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1 | INTRODUCTION

Abstract

Diabetes causes vascular injury and carries a high risk of ischaemic stroke. Human
amniotic fluid stem cells (hAFSCs) can enhance cerebral vascular remodelling and
have the potential to improve neurological function after stroke in diabetic rats. Five
groups of female rats were examined: (1) normal control, (2) type 1 diabetic (T1DM)
rats induced by streptozotocin injection (DM), (3) non-DM rats receiving 60-minute
middle cerebral artery occlusion (MCAQ), (4) TIDM rats receiving 60-minute MCAO
(DM + MCAO) and (5) T1IDM rats receiving 60-minute MCAO and injection with
5 x 10° hAFSCs at 3 h after MCAO (DM + MCAO + hAFSCs). Neurological func-
tion was examined before, and at 1, 7, 14, 21 and 28 days, and cerebral infarction
volume and haemorrhage, cerebral vascular density, angiogenesis and inflammatory
were examined at 7 and 28 days after MCAO. hAFSCs treatment caused a signifi-
cant improvement of neurological dysfunction, infarction volume, blood-brain barrier
leakage, cerebral arterial density, vascular density and angiogenesis and a reduction
of brain haemorrhage and inflammation compared with non-treatment. Our results
showed that the effect of hAFSCs treatment against focal cerebral ischaemia may act
through the recovery of vascular remodelling and angiogenesis and the reduction of

inflammation in ischaemic brain.
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type 2 DM due to defective insulin secretion from beta cells and

peripheral insulin resistance.! Exogenous insulin treatment can im-

Diabetes mellitus (DM) is health problem associated with multiple prove the life expectancy of DM, but almost all patients will eventu-

complications. DM patients fall into two pathogenetic categorieslz ally develop complications of micro- and macro-vascular diseases.?

type 1 diabetes (T1IDM) due to insulin deficiency caused by auto- A meta-analysis estimated the prevalence of DM was 28% in stroke

immune destruction of insulin-producing pancreatic beta cells and patients, higher than general population.® DM not only leads to high
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risk of ischaemic stroke but also causes poor restoration of neuro-
logical functions.*> Mesenchymal stem cells (MSCs) can improve hy-
perglycaemia in animal and human trials based on their capabilities
to restore endogenous pancreatic beta cell and immunomodulatory
properties. However, despite MSCs offer hope for the treatment of
T2DM, the effectiveness of MSCs for T1DM is inconclusive.® Stem
cells harvested from bone marrow and cord blood can mediate the
therapeutic effects in animal stroke models, but the mechanism of
action needs to be clarified.”” Previous studies found that treatment
with bone marrow stromal cells (BMSCs) improved functional recov-
ery after stroke in non-diabetic rats’ but not in TLDM rats.'° However,
bone marrow and cord blood stem cells are not easy to obtain, and
it is difficult to generalize to clinical practice compared with amniotic
fluid stem cells (AFSCs). Our recent research on bladder dysfunction
in DM rats found that human AFSCs (hAFSCs) contributed to help
recovery of pelvic vascular obstruction and bladder dysfunction.“'12
The present study aimed to examine whether hAFSCs can improve
neurological dysfunction, cerebral vascular remodelling, angiogene-
sis and inflammation after focal cerebral ischaemia in TIDM rats.

2 | MATERIALS AND METHODS

2.1 | Ethical approval

Animal experiments were approved by our Institutional Animal Care
and Use Committee (No. 2018032203). Efforts were made to minimize
suffering, reduced the number of animals used and utilized alternatives
to in vivo techniques, if available. All procedures were performed in ac-
cordance with National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80-23) revised in 1996.

2.2 | Animal preparation

Female ovariectomized Sprague-Dawley rats (10-12 weeks old)

were given tap water ad libitum and maintained at 21-23°C and

47% humidity with a 12-hour light-dark cycle and free access to
standard laboratory chow and tap water. To induce ovariectomized
status, rats underwent bilateral salpingo-oophorectomy through a
lower abdominal midline incision using sterile technique 2 weeks
before middle cerebral artery occlusion (MCAQ). One week after
ovariectomizing, DM rat model was created by streptozotocin
(STZ) injection. One week after STZ injection, DM rats underwent
60-minute MCAO. Rats were randomly assigned to 5 groups in-
cluding (1) normal controls, (2) STZ induced DM rats (DM), (3) non-
DM rats with 60-minute MCAO (MCAOQ), (4) DM rats with MCAO
(DM + MCAO), (5) DM + MCAGO rats receiving 5 x 10 hAFSCs treat-
ment (DM + MCAO + hAFSCs).

