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Purpose: Mesenchymal stem cells (MSCs) have demonstrated great promises for the treatment of ischemic stroke. Previously, 
we identified a new source of MSCs located in the inferior turbinate. We investigated therapeutic potentials of human turbi-
nate-derived mesenchymal stem cells (hTMSCs) in ischemic stroke. 
Methods: Ischemic stroke was induced by the intraluminal occlusion of middle cerebral artery (MCAo) for 50 minutes in rats. 
At one day after MCAo, hTMSCs, adipose tissue-derived MSCs (AdMSCs), or phosphate buffered saline (PBS) were trans-
planted into the striatum. Functional recovery was assessed by repeating behavioral tests including modified neurologic sever-
ity score and corner test. At 14 days after MCAo, brains were stained with hematoxylin and eosin (H&E) for measuring infarct 
volume. The survival of grafted MSCs was evaluated by immunohistochemistry to human nuclei (hNU). Immunohistochem-
istry with anti-doublecortin (anti-DCX) was performed to assess hippocampal neurogenesis. 
Results: Transplantation of hTMSCs following MCAo showed improvements of neurologic function, which was comparable 
with that of AdMSCs. H&E staining showed no difference in infarct volume among 3 groups. Regarding the survival of graft-
ed MSCs, the number of hNU-expressing cells was not different between hTMSCs- and AdMSCs-treated groups. Finally, hT-
MSCs increased the number of subgranular DCX-positive cells compared to PBS-treated controls, without affecting hilar ec-
topic migration of newborn neurons. 
Conclusions: hTMSCs could improve functional recovery following ischemic stroke, of which efficacy was similar to AdM-
SCs. Although hTMSCs showed comparable infarct size and survival of grafted MSCs, transplantation of hTMSCs could up-
regulate subgranular neurogenesis with no impact on ectopically migrating newborn neurons. 
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• HIGHLIGHTS
- �Transplantation of hTMSCs promoted functional recovery following ischemic stroke.
- �Neuroprotective effects and the survival of grafted MSCs did not differ between hTMSCs and AdMSCs.
- �Transplantation of hTMSCs after stroke enhanced dentate neurogenesis, without affecting aberrant hippocampal neurogenesis.
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INTRODUCTION

Stroke has been the second highest cause of death and long-
term disability worldwide for the last 15 years, approximately 
accounting for 5.78 million deaths in 2016 [1]. Ischemic stroke 
where cerebral blood vessels are occluded by thrombi or emboli 
is more prevalent than the hemorrhagic stroke caused by pa-
renchymal or subarachnoid hemorrhages [2]. Guidelines rec-
ommended for the treatment of ischemic stroke are either ad-
ministration of intravenous recombinant tissue plasminogen 
activator within 4.5-hour window from symptom onset or en-
dovascular procedures recanalizing the obstructed vessels [3]. 
However, in spite of significant advancements in medical care 
and biological researches, there are still no cures for the isch-
emic stroke and the time constraint issue of current acute stroke 
therapies required developments of novel therapeutic strategies. 
  Cell therapy has become one of the promising approaches 
for treating ischemic stroke in experimental rodent settings and 
human patients [4-6]. Among various sources of stem cells, 
transplantation of mesenchymal stem cells (MSCs) has been re-
ported to improve neurological function following stroke [7]. 
MSCs are multipotent adult stem cells that can maintain multi-
lineage differentiation potential and self-renewal, in addition to 
low immunogenicity following transplantation [8,9]. Ever since 
MSCs originated from bone marrow have demonstrated thera-
peutic efficacy against ischemic stroke [10,11], diverse tissues 
compartments including adipose tissue, skin, placenta, liver, 
and lung have been found to harbor MSCs [9]. In addition, we 
have identified a new source of MSCs that was isolated from 
the inferior turbinate in humans with nasal septal deviation 
[12-14]. Human turbinate-derived MSCs (hTMSCs) can show 
stable proliferative activities with the expression of stem cell 
markers and they can differentiate into osteocyte, adipocyte, 
and chondrocytes [12,13], suggesting a new functional multi-
potent MSCs. Therefore, in the present study, we investigated 
therapeutic potentials of hTMSCs in a rat model of ischemic 
stroke and compared the efficacy of hTMSCs with adipose tis-
sue-derived MSCs (AdMSCs), a well-known type of MSCs that 
already showed neurologic benefits following ischemic stroke 
[15]. We then assessed the infarct size, and the survival of graft-
ed hTMSCs and AdMSCs in the ischemic brain tissues after cell 
transplantation. Finally, we demonstrated increased hippocam-
pal neurogenesis by the administration of hTMSCs, providing a 
possible mechanism underlying beneficial effects of hTMSCs 
after ischemic stroke.

