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Intravenous Grafts of Human Amniotic
Fluid-Derived Stem Cells Reduce
Behavioral Deficits in Experimental
Ischemic Stroke
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Abstract
Amniotic fluid has been investigated as new cell source for stem cells in the development of future cell-based transplantation.
This study reports isolation of viable human amniotic fluid-derived stem cells, labeled with multimodal iron oxide nano-
particles, and its effect on focal cerebral ischemia–reperfusion injury in Wistar rats. Middle cerebral artery occlusion of 60 min
followed by reperfusion for 1 h, 6 h, and 24 h was employed in the present study to produce ischemia and reperfusion-induced
cerebral injury in rats. Tests were employed to assess the functional outcome of the sensorimotor center activity in the brain,
through a set of modified neurological severity scores used to assess motor and exploratory capacity 24 h, 14, and 28 days
after receiving cellular therapy via tail vein. In our animal model of stroke, transplanted cells migrated to the ischemic focus,
infarct volume decreased, and motor deficits improved. Therefore, we concluded that these cells appear to have beneficial
effects on the ischemic brain, possibly based on their ability to enhance endogenous repair mechanisms.
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Introduction

According to the American Heart Association, stroke is the

fifth leading cause of death and the leading cause of dis-

ability in the United States1–3. The only FDA-approved

drug for ischemic stroke is tissue plasminogen activator

(tPA). Owing to the limited therapeutic window (4.5 h from

disease onset to tPA administration) and the risks associ-

ated with tPA (i.e., hemorrhagic transformation), only

about 3% of ischemic stroke patients actually benefit from

tPA therapy1,3–5. With the aim of expanding the therapeutic

window, novel treatment strategies target a longer delay

post-stroke, specifically the restorative phase, which begins

days to weeks post-stroke3,6–9.

Stem cell therapy is an emerging therapeutic modality in

the treatment of stroke. Its basis arises from the observation

that certain parts of the adult brain are capable of regenera-

tion10–14. Neurogenesis in the adult brain has been demon-

strated in the dentate nucleus of the hippocampus and the

subventricular zone. It has been shown in studies with

ischemic stroke that neurogenesis happens in the ischemic

penumbra, where cells were found to preferentially locate

themselves in the proximity of blood vessels14,15. Thus, post-

stroke compensatory neurogenesis may contribute to

recovery after the insult. While the regenerative capacity

of certain parts of the brain has been demonstrated, it is clear

that this endogenous repair process is unable to overcome

the wasting damage to brain tissue that occurs after acute and

severe stroke14. Thus, targets for stem cell therapy include

neuroprotective approaches aimed at protecting at-risk tissue

during the acute phase of stroke, as well as neuroreparative

approaches which may involve the direct replacement of

damaged brain tissue or, alternatively, the promotion of the

brain’s endogenous repair processes14. Therefore, stem cells

have emerged as a potential therapeutic agent for neurovas-

cular diseases such as stroke, primarily due to their ability to

release anti-inflammatory cytokines that can potentially

modify the hostile environment associated with the second-

ary cell death of the ischemic brain3. The use of stem cells

might be beneficial in cell therapy protocols for neurodegen-

erative and neurovascular diseases, but it requires an effec-

tive method to detect these infused stem cells in vivo. Cell

tracking in vivo is an important methodology in the devel-

opment of successful stem cell therapies. Our group previ-

ously showed the development and validation of an efficient

in vitro protocol for labeling of adult stem cells with multi-

modal iron oxide nanoparticles conjugated to Rhodamine-B

(MION-Rh), and subsequent use of these labeled cells in an

in vivo model, showing that the infused labeled cells could

be efficiently tracked, for example by magnetic resonance16.