Body weight, blood glucose levels, neurological function, mag-
netic resonance (MR) imaging, and histological, immunohistochem-
ical and immunofluorescent assessment were examined before
MCAO and at 7 and 28 days after MCAO. Rats were euthanized at 7
and 28 days after MCAO and at similar timepoints if no MCAO. The
experimental procedure is shown in Figure 1.

The reasons why the present study used female rats were first, our
previous study'! examined the protective effect of hAFSCs against
bladder dysfunction in a TIDM female rat model. For comparison, the
present study used the same female rat with TIDM to investigate the
effect of hRAFSCs treatment on neurological dysfunction after focal ce-
rebral ischaemia. Second, the authors are clinicians and experts in gy-
naecology and obstetrics, the use of ovariectomized female rats is in an
attempt to understand and solve the similar neurological problems in

postmenopausal female DM patients with cerebral stroke.

2.3 | Induction of diabetes

DM was induced by single intraperitoneal injection of STZ, 60mg/kg
diluted in 0.1 M citrate buffer solution, after 24-hour fasting. Control
group received single intraperitoneal injection of 0.1 M citrate
buffer solution. Successful induction of DM was confirmed by meas-
urement of blood glucose level at 7 days after STZ administration.

Blood glucose levels were measured with ACCU-CHEK advantage

<Group>
®Control
IV injection of hAFSCs eDM
t+ (5x10°)  eMCAO
Bilateral  STZ  [MCAO ®DM+MCAO
ovariectomy 60 mg/kg | surgery ®DM+MCAO+hAFSCs
] 1 ] 1 ] 5
-14d -7d od 7d 28d Time
J

FIGURE 1 Schema of experimental
procedure. STZ, streptozotocin; IV,
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m Neurological function tests
B MR T2-weighted image
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B Blood-brain-barrier leakage measurement (albumin)

M Brain vascular density measurement (VWF and a-SMA)
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intravenous; hAFSCs, human amniotic
fluid stem cells; MCAQ, middle cerebral
artery occlusion; DM, diabetes mellitus;
B/G, blood glucose; BW, body weight;
CD31, cluster of differentiation 31;

ED-1, extra domain 1; MMP9, matrix
metalloproteinase 9; MR, magnetic
resonance; a-SMA, alpha- smooth muscle
actin; VEGF, vascular endothelial growth
factor; vVWF, Von Willebrand Factor
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blood glucose monitoring system (Roche Diagnostics, Indianapolis,
IN, USA). Rats with blood glucose level >= 300 mg/dl| after fasting

for 12 hours were deemed diabetic and suitable for study.

2.4 | Induction of MCAO model

Transient right MCAO for 60 min was made according to our previous
study.13 Under general anaesthesia with 3% isoflurane in a mixture
of 30% O, and 70% N,O, the proximal portion of external carotid
artery was tightly ligated with a silk suture. A 20-mm 4-0 nylon sur-
gical thread was inserted from left external carotid artery into inter-
nal carotid artery to occlude middle cerebral artery. Left common
carotid artery was then permanently ligated, and skin wound was
temporarily closed. Anaesthesia was discontinued after these pro-
cedures were completed. After 60-min occlusion of left middle cere-
bral artery, rat was anaesthetized again, and the wound was opened
to remove nylon surgical thread to recanalize middle cerebral artery.
In sham-operated group, similar procedures were conducted except
the ligation or occlusion of any cerebral vessel. Animals that did not
exhibit left-side weakness with upper-limb dominance were consid-

ered failed MCAO and were excluded from analysis.

2.5 | Magnetic resonance imaging

MR imaging was done according to our previous study.13 MR images
were obtained using 7T Clinscan animal MR imaging system with a
bore size of 30cm (Bruker, Ettlingen, Germany). A volume resonator
with a diameter of 72mm was used for radio-frequency transmission,
and a 4-channel phased array coil optimized for rat brain was used to
receive signals. A T2-weighted turbo spin-echo sequence was applied
to cover most of the brain regions of interest with 20 coronal slices
using the following imaging parameters: TR/TE = 2920ms/38 ms,
ETL = 7, slice thickness = 1 mm, matrix size = 256 x 256, in-plane
resolution = 0.148 x 0.148 mm?. From these images, 5 slices (2-mm
thickness) were selected based on a bregma of 0.4 mm and an in-
teraural distance of 8.6mm for T2-weighted imaging with set imaging
parameters used for diffusion-tensor imaging and dynamic suscepti-
bility contrast MR imaging. The infarction area was measured sepa-
rately in striatum and cortex of the 5 slices, and the infarction volume
was calculated after multiplication by the distance.