MATERIALS AND METHODS

Preparation of hTMSCs and AdMSCs
Human MSCs were isolated from waste nasal inferior turbinate 
and adipose tissues during surgery with the approval of the In-
stitutional Review Board of The Catholic University of Korea 
(KC08TISS0341, MC16CISI0087, respectively). At passage 4, 
hTMSCs and AdMSCs were grown in Alpha minimum essen-
tial medium (Alpha MEM) (Welgene, Gyeongsan, Korea) or 
low glucose Dulbecco’s modified Eagle’s medium (Hyclon, GE 
Healthcare Life Sciences, Little Chalfont, UK), respectively, sup-
plemented with 10% fetal bovine serum, penicillin and strepto-
mycin at 37˚C. 

Rat Model of Transient Focal Cerebral Ischemia and 
Transplantation of hTMSCs or AdMSCs
All experimental procedures were carried out according to the 
guidelines of the Institutional Animal Care and Use Committee 
of The Catholic University of Korea and the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals 
(NIH Publications No. 80-23). Transient focal cerebral ischemia 
was induced by the intraluminal occlusion of middle cerebral 
artery (MCAo) as previously described with minor modifica-
tions [16]. Briefly, Sprague-Dawley male rats, weighing 270–
300 g, were anesthetized with 1.5% isoflurane in a 70% nitrous 
oxide and 30% oxygen mixture using a face mask. After mid-
line neck incision, a 5-0 silicon-coated nylon monofilament 
(Doccol Corp., Sharon, MA, USA) was inserted through the 
external carotid artery and into the internal carotid artery. At 
50 minutes after the left MCAo, the filament was withdrawn to 
allow reperfusion and animals were placed in the incubator. 
During cerebral ischemia, rectal temperature was maintained at 
37˚C±0.5˚C using a thermistor-controlled heating blanket. At 
one day after MCAo, rats were reanesthetized with ketamine 
(100 mg/kg) and xylazine (10 mg/kg) cocktails and placed in a 
stereotaxic frame (David Kopf instruments, Tujunga, CA, USA) 
for MSC transplantation. After a burr hole was made with a 
stereotaxic-attached drill, 1.2×105 hTMSCs or AdMSCs/µL in 
phosphate-buffered saline (PBS) were injected with a Hamilton 
syringe into the left lateral striatum (0.7 mm anterior to the 
bregma, 3.2 mm lateral to the midline, and 5.5 mm beneath the 
dura) in a volume of 5 µL for 5 minutes, and the needle was left 
for an additional 5 minutes after the injection. Control group 
was injected with PBS instead of stem cells. Subsequently, den-
tal cement was applied on the skull and the animals were re-
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turned to their cages once they become conscious.

Behavioral Assessment
Modified neurologic severity score (mNSS), which can evaluate 
motor (muscle tone and abnormal movement), sensory (visual, 
tactile, and proprioceptive), and reflex (pinna, corneal, and 
startle) functions, was used for assessing the efficacy of MSC 
transplantation. Additionally, limb placement test was per-
formed to check animals’ proprioception and the test results 
were graded with mNSS (normal, 0; maximal deficit score, 27). 
To measure MSC-mediated functional recovery accurately, cor-
ner test was also performed, which counted the number of each 
turn direction in front of the corner made by 2 cardboards and 
calculated the left turn ratio. Tests were performed before and 
at 1, 7, and 14 days after MCAo surgery.

