vehicle-
treated group and
146.3%±19.9% in the MSC-treated group. Overall, these
data clearly show that MSC treatment improved rotarod
performance in male and female rats to a generally
similar degree. Finally, we observed no significant sex-
related differences either within a particular treatment or
between treatments at any of the timepoints studied.
DISCUSSION
In this study, employing a battery of neurobehavioral tests
and multiple timepoint assessments, we showed that treatment with human umbilical cord blood-derived MSC 1 day
after reperfusion was efficacious in both male and female
stroke-
induced rats. Despite significant sex-
dependent
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Figure 5 MSC treatment improves post stroke beam walk scores and rotarod performance. The line graphs show the beam
walk scores (A) or rotarod latencies (expressed as a percent of baseline) (B) of rats subjected to a 2-hour ischaemia and
subsequently treated with MSC or vehicle control 1 day after reperfusion. Values are expressed as mean+SEM. For the beam
walk test, group N’s were 13 for the Vehicle Male group, 14 for the Vehicle Female group, 12 for the MSC Male group and 9 for
the MSC Female group except for the 14-day timepoint where the N’s were 10 (Vehicle Males), 13 (Vehicle Females), 8 (MSC
Males) and 7 (MSC Females). For the rotarod test, group N’s were 10 for the Vehicle Male group, 14 for the Vehicle Female
group, 10 for the MSC Male group and 9 for the MSC Female group except for the 14-day timepoint where the N’s were 8
(Vehicle Males), 13 (Vehicle Females), 8 (MSC Males) and 7 (MSC Females). The horizontal line in each graph indicates the pre
ischaemic baseline level. Data were analysed by two-way repeated measures ANOVA followed by Tukey’s multiple comparisons
test (for the 1−7-day timepoints) or by two-way ANOVA followed by Sidak’s post hoc test (for the 14-day timepoint). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001 versus the same-sex vehicle group. +p<0.05; ++p<0.01 versus males receiving the same
treatment. ANOVA, analysis of variance; MSC, mesenchymal stem cells.
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infarct measurements and neurological severity scores
1 day after reperfusion) by using appropriate size monofilaments and identical durations of ischaemia. The total
infarct volume and extent of swelling of the ischaemic
brain were found to be similar in both males and females.
A more detailed, section-by-section analysis of the ischaemic brains also did not uncover any significant differences between males and females. However, as evidenced
by the clinical manifestation of the stroke lesions (ie,
neurological scores), MCAO resulted in severe stroke in
males and more moderate stroke in females, suggesting
the involvement of some factors unrelated to the pathological lesions in females. As highlighted in the introduction, oestrogens (and possibly other biological factors) in
females could have played a role in reducing the severity
of the clinical manifestations of the stroke lesions as
observed in the present study when the same ischaemic
duration was applied to both male and female rats.21–23
Following MSC treatment, the recovery of neurological
function (as assessed by the mNSS) was substantial in males
even though they exhibited more severe stroke symptoms. Although the neurological scores of the females
were also reduced after MSC treatment, these reductions
were not statistically different from vehicle treatment at
any of the timepoints studied. When compared with the
MSC-treated males, the neurological scores of the MSC-
treated females were consistently lower throughout the
study, especially at the latter two timepoints (ie, at days
7 and 14 after reperfusion). This could be attributed to
the lower initial neurological scores and moderate stroke
symptoms observed in females relative to males. In addition to mNSS assessments, we carried out more detailed
analyses of post stroke sensory and motor deficits using
several neurobehavioral tests such as the sticky-tape test,
beam walk and rotarod. The results from all these tests
showed a significant and dramatic recovery of sensory
and motor function after MSC treatment in both males
and females when compared with their respective vehicle
control groups.
All test results except for the rotarod also revealed a
significantly greater impairment of sensory and motor
function in the vehicle-
treated males versus females
consistent with the neurological (mNSS) assessment data.
Although a full or nearly full recovery of sensory and
motor function was evident in both males and females
after MSC treatment, the males exhibited the largest
recovery gains despite showing more pronounced deficits
in the various tests. In the beam walk test, MSC-treated
females showed a significantly higher recovery level than
the males at day 14 after reperfusion. Interestingly, in
the rotarod test, full recovery of motor performance was
observed in both sexes.
We believe that most, if not all, of the observed differences in treatment outcomes between the sexes may
be attributed to differences in the initial severity of the
induced strokes (males more affected than females) and
not to actual differences in the effectiveness of the treatment per se in males versus females. Thus, while there is
7
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post ischaemic sensory and motor deficits, MSC treatment significantly improved the neurological recovery in
both males and females.
The MSC used in this study originated primarily from
an allogenic source are immature and elicit a lower incidence of graft rejection, graft versus host disease and
post-transplant infections.32 33 Therefore, we did not
administer any immunosuppressant drugs to MSC-treated
rats. Furthermore, because there is a strong involvement
of an immune component in the pathology of ischaemic
stroke, the use of immunosuppressant drugs in stroke
research studies would complicate the interpretation of
results. Treatment of stroke-induced rats with MSC (at
exactly the same dose, route and time after reperfusion
as used herein) was previously shown to reduce apoptosis and post stroke brain damage, downregulate DNA
damage-inducing genes, upregulate DNA repair genes
and attenuate the induction of matrix metalloproteinases
in the ischaemic brain.12–14 Furthermore, the administration of MSC within a few minutes to up to 3 days after ischaemia at much larger doses was shown earlier to attenuate
infarct volume and suppress inflammatory responses as
well as neuronal apoptosis in preclinical rodent stroke
models.15 17 18 34
Differentiation and paracrine signalling have been
implicated as mechanisms by which stem cells promote
tissue repair.35 Differentiation contributes to the therapeutic efficacy of stem cell treatment by regenerating
damaged tissue. However, delivery of the administered
cells into the ischaemic brain is believed to be crucial for
successful treatment. The MSC administered to stroke-
induced animals may reach the ischaemic brain via the
damaged blood–brain barrier (BBB). Early disruption of
the BBB begins within the first 3 hours after MCAO.36 The
second peak of BBB disruption occurs between 24 hours
and 72 hours, as in the transient occlusion model used
in this study.37 Thus, MSC treatment that is initiated too
early (within a day after reperfusion) or too late (3 or
more days after reperfusion) may not help recovery due
to the limited access of MSC to the brain. The timing of
MSC treatment is therefore more critical than the actual
dose. Our recent studies have demonstrated the presence
of fluorescently labelled MSC in both cortical and striatal
regions of the ischaemic brain following their administration to stroke-
induced rats, using the same dosing
and timing parameters employed in the current study.13
Reduced infarct volumes and improved behavioural
functions have also been reported despite the absence of
administered cells in the ischaemic brain.29 38 39 The positive outcomes in these studies may be attributed to the
paracrine signalling accomplished by the entry of therapeutic molecules secreted by the administered cells into
the ischaemic brain. This notion is further supported by
our recent study that showed a better post stroke neurological recovery of rats treated with exosomes secreted by
MSC.16
In the present study, we tried to induce the same degree
of stroke in both males and females (as judged by cerebral
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SUPPLEMENTAL MATERIAL
METHODS
Ischemic stroke induction followed by reperfusion
Rats from all the groups were subjected to a 2-hour middle cerebral artery occlusion (MCAO)
using an intraluminal suture model, as previously described by our group [14]. Briefly, a ventral
midline incision was made in the neck under isoflurane anesthesia, and the right common carotid
artery and its internal and external branches were surgically exposed. To induce focal cerebral
ischemia a silicone-coated monofilament suture (Doccol Corporation, CA) of the recommended
size based on the animal body weight was introduced into the internal carotid artery via the external
and common carotid arteries and then advanced superiorly until it reached the origin of the middle
cerebral artery. After two hours of ischemia the monofilament suture was withdrawn to restore
blood flow, and the neck incision was closed with suture. At the time of the MCAO the age of the
animals was between 8 and 10 weeks, and the weight of the animals was 260 ± 5 g for the males
and 220 ± 5 g for the females.