A number of different types of stem cells, obtained from

different sources, have been shown to improve clinical and

radiological outcomes in preclinical models of stroke. The

choice of cell type for preclinical trial use should consider

not only efficacy, but also the ease of obtaining the cells,

issues regarding cell culture for expansion, the need for

immunosuppression, and questions regarding dosage14. Pre-

clinical evidence suggests the use of the amnion as a source

of stem cells for the investigation of basic science concepts

related to developmental cell biology, but also for therapeu-

tic applications of stem cells in treating stroke and other

neurological disorders1. Thus, human amniotic fluid stem

cells (hAFSCs) represent a potential alternative novel source

of stem cells. Initially the AFSCs were used only for prenatal

diagnosis of a wide range of fetal abnormalities caused by

genetic mutations, but it was noted that these same cells

collected for genetic testing could be used, after diagnosis,

for the isolation, culture, and differentiation in other cell

lineages17–20. Human amniotic fluid obtained during the pro-

cess of amniocentesis contains a heterogeneous cell popula-

tion, originating from embryonic and extra-embryonic

tissues. The properties of hAFSCs varies according to gesta-

tional age, and different approaches have been identified to

isolate and characterize these types of stem cells21,22. Based

on morphological and growth characteristics, the adherent

hAFSCs can be classified into three main groups: epithelioid

(E-type) cells, amniotic fluid-specific (AF-type) cells, and

fibroblastic (F-type) cells. AF-type and F-type both appear at

the beginning of cultivation, while E-type cells usually

appear later and not in all fluid samples21,22. Several proto-

cols have been used for the isolation and differentiation of

hAFSCs. Although the majority of studies are based on c-Kit

selected cells23, other groups, including ours, have directly

cultured unselected hAFSCs in media, allowing their prolif-

eration. Based on reports, the specific properties concerning

the stemness and differentiation ability are similar in unse-

lected hAFSCs and c-Kitþ hAFSCs, both able to produce

lineages representative of the three germ layers22–25. Studies

have shown that hAFSCs express some important markers

of pluripotency, such as OCT4, SOX2, SSEA4, SSEA3,

c-MYC, and KFL423, and differentiation markers including

BMP-4, nestin, AFP, HNF-4, and GATA 4. Most impor-

tantly, the immunomodulatory capacity and low immuno-

genicity of these cells make them promising candidates for

allogeneic transplantation and clinical applications in regen-

erative medicine. Several studies have reported that hAFSCs

are positive for antigens HLA-ABC (MHC class I), but only

a small fraction are slightly positive for antigens HLA-DR

(MHC class II)22–25. In addition, these cells appear resistant

to rejection because they express immunosuppressive factors

such as CD59 (protectin) and HLA-G23. In view of these

considerations, hAFSCs have been classified as a novel type

of broadly multipotent/pluripotent stem cell sharing charac-

teristics of both embryonic and adult stem cells. In the pres-

ent study, we analyzed the effects of intravenously

transplanted hAFSCs labeled with MION-Rh in middle cer-

ebral artery occlusion (MCAo) animals using cognitive and

motor tests, magnetic resonance images, and subsequent his-

tological analysis of the brain for determination of therapeu-

tic benefits and mechanism of action associated with this cell

therapy for stroke.

Sibov et al 1307



This is the first study in the literature using hAFSCs for

treatment in a rat model of ischemic stroke. In our animal

model of stroke caused by MCAo there was improvement

following migration of transplanted cells to the ischemic

focus, a decrease in infarct volume, and improvement of

motor deficits. Thus, we conclude that these cells appear to

have beneficial effects on the ischemic brain, possibly

based on their ability to enhance endogenous repair

mechanisms.

Materials and Methods

Collection of Human Amniotic Fluid Samples

This study was approved by the Ethics Committee of the

Universidade Federal de São Paulo, Brazil. All participants

provided informed consent. The human amniotic fluid sam-

ples (hAF) (20 mL each) were obtained from 10 pregnant

women, aged 19–39 years, with fetuses undergoing repair of

myelomeningocele, with gestational age up to 25 weeks.

After collection the samples were kept in Dulbecco’s mod-

ified Eagle’s medium-low glucose (DMEM-LG; GIBCO/

Invitrogen Corporation, Grand Island, NY, USA) and pro-

cessed within 1 h.

Establishment of a Primary Cell Culture from hAFSC
Samples

The hAF samples maintained in DMEM-LG (1:1 v/v)

(Gibco-Invitrogen Corporation) were centrifuged at 400 g

and supernatants discarded. Cell pellets were initially resus-

pended in Chang Medium (a-MEM, 15% embryonic stem

cell-fetal bovine serum (Gibco-Invitrogen) with 18% Chang

B and 2% Chang C (Irvine Scientific, Irvine, CA, USA), and

plated onto 75 cm2 culture bottles (Corning Incorporated,

Corning, NY, USA) at a concentration of 107/mL and incu-

bated at 37�C, 5% CO2. After 48 h of culture, the medium

was changed and non-adherent cells were removed, and the

culture medium was changed to DMEM-LG supplemented

with L-glutamine 200 mM, antibiotic-antimycotic 10,000

U/mL sodium penicillin, 10,000 ug/mL streptomycin sulfate,

25 ug/mL amphotericin B (GIBCO/Invitrogen Corporation)

and 10% fetal bovine serum (FBS) (Gibco-Invitrogen Cor-

poration), and changed every other day. When culture

reached confluency (about 15 days after the primary cul-

ture), cells were treated with 0.05% Trypsin and 0.02%
EDTA (Gibco-Invitrogen Corporation), then counted and

replaced in 75 cm2 culture bottles (Corning Incorporated).