Measurement of Infarct Sizes
Infarct volume was assessed at 14 days after MCAo. After car-
diac perfusion with normal saline and fixation with 4% para-
formaldehyde in 0.1M PBS, the brains were removed and dehy-
drated with 30% sucrose solution. Then, the brains were cut 
into 50-μm-thick coronal sections by using a cryostat micro-
tome. Total of 6 sections from each brain were processed for 
hematoxylin and eosin (H&E) staining. Briefly, sections were 
stained in hematoxylin solution for 2 minutes, followed by 
washing with tap water. Then the sections were incubated with 
eosin for 20 seconds, dehydrated, and mounted. Using an im-
age analysis program (Image J; Bethesda, MD, USA), infarct 
area was measured by subtracting the area of the noninfarcted 
hemisphere from that of the contralateral tissue. The percentage 
of infarct volume was calculated by dividing the sum of the in-
farct areas by the areas of contralateral hemisphere.

Immunohistochemistry
Three coronal sections from each mouse (450-μm interval) were 
incubated with 10% normal donkey serum for 1 hour and then 
with the following primary antibodies for overnight at 4˚C: rabbit 
polyclonal anti-doublecortin (anti-DCX, 1:1,000; Millipore Corp., 
Burlington, MA, USA), mouse monoclonal anti-human nuclei 
(hNU, 1:200; Millipore Corp.). After washing with PBS, the sec-
tions were incubated with the following secondary antibodies for 
2 hours at room temperature (22˚C±3˚C): Alexa488-conjugated 
donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, 
PA, USA), Cy3-conjugated donkey anti-rabbit IgG (Jackson Im-
munoResearch). Then, after washing with PBS, the sections were 

mounted with DAPI (4, 6-diamidino-2-phenylindole)-included 
mounting media and observed using a confocal microscopy 
(LSM 510 Meta; Carl Zeiss, Oberkochen, Germany).

Statistical Analysis
The data are presented as the mean ±standard error of the 
mean and statistical significance was assessed using IBM SPSS 
Statistics ver. 21.0 (IBM Co., Armonk, NY, USA) for behavioral 
tests or GraphPad Prism 7 (GraphPad Software Inc., La Jolla, 
CA, USA) for the rest of statistical analyses. Repeated measures 
analysis of variance (ANOVA) was performed for the behavior-
al tests, followed by Duncan post hoc test. ANOVA followed by 
Duncan post hoc test was performed to compare infarct vol-
ume. Student unpaired t-test was performed for immunohisto-
chemistry for hNU and DCX as the data passed Shapiro-Wilk 
normality test. P<0.05 was considered statistically significant.

RESULTS

Neurologic Functional Improvement by hTMSCs
We assessed rats’ motor function at 1, 7, and 14 days after 50 
minutes of MCAo surgery by using mNSS and corner test (Fig. 
1A). Compared to PBS-treated rats, hTMSCs- or AdMSCs-
treated rats showed a significant improvement in neurologic 
function after ischemic stroke, evaluated by mNSS test (Fig. 
1B). Moreover, corner test showed the same results over the 
time course of functional recovery following stroke, corroborat-
ing our mNSS findings (Fig. 1C). Collectively, we demonstrated 
that transplantation of hTMSCs after MCAo could show com-
parable therapeutic potentials with AdMSCs, of which benefits 
are well known against ischemic stroke.

No Difference in Infarct Volume by hTMSCs
As we found functional improvements by hTMSC administra-
tion after ischemic stroke, we performed H&E staining for the 
evaluation of neuroprotective effects. When we measured the in-
farct size by demarcating eosinophilic dead cell areas (Fig. 2A), 
hTMSCs- and AdMSCs-treated groups showed the similar in-
farct volume compared to PBS-administered group (Fig. 2B), 
suggesting no neuroprotective effects by hTMSC transplantation.