2.6 | Isolation and characterization of hAFSCs
for treatment

hAFSCs were obtained using freshly collected amniotic fluid by rou-
tine amniocentesis from healthy pregnant donors in 15-20 gestational
weeks. Institutional review board of our hospital approved this study
(No. 201800452A3). Cells were cultured in StemPro® MSC serum-
free medium supplemented with 10% foetal bovine serum (Invitrogen,
Carlsbad, CA, USA) and incubated at 37°C with 5% carbon dioxide.

Culture medium was changed every 3-4 days. Specific surface antigens
of hAFSCs were characterized by flow cytometry analyses as shown in
our previous work. Cultured cells were trypsinized and stained with
phycoerythrin (PE)-conjugated antibodies against CD44, CD73, CD90,
CD105, CD117 and CD45 (BD PharMingen, CA, USA). Thereafter,
cells were analysed using Calibur flow cytometer (Becton Dickinson,
Heidelberg, Germany). Passage 4-6 hAFSCs were collected and pre-
pared to a final concentration of 5 x 10° cells/0.3 ml in phosphate
buffer solution (PBS). In hAFSCs-treated groups, 5 x 10° hAFSCs were
administrated via tail vein at 3 h after MCAO. In DM + MCAO groups,
0.3 ml PBS were injected into tail vein at 3 h after MCAO. The timing
of hAFSCs injection was based on our previous study.!* The treatment
dose of hAFSCs was determined according to our previous studies that

used stem cells to treat stroke in TIDM rats.*>**

2.7 | Neurological function tests

An investigator who was blinded to the experimental groups per-
formed the neurological function tests including adhesive removal’
and foot-fault test'® and evaluated the modified Neurological
Severity Scores (mNSS)’ before MCAO, and at 1, 7, 14, 21 and
28 days after MCAO and at similar timepoints in no MCAO groups.

For adhesive-removal somatosensory test, two small pieces of
adhesive-backed paper dots were used as bilateral tactile stimuli oc-
cupying the distal-radial region on the wrist of each forelimb. The
time to remove the stimulus from forelimbs was recorded based on
five tests per day. Each test was separated from the previous test
for at least 5 min.

For foot-fault test, rats were placed on the grid for one minute,
and the total number of placements of both forelimbs was counted.
During this period, the number of foot-fault errors in which the ani-
mals misplaced a forelimb causing falling through the grid was moni-
tored, and the total number of errors for each forelimb was recorded.

The mNSS was a composite of motor, sensory, reflex, and balance
tests and graded from O to 18. In the severity scores, one score point was
awarded for the inability to perform the test or for the lack of a tested

reflex; thus, the higher was the score, the more severe was the injury.

2.8 | Histological, immunohistochemical and
immunofluorescent assessment

Animals were euthanized at 7 and 28 days after brain MR imaging.
Brains were dissected out, frozen in powdered dry ice and stored at
-80°C. Coronal sections (20 pm) at the level of striatum covering in-
farcted brain region of 12 mm in length were prepared on a cryostat
at -20°C and then transferred to glass microscope slides coated with
saline (Muto Pure Chemical, Tokyo, Japan).

For immunohistochemical study, antibodies against a-SMA
(mouse monoclonal IgG, 1:200; Dako, Glostrup, Denmark) and vVWF
(rabbit polyclonal 1gG, 1:400; Dako, Glostrup, Denmark) were used
to identify arterial and vascular density. Antibody against albumin
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(FITC-albumin, polyclonal, 1:500, Abcam Cambridge, MA, USA)
was used to detect BBB leakage. Antibodies against matrix metal-
loproteinase 9 (MMP9, mouse monoclonal IgG, 1:50; Santa Cruz
Biotechnology, CA, USA) and extra domain 1 (ED-1, mouse mono-
clonal IgG, 1:100; Millipore, Temecula, CA, USA) were used to study
the expression of pro-inflammatory factor. Prussian blue stain was
used to evaluate brain haemorrhage by measuring iron deposition
(blue spots) outside of the vessels in brain parenchymal tissue.