Stem cell culture and treatment
Cryopreserved human umbilical cord blood-derived mesenchymal stem cells (MSC) obtained
from Vitro Biopharma (Golden, CO) were used to establish cultures in MSC-GRO low serum,
complete MSC medium according to the manufacturer’s instructions. Cultures were maintained at
37°C in a humidified atmosphere containing 5% CO2 with a change of culture medium twice a
week. When the cell cultures were about 80% to 90% confluent, cells were split and subcultured.
From the subcultures of less than eight passages MSC were detached, washed twice in sterile
phosphate-buffered saline (PBS), counted, suspended in sterile PBS, and administered to the
appropriate groups of stroke-induced rats at one day after reperfusion.
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TTC staining
One day after reperfusion male and female rats from the untreated ischemic cohort were deeply
anesthetized with sodium pentobarbital and then decapitated. Brains were collected, placed in an
adult rat brain matrix (Kent Scientific Corporation, USA), chilled in a freezer at -80 ˚C until
hardened, and then cut into 2-mm thick coronal sections. The sections were stained in the dark for
30-45 min at 37 oC with a freshly prepared 2% solution of triphenyl-tetrazolium chloride (TTC).
Non-ischemic (stained red) and total ipsilateral areas as well as the total contralateral area of each
coronal brain section were traced and measured using Image J analysis software (NIH).