Survival of Grafted hTMSCs Following Ischemic Stroke
As a next step, we evaluated the number of surviving MSCs in 
the brain at 14 days after ischemic stroke. Immunohistochemis-
try to hNU revealed many hTMSCs and AdMSCs that were la-
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beled with hNU in the infarct area, with a few in the penumbra 
(Fig. 3A). When we performed a quantitative analysis of hNU-
expressing cells, we found no difference in the total number of 
hNU-positive cells between AdMSCs- and hTMSCs-treated 
brains, although there was a reducing trend in the hTMSC group 
(Fig. 3B). Moreover, when we separately counted the number of 
hNU-expressing cells in the infarct area and the penumbra, there 
was no difference between the 2 groups (Fig. 3B), suggesting sim-
ilar survival rates of hTMSCs and AdMSCs after ischemic stroke.

Increased Hippocampal Neurogenesis by hTMSCs
In order to identify molecular mechanisms underlying benefi-

cial effects of hTMSCs after ischemic stroke, we examined hip-
pocampal neurogenesis by staining DCX (Fig. 4A). When we 
counted the number of DCX-expressing cells in the subgranu-
lar zone of the dentate gyrus where new neurons are constantly 
born, we found that hTMSCs-transplanted group showed a sig-
nificant increase in the number of DCX-positive cells, com-
pared to PBS-treated group (Fig. 4B). However, there was no 
difference in the number of hilar ectopic DCX-expressing cells 
among three groups (Fig. 4C), suggesting that ischemic injury-
mediated aberrant hippocampal neurogenesis was not altered 
by the transplantation of hTMSCs or AdMSCs.

Fig. 2. Infarct volume after transplantation of adipose tissue-derived mesenchymal stem cells (AdMSCs) and human turbinate-de-
rived mesenchymal stem cells (hTMSCs). (A) Representative images of the brain section stained with hematoxylin and eosin (H&E). 
Magnified photomicrograph in the left is the contralateral striatum showing normal healthy cells. The right magnified image shows 
eosinophilic dead cell areas by ischemic stroke. Scale bar in the middle photomicrograph=5 mm, Scale bar in the left and right mag-
nified images=100 μm. (B) Percentage of infarct volume. PBS, phosphate-buffered saline.
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DISCUSSION

In the present study, we demonstrated that MSCs isolated from 
the inferior turbinate (hTMSCs) could improve functional re-
covery following ischemic stroke. Moreover, hTMSCs showed 
comparable survival rates in the ischemic brain tissues com-
pared to AdMSCs, well-known MSCs beneficial against isch-
emic stroke. Although transplantation of hTMSCs did not re-
duce the infarct size at 14 days after MCAo, administration of 
hTMSCs could promote the hippocampal neurogenesis, with-
out affecting ectopic migration of newborn neurons in the den-
tate gyrus. 
  For the treatment of ischemic stroke, cell-based therapy has 
become a promising approach to enhance functional recovery 
following stroke [7,9]. Multipotent MSCs quickly emerged as 
attractive candidates due to their low immunogenicity and 
marked behavioral improvement against many neurological 
diseases [7]. Among various sources of MSCs, we showed for 

the first time that hTMSCs obtained from turbinectomy could 
improve behavioral outcomes after acute ischemic stroke. Intra-
striatal administration of hTMSCs at 1 day after MCAo could 
provide comparable motor functional recoveries in 2 different 
neurologic examinations compared to AdMSCs, demonstrating 
outstanding therapeutic potentials of hTMSCs against ischemic 
stroke. Moreover, another study reported that hTMSCs could 
repair vocal fold injuries by promoting growth factors and ex-
tracellular matrix materials, supporting the excellent regenera-
tive capabilities of hTMSCs [17]. As both hTMSCs isolated 
from hypertrophic and contralateral normal inferior turbinate 
showed indistinguishable characteristics of stem cells [13], hT-
MSCs we utilized in the present study are basically not patho-
logic, alleviating possible safety issues. 
  Biological mechanisms underlying the benefits of MSCs in 
the ischemic brain have been vigorously explored [10,18]. Re-
placement of dead brain cells with differentiated MSCs were 
initially considered to drive advantageous effects of MSCs in 