Immunohistochemical study was done according to our previous
method.?121¢ Sections were first fixed for 10min in 4% paraformal-
dehyde and then rinsed with PBS. After blocking with Dako REAL
peroxidase blocking solution (code 52023, DAKO Corp, Carpinteria,
CA, USA) for 20 min, sections were washed and incubated with pri-
mary antibodies for 20 h at 4°C. Sections were then washed and in-
cubated for 1 h with biotinylated secondary antibodies (1:200, Vector
Laboratories, Burlingame, CA, USA). Staining was developed with 3,
3’- diaminobenzidine (DAB) plus hydrogen peroxide as the chromo-
gen. Negative controls were performed without primary antibodies.
Sections from each experimental group were put on the same slide to
keep same incubation time for antibodies and chromogen.

For immunofluorescent study, antibodies against cluster of dif-
ferentiation 31 (CD31, mouse monoclonal IgG, 1:50; Santa Cruz
Biotechnology, CA, USA) and vascular endothelial growth factor
(VEGF, rabbit polyclonal 1gG, 1:100; Proteintech, Chicago, USA)
were used to study microvessel density (CD31) and angiogenesis
(VEGF). Antibody against hCD90 (1:200, BD Biosciences, San Jose,
CA, USA) was used as the marker of mesenchymal stem cell.

Immunofluorescent study was done according to our previous
method..2® Sections were first fixed for 10min in 4% paraformaldehyde
and then rinsed with PBS. After blocking with 1% bovine serum albumin
(BSA), sections were washed and incubated for 20 h at 4°C with primary
antibodies, and then incubated for 1 hour with secondary antibody
using Alexa-fluor 488 or 594 (1:250, Invitrogen, Grand Island, NY, USA).
Nuclear staining was performed with 4’,6-diamidino-2-phenylindole
(DAPI). Negative controls were performed without primary antibodies.

All quantification analysis was performed according to our pre-
vious study.!* Spot charge-coupled device colour digital camera
(Olympus DP72, Tokyo, Japan) was used to obtain immunohisto-
chemistry images under a 20x objective (Olympus BX-51, Tokyo,
Japan) and immunofluorescence under Leica TCS SP8X confo-
cal laser scanning microscope (Leica Microsystem, Heidelberg,
Germany) with appropriate filters for FITC and DAPI. Camera was
interfaced with Image-Pro Plus Software (Media Cybernetics,
Silver Spring, MD, USA).17 For statistical analysis, 5 sections from
each brain with 2400 pm interval and 8 fields in ischaemic border
zone (IBZ) of each section were examined. For albumin-FITC and
Prussian blue stain, the areas of positive staining were analysed.

2.9 | Vascular and arterial density measurement

The IBZ adjacent to ischaemic core was identified using haematoxy-
lin and eosin staining. To measure the vascular density, 8 fields of

VWF immunostaining from IBZ in each brain section were digitized
using a 20x objective via Image-Pro Plus Software.”’

The density of a-SMA stained arteries in IBZ was measured®® in
5 brain sections with 8 regions in each section from the standard-
reference coronal section. The total number of positive a-SMA
staining vessels with wall diameter 210 pm in the 8 regions of IBZ
was counted using Image-Pro Plus Software (Media Cybernetics,

Silver Spring, MD, USA).

2.10 | Survival of hAFSCs in the brain
Immunofluorescent detection of hAFSCs in brain sections was per-
formed by staining for human CD90 (hCD90) and DAPI. The survival
of hAFSCs was assessed by counting the number of infiltrated hCD20
cells. The number of surviving cells in cortex and striatum was counted
manually under 400x micrographs around infarction area in 5 sections
and was summed as the total number of surviving hAFSCs per mm®,

2.11 | Statistical analysis

Sample size calculation was done by using crude method based on law of
diminishing return with the equation of E = total number of animals -total
number of groups. After the calculation with (5 groups x6 rats/group) -
(5 groups) = 25, the number of 25 was more than 20, suggesting the
sample size in this experiment could be more than necessary, and 6 rats
were used for each group.19 Data were analysed with Prism 5 (GraphPad
Software, La Jolla, CA, USA) and expressed as mean =+ SD for continu-
ous variables. Continuous data were compared among the groups by
using one-way analysis of variance. Tukey-Kramer test was used for post
hoc comparisons. To evaluate the effect of hAFSCs among groups, chi-
square test was performed with Fisher's exact test. Probability values of

<0.05 were considered to be statistically significant.