Modified neurological severity score (mNSS) assessment
The mNSS is a widely accepted standardized method of assessing the severity of post-stroke injury
and recovery and is a composite of reflex, balance, sensory (tactile, visual, and proprioception),
and motor (abnormal movement and muscle status) tests [29]. A cumulative score obtained from
all the tests determines the severity of post-stroke injury in each animal. Scores between 1-6
indicate mild injury; 7-12, moderate injury; and 13-18, severe injury. The mNSS assessment was
performed on each cohort of MSC or vehicle-treated rats prior to ischemia (baseline) and at regular
intervals (day 1, 3, 5, 7, and 14) after ischemia.

Modified adhesive removal (sticky tape) test
This test provides an assessment of post-stroke somatosensory dysfunction and can reliably
quantify the degree of focal sensory impairment in animals without requiring any prior training
[30]. For this test a strip of adhesive tape was wrapped around the rat’s forepaw, and the animal’s
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interaction time with the taped limb (i.e., licking/biting or shaking) was recorded during a 30-sec
observation period. The sticky tape test was conducted on the different cohorts of rats both before
ischemia (baseline) and at regular intervals (day 1, 3, 5, 7, and 14) after ischemia. For each animal
three trials were performed on both the affected (left) limb and the unaffected (right) limb at each
time point, and the average of the three trials was then used to calculate the sticky-tape ratio
(affected limb/unaffected limb). This ratio provides a relative index of post-stroke somatosensory
limb functioning within each animal.

Beam walk test
This test is often referred to as the foot fault test and was used to assess motor coordination and
integration [31]. The beam walk apparatus consisted of a square beam (2 cm x 2 cm cross-section
and 152 cm long with a 110 cm walking distance), which was supported 30 cm above the tabletop
surface by two stands positioned at opposite ends of the beam. A thick layer of bubble wrap placed
under the beam was used to prevent injury to the animal should it slip off the beam. Prior to
ischemia induction each cohort of rats was trained for two or three days to traverse the beam, and
by the end of the training period all animals had learned the task. The beam walk test was
performed on all the rats before ischemia (baseline) and at regular intervals (day 1, 3, 5, 7, and 14)
after ischemia. Beam walk performance of rats was rated as follows: 0 - the rat was not able to
stay on the beam; 1 - the rat was able to stay on the beam but did not move; 2 - the rat tried to
traverse the beam but fell; 3 - the rat traversed the beam with more than 50% foot slips of the
affected forelimb and/or hindlimb; 4 - the rat traversed the beam with more than one foot slip, but
less than 50% foot slips of the affected forelimb and/or hindlimb; 5 - the rat traversed the beam
with only one foot slip of the affected forelimb and/or hindlimb; 6 - the rat traversed the beam

Page 3 of 6

Nalamolu KR, et al. Stroke Vasc Neurol 2021;0:1–9. doi: 10.1136/svn-2020-000834

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Stroke Vasc Neurol

without any foot slips of either the affected forelimb or hindlimb. For each testing session the mean
of three trials was used to evaluate the beam walk performance of each rat.