The experiments described in this work were performed with

cells in the third cell passage.

Labeling of hAFSCs with MION-Rh

The MION (BioPAL Inc, Worcester, MA, USA) used for

labeling the hAFSCs had an 8 nm magnetic core with a

hydrodynamic size of 35 nm, a zeta potential of –31 mV,

and an iron concentration of 2 mg/mL. These nanoparticles

exhibit fluorescent properties when conjugated with Rh-B.

The wavelength of excitation for Rh-B is 555 nm and the

emission wavelength is 565–620 nm16. The hAFSCs at a

standardized cell concentration (5 � 105) were incubated

overnight (for about 18 h at 37�C, 5% CO2) in 10 mL of

culture medium with 40 mg of MION-Rh. After incubation,

the culture medium solution was removed and the hAFSCs

were washed twice with phosphate-buffered saline (PBS) to

remove extracellular MION-Rh.

Intracellular Detection of MION-Rh in Labeled hAFSCs

Labeled hAFSCs were washed twice with PBS and fixed

with 4% paraformaldehyde. Next, the Prussian blue method

(Perls’ acid ferrocyanide) was used to detect iron within the

labeled cells. The cells were treated with 5% potassium

ferrocyanide (Sigma-Aldrich, St. Louis, MO, USA), 5%
hydrochloric acid (Merck, Darmstadt, Germany), and basic

fuchsine (Sigma-Aldrich) for 5 min. This treatment induces

reduction of ferric iron to the ferrous state with formation of

a blue precipitate. The cells were then washed twice with

PBS and analyzed by light microscopy. Subsequently, fluor-

escence analysis was done using diamidino-2-phenylindole

(DAPI, Sigma-Aldrich) to label the cell nuclei and an Rh-B

filter (530 nm and 550 nm) to detect the MION-Rh. Both

analyses were performed using a fluorescence microscope

(IX51 Olympus, Tokyo, Japan).

Immunophenotypic Profile of MION-Rh in Labeled
hAFSCs

We analyzed cell surface expression with a pre-defined set

of protein markers. These assays were performed using com-

mercially available monoclonal antibodies, following the

manufacturers’ instructions. Briefly, the cells at third pas-

sage were harvested by a treatment with 0.25% Tryple

Express (Gibco-Invitrogen, Carlsbad, CA, USA), washed

with PBS (pH ¼ 7.4) and stained with the selected mono-

clonal antibodies and incubated in the dark for 30 min at

4�C. Cells were then washed and fixed with 1% paraformal-

dehyde. The following human antibodies were used: CD14-

FITC (clone: M5E2; BD Pharmingen, San Diego, CA,

USA), CD29-PE (clone: MAR4; BD Pharmingen), CD31-

PE (clone: WM59; BD Pharmingen), CD34-PE (clone: 581;

BD Pharmingen), CD44-PE (clone: 515; BD Pharmingen),

CD45-PerCPCy5 (clone: 2D1; BD Biosciences, San Jose,

CA, USA), CD73-PE (clone: AD2; BD Pharmingen),

CD90-APC (clone: 5E10; BD Pharmingen), CD106-FITC

(clone: 51-10C9; BD Pharmingen), CD166-PE (clone:

3A6; BD Pharmingen), HLA-DR-PerCP-Cy5 (clone: L243;

BD Biosciences), and CD105-PE (clone: 8E11; Chemicon,

Temecula, CA, USA). Cells were analyzed using FAC-

SARIA flow cytometry equipment (BD Biosciences) and

data analyses were performed using FACSDIVA software

(BD Biosciences) or Flow Jo Software (TreeStar, Ashland,

OR, USA).
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Pluripotency Markers

hAFSC samples were analyzed for the expression of cell

membrane/intracellular protein markers related to pluripo-

tency. These assays were also performed using commer-

cially available monoclonal antibodies, following the

manufacturers’ instructions. Briefly, the cells at second pas-

sage were harvested by a treatment with 0.25% Tryple

Express (Gibco-Invitrogen), washed with PBS (pH ¼ 7.4)