3 | RESULTS

3.1 | hAFSCs treatment does not affect blood
glucose level after stroke

DM and DM+MCAO rats had lower body weight and higher blood
glucose levels than MCAO and control rats (Table S1). After hAFSCs
treatment, body weight and blood glucose level did not significantly
improve in DM + MCAO + hAFSCs rats at 7 and 28 days after MCAO
compared with DM + MCAO rats.

3.2 | hAFSCs treatment improves functional
outcome after stroke

MCAQO rats performed adhesive-removal (Figure 2A), foot-fault
tests (Figure 2B) and mNSS (Figure 2C) poorly from O day to
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28 days after stroke. Neurological function recovered better in
DM + MCAQO rats treated with hAFSCs than rats without treat-
ment. Adhesive-removal and mNSS scores improved at 21 and
28 days and foot-fault tests improved at 14, 21 and 28 days after
MCADO in rats treated with hAFSCs compared with those without
treatment.

3.3 | hAFSCs treatment decreases infarction
volume after MCAO

The infarction volume in cortex and striatum was significantly re-
duced in the DM + MCAO + hAFSCs group compared with MCAO
and DM + MCAO groups at 7 and 28 days after MCAO (Figure 3). In
addition, the infarction volume in DM + MCAO rats was increased
mainly in cortex but not in striatum compared with that in MCAO
rats.

3.4 | hAFSCs treatment decreases BBB leakage,
decreases brain haemorrhage, increases vascular
density and improves vascular remodelling

after MCAO

The evaluation of FITC-albumin level for BBB leakage (Figure 4),
Prussian blue for brain haemorrhage (Figure 5), vVWF and a-SMA
for vascular and arterial density (Figure 6) and CD31 and VEGF for
vascular remodelling (Figure 7) was done in IBZ. FITC-albumin stain
demonstrated that albumin density significantly decreased at 7 and
28 days after MCAO in rats treated with hAFSCs compared with rats
without hAFSCs treatment (Figure 4). The positive areas of Prussian
blue stain at 7 and 28 days after MCAO were reduced after hAF-
SCs treatment compared with no hAFSCs treatment in DM + MCAO
rats (Figure 5). In DM + MCAO rats, treatment with hAFSCs sig-
nificantly increased vascular density (vWF) at 7 days and increased
arterial density (a-SMA) at 7 and 28 days after MCAO compared
with no hAFSCs treatment (Figure 6). Compared with MCAO and
DM + MCAO groups, there was a higher level of microvessel den-
sity (CD31) in DM + MCAO+hAFSCs group at 7 and 28 days after
MCAQO. Likewise, there was a higher level of VEGF immunofluo-
rescence in hAFSCs treatment group at 7 and 28 days after MCAO
(Figure 7). Overall, hAFSCs treatment significantly decreased BBB
leakage and the risk of brain haemorrhage, but increased cerebral
vascular and arterial density and improved vascular remodelling in
IBZ compared with no hAFSCs treatment.

3.5 | hAFSCs treatment decreases MMP9 and ED-
1 expression

The expression of MMP9 and ED-1 significantly decreased at 7 and
28 days after MCAO when treated with hAFSCs compared with no
hAFSCs treatment in DM + MCAO rats (Figure S1).

(A) Adhesive-removal test

- Control % DM < MCAO
© DM+MCAO -A DM+MCAO+hAFSCs

#

* W =t

(B) Foot-fault test
- Control & DM -© MCAO

© DM+MCAO -A DM+MCAO+hAFSCs
o
#
D 40- %

od 1d 7d 14d 21d  28d

© mNSS

- Control % DM <€ MCAO
© DM+MCAO A DM+MCAO+hAFSCs

od 1d 7d 14d 21d  28d

FIGURE 2 Neurological function tests including (A) adhesive-
removal test, (B) foot-fault test and (C) modified neurological
severity scores (mNSS) are evaluated before and 1, 7, 14, 21 and
28 days after MCAO. *: p < 0.001 vs. control, #: p < 0.001 vs. DM,
§:p < 0.001 vs. MCAO, t: p < 0.001 vs. MCAO. n = 6 rats in each
group. DM = diabetes mellitus, MCAO, middle cerebral artery
occlusion; hAFSCs, human amniotic fluid stem cells