Accelerating rotarod performance test
This test was used to evaluate the balance, grip strength, and motor coordination of stroke-induced
rats that had received different treatments. Animals were trained to walk on a rotating rotarod
(Rotamex, Columbus instruments; initial speed = 10 rpm; acceleration rate = 0.3 rpm/sec;
maximum speed = 80 rpm) for two or three days before ischemia induction. By the end of the
training period all rats had learned the task to a satisfactory level (latency to fall ≥ 40 sec). As with
the other tests, the rotarod was performed both before ischemia (baseline) and at regular intervals
(day 1, 3, 5, 7, and 14) after ischemia. During testing rats were challenged to remain on the
accelerating rotarod while walking (maximum period = 300 sec), using the same speed and
acceleration parameters employed during training. The latency to fall from the rotarod apparatus
was recorded for each rat using a minimum of three trials (each separated by at least 15 min),
which were then averaged to obtain a single value. For each animal the rotarod latency was
calculated at the various time points and expressed as a percentage of the baseline value, which
was considered to be 100%. To prevent injury to the animals during the training and test sessions
bubble wrap was placed under the rotating spindles within each lane of the rotarod apparatus.

Data collection and exclusion criteria
One day after reperfusion all animals were evaluated by the mNSS to determine whether or not
they qualified for inclusion in the study. The mNSS assessment was performed by trained research
personnel who were blind to the subsequent experimental treatment of the animals. Animals that

Page 4 of 6

Nalamolu KR, et al. Stroke Vasc Neurol 2021;0:1–9. doi: 10.1136/svn-2020-000834

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Stroke Vasc Neurol

did not show neurological deficits indicative of stroke or exhibited mNSS < 8 were excluded from
the study. In addition, animals that displayed signs of hemorrhage in the vicinity of the MCA at
the time of sacrifice were also excluded from the study. Overall, a total of 40 out of the original
100 animals were either excluded or died in the various treatment groups (4 in both the Untreated
Males and Untreated Females, 7 in the Vehicle Males, 6 in the Vehicle Females, 8 in the MSC
Males, and 11 in the MSC Females).

Statistical analysis
Statistical analysis of the data was carried out using Graph Pad Prism version 6.04 for Windows
(Graph Pad Software, San Diego, CA). Clear outliers in the data set were identified by Grubb’s
test and excluded from the data analysis. Differences in total infarct volume and brain swelling
between males and females were analyzed by two-tailed unpaired t-test. In addition, for each
neuropathological measure a separate two-way repeated measures ANOVA was performed on the
serial brain sections to grossly examine possible regional differences in stroke lesions (with sex as
the between-subject factor and section number as the within-subject factor). The neurobehavioral
assessment data (mNSS, sticky tape, beam walk, and rotarod tests) were analyzed by two-way
repeated measures ANOVA (with treatment as the between-subject factor and time after
reperfusion as the within-subject factor). Following a significant ANOVA test result, post hoc
comparisons were made using Tukey’s multiple comparisons test. Because some animals did not
survive the full-time course of the study or had to be eliminated as a consequence of Grubb’s test
result, it was necessary to perform a separate two-way ANOVA for the final time point of the study
(i.e., day 14 after reperfusion). Additional ANOVAs were performed at each reperfusion time
interval to directly discriminate possible effects of sex on treatment outcomes in the various
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neurobehavioral tests. For these analyses a two-way ANOVA (with sex and treatment as the main
factors) was used followed by Sidak’s post hoc test. All data are expressed as mean ± SEM.
Differences between groups were considered statistically significant at p < 0.05.
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