and stained with the selected monoclonal antibodies and

incubated in the dark for 30 min at 4�C. Cells were then

washed and fixed with 1% paraformaldehyde. The following

human antibodies were used: Tra-1-60-BV450 (clone: Tra-

1-60; BD Horizon, San Diego, CA, USA), CXCR4-PE-Cy7

(clone: 12G5; BD Pharmingen), CCR2-Alexia Fluor-647

(clone: 48607; BD Pharmingen), CD123- (clone: 123; BD

Pharmingen), SSEA-4-PE (clone: MC813-70; BD Horizon),

Sox2-PerCP (clone: Sox2; BD Pharmingen), CD44-APC-

Cy7(clone: IM7; BD Pharmingen), Nanog-FITC-GFAP

(clone: Nanog; BD Pharmingen), and Oct3/4- (clone: Oct3/

4; BD Pharmingen). Data analyses were performed using

FACSDIVA software (BD Biosciences) or Flow Jo Software

(TreeStar).

G-banding Karyotype Analysis

To analyze the karyotype of MION-Rh-labeled hAFSCs, cell

division was blocked in mitotic metaphase by 0.1 mg/mL

colcemid (Sigma-Aldrich) for 2 h. Then the cells were tryp-

sinized (0.05% Trypsin and 0.02% EDTA; Gibco/Invitrogen

Corporation), resuspended in 0.075 M KCl solution (Merck),

and incubated for 30 min at 37�C. The cells were fixed with

methanol (Merck) and acetic acid (Merck) mixed in a 3:1

ratio. This procedure was repeated twice. After the last wash,

the supernatant was removed, the cells resuspended and

dropped on glass slides (Knittel, Microscope Slides & Cover

Slips for Microscopy). After 3 days, the cells were fixed on

the glass slides. The slides were placed in PBS (Merck) at

60�C and washed in water. Then the slides were covered

with Wright stain (Merck) 25% and washed in water. G-

band standard staining was used to observe the chromosome.

Karyotypes were analyzed and reported according to the

International System for Human Cytogenetic Nomenclature.

Differentiation Capacity of MION-Rh Labeled hAFSCs

To evaluate the differentiation ability of MION-Rh-labeled

hAFSCs, the cells were subjected to adipogenic and osteo-

genic differentiation in vitro according to the method

described by Sibov and colleagues16. Labeled cells were

plated at a density of 104 cells/cm2 in a six-well culture plate.

Eighty percent confluence was achieved in the induction

medium (DMEM-LG), which was changed every other day

until 21 days, for both differentiation assays. The adipogenic

culture medium contained insulin 10 mg/mL (Sigma-

Aldrich), indomethacin 100 mM (Sigma-Aldrich),

dexamethasone 1 mM (Sigma-Aldrich), and 3-isobutyl-1-

methyl-xanthine 100 mg/mL (Sigma-Aldrich) in minimum

essential medium alpha medium powder (Gibco-Invitrogen)

with 10% FBS. The labeled cells were fixed with 4% paraf-

ormaldehyde and stained with 0.3% Oil-red-O (Sigma-

Aldrich), according to the method described by Sibov and

colleagues16. The osteogenic culture medium contained 1

mM dexamethasone (Sigma-Aldrich), 2 mg/mL ascorbic acid

(Sigma-Aldrich), and 10 mM beta-glycerophosphate

(Sigma-Aldrich). Thereafter, the cells were fixed with par-

aformaldehyde 4% and stained with Alizarin Red (Sigma-

Aldrich), according to the method previously reported by

Sibov and colleagues16. The morphology of the cells was

imaged using an inverted microscope.

Animal Ethics Statement

All animal experiments were conducted in accordance with

the guidelines for animal experimentation determined by the

UNIFESP Care Committee, and approved by the Committee

on the Ethics of Animal Experiments of UNIFESP. In addi-

tion, ethical conditions were maintained, assuming all inter-

national rules of animal care outlined by the International

Animal Welfare Recommendations and in accordance with

local institutional animal welfare guidelines. Rats were

housed two per cage in a temperature- and humidity-

controlled room that was maintained on 12/12 h light/dark

cycles. They had free access to food and water.