3.6 | Survival of hAFSCs in the brain

The hCD90 staining showed some hCD90-positive hAFSCs were
seen at 7 days after hAFSCs treatment, and rare hCD90-positive hAF-
SCs could be found at 28 days after hAFSCs treatment (Figure S2).
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FIGURE 3 Brain magnetic resonance T2-weighted images in control, DM, MCAO, DM+MCAO and DM+MCAO+hAFSCs groups. The
infarction volume in cortex and striatum is significantly reduced in DM+MCAO+hAFSCs group compared with MCAO and DM+MCAQO
groups at 7 and 28 days after MCAO. In addition, the infarction volume in DM+MCAO rats is increased mainly in cortex compared with that
in MCAO rats. §: p < 0.001 vs. MCAO and t: p < 0.001 vs. MCAO. n = 6 rats in each group. DM, diabetes mellitus; MCAO, middle cerebral

artery occlusion; hAFSCs, human amniotic fluid stem cells

4 | DISCUSSION

In the present study, we demonstrated for the first time that treat-
ment with hAFSCs in TIDM rats could recover neurological dysfunc-
tion without reducing blood glucose levels and reduce infarction
volume, decrease BBB leakage, decrease the risk of brain haemor-
rhage, and improve cerebral vascular remodelling, angiogenesis and
inflammation after focal cerebral ischaemia.

Like embryonic stem cells, hAFSCs are multipotent and have the
potential to differentiate into different cell types.**?° hAFSCs could
be induced towards neural differentiation, and the specific markers
of glial fibrillary acidic protein, beta-Ill tubulin, nestin, CNPase, NeuN
and synapsines could be detected.’®*! hAFSCs have been reported
to share similar characteristics to MSCs, including immune modula-
tions, so hAFSCs may not exhibit immune rejection, unlike hemato-
poietic stem cells.***%22 |t is likely that hAFSCs can differentiate and
integrate into nervous tissue and have therapeutic potential in treat-
ing neurological disorders such as stroke and its complications. Our
previous study on bladder dysfunction demonstrated that hAFSCs
contribute to help recovery of bladder function in spinal cord injured
rats and MCAO rats.**® We found that hAFSCs have the capability

to produce brain-derived neurotrophic factor and possessed anti-
autoimmunity and anti-inflammatory functions.’® The stem cells
harvested from amniotic fluid have been shown to produce neuro-
trophic factors and release anti-inflammatory cytokines to change
the hostile environment related to secondary cell death in ischaemic
brain.?® These findings may suggest hAFSCs can be a potential ther-
apeutic agent for ischaemic injury.

Until now, few studies have focused on hAFSCs as a donor
cell source for transplantation in ischaemic stroke. Treatment with
hAFSCs may facilitate functional recovery in a rodent stroke model.??
In 60-minute MCAO rats, hAFSCs labelled with iron nanoparticles
were found to migrate to the ischaemic region after intravenous
transplantation.22 Transplanted cells may provide support for cell
surviving in penumbra area, offer protection from the toxic environ-
ment surrounding injured region and stimulate endogenous repair
mechanisms such as neurogenesis, angiogenesis and immunomod-
ulation.???* Intravenous transplantation of rat AFSCs in adult rats
at 30 days after MCAO showed that stem cell-transplanted MCAO
rats had significantly decreased infarction volumes at 60 days after
MCAOQO compared to controls, which may help to facilitate the recov-
ery of neurological functions.??
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FIGURE 4 Immunofluorescent study Control
of blood-brain barrier (BBB) leakage.
FITC-albumin stain demonstrates that
albumin density significantly decreases

at 7 and 28 days after MCAOQ in
DM+MCAO+hAFSCs group compared
with MCAO and DM+MCAO groups. Bar
=100 pm in sham panel. *: p < 0.001 vs.
control, #: p < 0.001 vs. DM, §: p < 0.001
vs. MCAO and t: p < 0.001 vs. MCAO.

n = 6 rats in each group. FITC-albumin,
Fluorescein isothiocyanate conjugated
albumin; DM, diabetes mellitus; MCAO,
middle cerebral artery occlusion; hAFSCs,
human amniotic fluid stem cells

FIGURE 5 Prussian blue stain of brain
haemorrhage in ischaemic brain tissue.
Prussian blue stain demonstrates that the
positive areas of Prussian blue are less in
the DM+MCAO+hAFSC group compared
with DM+MCAO group at 7 and 28 days
after MCAO. Bar = 50 um in sham panel. *:
p < 0.001 vs. control, #: p < 0.001 vs. DM,
§:p < 0.001 vs. MCAO and t: p < 0.001
vs. MCAO. n = 6 rats in each group. DM,
diabetes mellitus; MCAO, middle cerebral
artery occlusion; hAFSCs, human amniotic
fluid stem cells