Fig. 3. Survival of grafted adipose tissue-derived mesenchymal stem cells (AdMSCs) and human turbinate-derived mesenchymal 
stem cells (hTMSCs). (A) Representative confocal images of human nuclei (hNU)-immunostained brain sections. Scale bar=100 μm. 
(B) The number of hNU-expressing mesenchymal stem cells (MSCs). 
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ischemic stroke. However, due to extensive infarct areas for 
MSCs to regenerate and the very low neural differentiation rate 
of administered MSCs [19], other mechanisms such as the in-
duction of angiogenesis, synapse formation, paracrine effects, 
or endogenous neurogenesis have been proposed for the expla-
nations of MSC-mediated therapeutic potentials. In particular, 
bone marrow-derived MSC administration after MCAo could 
significantly increase cellular proliferation in the subventricular 
zone (SVZ) [20], further boosting SVZ cell proliferation follow-
ing stroke. Moreover, MSCs could promote the production of 
newborn neurons in the brain for 2 weeks after MCAo [21]. In 
line with this report, we also showed the increased number of 
newborn neurons by hTMSC transplantation. As pharmaco-

logical approaches to enhance ischemia-induced neurogenesis 
by erythropoietin, statin, or phosphodiesterase 5 inhibitors 
could improve functional outcomes after acute ischemic stroke 
[22], promotion of hippocampal neurogenesis can, at least 
partly, mediate the therapeutic efficacy of hTMSC after MCAo. 
  Interestingly, we found that hTMSCs could enhance hippo-
campal neurogenesis in the subgranular zone, but did not affect 
aberrantly migrating hilar DCX-expressing cells. Although it is 
not robust, stroke injury can generate newborn granule neu-
rons with morphological abnormalities, i.e., cells with persistent 
basal dendrites, and aberrantly integrated neurons, i.e., hilar ec-
topic granule cells [23]. Recently, enhanced production of both 
dentate and ectopic granule neurons by poststroke running 

Fig. 4. Neurogenesis after transplantation of adipose tissue-derived mesenchymal stem cells (AdMSCs) and human turbinate-derived 
mesenchymal stem cells (hTMSCs). (A) Representative confocal images of doublecortin (DCX)-immnunostained hippocampus. 
White rectangles were magnified in the right column. Scale bar in the middle bottom=100 μm, valid for the left and middle columns. 
Scale bar in the right bottom=50 μm, valid for the entire right column. (B) The number of DCX-expressing cells in subgranular zone. 
DAPI, 4,6-diamidino-2-phenylindole; PBS, phosphate-buffered saline. *P<0.05.
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failed to improve general performance in the Morris water 
maze test [24], suggesting that aberrant hippocampal neuro-
genesis may have a significant impact on stroke-related func-
tional impairment. Thus, our results showing the unique up-
regulation of normotopic neurogenesis by post-stroke hTMSCs 
can provide a great potential for the clinical application of hT-
MSCs. Further studies are required to elucidate differential reg-
ulatory mechanisms of hTMSCs on the hippocampal neuro-
genesis following ischemic stroke. 
  In conclusion, we provided a new source of MSCs that can 
improve neurologic function following acute ischemic stroke. 
Transplantation of hTMSCs showed comparable functional 
outcomes compared to AdMSCs, supporting excellent thera-
peutic effects of hTMSCs. Administration of hTMSCs promot-
ed subgranular neurogenesis without affecting aberrant hippo-
campal neurogenesis, providing a scientific basis for the poten-
tial use of our newly identified MSCs for the treatment of acute 
ischemic stroke. 
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