_Control

Preclinical results on cerebral infarction size and functional
outcome after stroke are inconsistent in TIDM rats treated with
stem cells.}%252% Treatment of BMSCs in TIDM rats at 24 h after
MCAO failed to improve functional outcome and infarction vol-
ume.’%2% However, human umbilical cord stem cells (hUCSCs)
therapy performed 24 h after stroke in TIDM rats can improve
functional outcome.?®> Previously, we have reported that the
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infarction volume on T2-weighted MR images obtained at 48 h
after 60-min MCAO was significantly smaller in hUCSCs treat-
ment group than non-treatment group.'® We inferred that hUCSCs
may act through stabilization of cerebral haemodynamics and
normalization of the expression of immediate early genes and
brain-derived neurotrophic factor after MCAO. The present study
indicated that infarction volumes on MR image were reduced and
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FIGURE 6

Immunohistochemical study of Von Willebrand factor (YWF) and alpha-smooth muscle actin (a-SMA) to measure the

brain vascular density and arterial density. The DM+MCAO rats treated with hAFSCs have significantly increased vVWF immunostaining
(vascular density) at 7 days after MCAO and increased a-SMA-immunostaining (arterial density) at 7 and 28 days after MCAO compared
with DM+MCAO rats with no hAFSCs treatment. Bar = 100 pm in sham panel. *: p < 0.001 vs. control, #: p < 0.001 vs. DM, §&: p < 0.001
vs. MCAO and t: p < 0.001 vs. MCAO. n = 6 rats in each group. DM, diabetes mellitus; MCAO, middle cerebral artery occlusion; hAFSCs,

human amniotic fluid stem cells

functional outcomes were improved at 7 and 28 days after MCAO
in hAFSCs treatment group compared with non-treatment group
in TIDM rats. Sibov et al?? reported that intravenous treatment
of hAFSCs at 6 h after reperfusion can improve motor deficit and
exploratory behaviour followed by reduction in infarction volume
during the first 24 h after treatment with progressive improvement
to 28 days.

DM can cause dysfunction of vascular endothelial cells,27 in-
crease vascular permeability and impair recovery ability after
ischaemic stroke,?® which were also reported in previous stud-
ies.192526 The present study demonstrated that TIDM+MCAO
rats had significant increase of BBB leakage and brain haemor-
rhage, but decrease of arterial and vascular density compared with
controls. Permeable BBB can allow the infiltration of inflammatory
factors from circulation into brain and exacerbate brain damage.
In diabetic stroke animals, the increase of pro-inflammatory fac-
tors can promote BBB disruption and lead to haemorrhagic trans-
formation.'®?? Failure of BMSCs treatment against stroke was
reported being associated with increased BBB leakage, brain hae-
morrhage and inflammation in diabetic stroke rats.’%2 The pres-
ent study showed that hAFSCs treatment significantly increased
vascular and arterial density but decreased BBB leakage and brain
haemorrhage.

In addition, higher levels of CD31 (marker of microvessel
density) and VEGF (growth factor in angiogenesis) expression in
DM + MCAO rats can be found after hAFSCs treatment, indicat-
ing the possibility that improved angiogenesis may play an import-
ant role in the recovery after ischaemic stroke.’%3! The increase
in vascular remodelling may contribute to hAFSCs-induced neu-
rorestorative effects, but its underlying mechanism is not fully un-
derstood. Experimental study showed that hUCSCs treatment in
T1DM stroke rats significantly promotes vascular and white matter
remodelling with functional recovery after stroke, which may be at-
tributed to elevating angiopoietin-1 and suppressing inflammatory
factors.?® Angiopoietins stimulate new blood vessel formation from
preexisting vessels primarily in the 1BZ,%? and can mediate vascular
remodelling and promote axonal remodelling in ischaemic brain of
T1DM rats.®®

Previous studies demonstrated that treatment with BMSCs
alone significantly increased the expression of angiogenin, MMP9
and ED-1 in T1DM stroke rats, leading to the failure of BMSCs treat-
ment against stroke.’®? However, the combination of BMSCs and
Niaspan treatment can attenuate BMSCs-induced inflammation in
the ischaemic brain of TIDM rats.?® In the present study, hAFSCs
treatment after cerebral stroke in TIDM rats significantly reduced
the expression of pro-inflammatory factor (MMP9) and ED-1 (marker

of macrophage) in ischaemic brain. These anti-inflammatory effects
of hAFSCs may partially contribute to improve the functional out-
comes in T1IDM rats.

Only some hCD90-positive hAFSCs were seen in the brain
sections of TIDM+MCAO rats at 7 days but not at 28 days after
hAFSCs treatment. This result agrees with previous studies that
revealed only 1% of injected stem cells could be detected in brain
after intravenous administration of hUCSCs and human adipose
tissue-derived MSCs.8%* However, the present study found that al-
though hAFSCs number decreased to nearly zero at 28 days (Figure
S2), hAFSCs treatment could still improve neurological function at
28 days after stroke in TIDM rats. This phenomenon may suggest
that the functional improvement after cerebral stroke may not be
mainly related to the neurogenesis caused by hAFSCs differentiation
but are of multimodal actions. hAFSCs has been reported to share
similar characteristics to MSCs.2*1%22 The functional multipotency
of MSCs demonstrates that besides the ability to shed secretomes
and exosomes that may contain growth factors, anti-inflammatory
proteins, membrane receptors and microRNAs, MSCs may also un-
dergo chemotactic migration towards developmental targets or in-
flammatory areas.®®

The study using in vitro stroke model to investigate the signal
transduction pathways activated by hAFSCs-derived secretome®
revealed that microRNA analysis in the exosomal component of
conditioned media could demonstrate overexpressed microRNAs
that were involved in the regulation of coherent signalling path-
ways. MicroRNAs may mediate the neuroprotection through anti-
apoptotic and pro-survival pathways.3¢ This pro-survival effect was
paralleled by the activation of neurotrophins, brain-derived neuro-
trophic factor (BDNF)/ tropomyosin receptor kinase B (TrkB), and by

the suppression of death pathways, p75/ c-jun (JNK).3¢

The use of hAFSCs has some advantages. Bonaventura et al.¥’
compared the neural differentiation capability in four human stem
cells from bone marrow, umbilical cord blood, human endometrium
and amniotic fluid. They demonstrated that amniotic fluid is the
most promising source of human multipotent cells because these
stem cells are not affected by differentiation stimuli. Also, these
stem cells have the ability to differentiate across all three germ
layers by maintaining the non-tumour forming properties, have the
greatest differentiation potential towards neural cell lineage and
proliferate more rapidly than post-natal somatic cells and embry-
onic stem cells.

The present study has some limitations. First, we injected
hAFSCs at one timing after MCAO. We examined the effect of
hAFSCs given at 3 hours after MCAO based on the clinical guide-
line of intravenous recombinant tissue plasminogen activator
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FIGURE 7 Immunofluorescent study of cluster of differentiation 31 (CD31) and vascular endothelial growth factor (VEGF) to measure
brain microvessel density and vascular remodelling. Compared with MCAO and DM + MCAO groups, a higher level of microvessel density
is detected in DM + MCAO+hAFSCs group at 7 and 28 days after MCAO. Also, a higher level of VEGF expression is detected in hAFSCs
treatment group at 7 and 28 days after MCAO. Bar =100 pum in sham panel. *: p < 0.001 vs. control, #: p < 0.001 vs. DM, &: p < 0.001 vs.
MCAO and t: p < 0.001 vs. MCAO. n = 6 rats in each group. DM, diabetes mellitus; MCAO, middle cerebral artery occlusion; hAFSCs,

human amniotic fluid stem cells

treatment was advised to be used within 3-4.5 h after stroke
onset.®® However, additional studies are warranted with hAFSCs
administration at later time period after MCAO. Second, we exam-
ined neurological function and infarction volume at 7 and 28 days
after MCAO. However, better results might be obtained if neuro-
logical function tests were performed at later period after treat-
ment. Third, we did not perform immunosuppressive study. Our
study and previous studies have revealed that injection of hAFSCs
in animal models developed no immune rejection against trans-
planted tissue.11121416.22 W AFSCs share similar characteristics to
MSCs, such as immune modulations, so hAFSCs may not exhibit
immune rejection, unlike haematopoietic stem cells.**1%22 Fourth,
we did not use fibroblast or other cells as treatment control to
compare with hAFSCs.

In conclusion, our data suggest that neurological dysfunction
after MCAO can be improved by hAFSCs treatment in diabetic rats,
which may be attributed to the improved vascular remodelling, an-

giogenesis and inflammation by hAFSCs treatment.
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