Focal Ischemia Model

Eight-week-old male Wistar rats (n ¼ 43) were used in the

test; n ¼ 30 rats receiving 2 � 106 MION-Rh-labeled

hAFSCs via the caudal vein, at different times after the

event. There were five groups, including unoperated healthy

rats (healthy control, n ¼ 5); stroke control rats, did not

receive cell therapy (stroke control, n ¼ 8); ischemic rats

given MION-Rh-labeled hAFSCs 1 h after reperfusion (n ¼
10); ischemic rats given MION-Rh labeled hAFSCs 6 h after

reperfusion (n ¼ 10); and ischemic rats given MION-Rh-

labeled hAFSCs 24 h after reperfusion (n ¼ 10). The experi-

mental model used is described by Koizumi et al.26 and was

modified by Longa and colleagues27. This ischemia model

affects brain damage in regions of the cortex, hippocampus,

striatum, and basal ganglia. The animals were anesthetized

by halothane 1% in 3:7 (vol/vol) O2/N2O via face mask.

Body temperature was maintained at 37�C+0.3�C during

the surgical procedures. The midline skin incision was made

in the neck with subsequent exploration of the right common

carotid artery (CCA), the external carotid artery, and internal

carotid artery. A 4-0 monofilament nylon suture (27.0–28.0

mm) was advanced from the CCA bifurcation until it

blocked the origin of the middle cerebral artery. Animals

were allowed to recover from anesthesia during MCAo.

After 60 min of transient MCAo, animals were reanesthe-

tized with halothane 1% in 3:7 (vol/vol) O2/N2O via face

Sibov et al 1309



mask and reperfused by withdrawal of the nylon thread.

After 1 h of reperfusion the animals received MION-Rh-

labeled hAFSCs, by tail vein, at different times. One animal

died immediately after reperfusion, and three animals died

after receiving the cell therapy; thus a mortality rate of

approximately 13% was observed post-MCAo in this study.

The total number of animals in each group was as follows:

n ¼ 8 for the MION-Rh-labeled hAFSC-infused stroke

animals, after 1 h of reperfusion, n ¼ 9 for the MION-

Rh-labeled hAFSC-infused stroke animals, after 6 h of

reperfusion, n ¼ 9 for the MION-Rh-labeled hAFSCs-

infused stroke animals, after 24 h of reperfusion, and con-

trol animal group. A schematic diagram of experimental

design is shown in Fig. 1. Magnetic resonance imaging

(MRI) and molecular imaging was used to evaluate the

animals of all the groups mentioned above. After this, all

animals were euthanized on day 28 post-MCAo, both

treated and control animals, for subsequent immunohisto-

chemical investigations (n¼ 32), and all animals from each

group were submitted to staining and measurement of

infarct volume by triphenyltetrazolium chloride-2,3,5

(Sigma-Aldrich).

Molecular Imaging in vivo

After MION-Rh-labeled hAFSCs were infused in stroke

animals, these cells were monitored using an in vivo ima-

ging device, Bruker model MS FX PRO (Bruker, Ettlin-

gen, Germany). Throughout image acquisition, animals

were placed in dorsal recumbence and remained anesthe-

tized with inhaled 2% isoflurane in oxygen at 2 L/min.

Initially, the skull images were acquired by X-ray. The

fluorescence of the labeled cells was evaluated using the

excitation (540 nm) and emission (585 nm) of MION-Rh.

The images were acquired and evaluated using multiplex

location software.

Magnetic Resonance Imaging

MRI brain scans were obtained in a 2 Tesla/30 cm horizontal

superconducting magnet 85310HR (Oxford Instruments,

Abingdon, UK) interfaced to a Bruker Avance AVIII con-

sole (Bruker-Biospin) with Paravision 5.1 software (Bruker).

A Crossed Saddle radiofrequency coil was used as a head

probe in animals anesthetized with ketamine/xylazine (95/12

mg/kg, i.p.). A T2-weighted RARE (Rapid Acquisition with

Refocused Echoes) sequence (TR ¼ 5000 ms, TE ¼ 51 ms,

RARE factor¼ 8, 24 averages, 24 min/animal) was used in a

volume of 15� 33� 26 mm3 covered with a 96� 96 matrix

and 1 mm slice thickness without gaps (26 slices), generating

a spatial resolution of 156 � 344 mm2.

Behavioral Testing

Tests were applied to evaluate the response to stimuli in

animals that received cellular therapy, at different treatment

times (1, 6, and 24 h after reperfusion), after 24 h, 14, and 28

days. The first test applied was proprioception, also called

kinesthesia, and evaluates the ability to recognize the spatial

location of the body, its position and orientation, the force

exerted by the muscles, and the position of each part of the

body in relation to the others; that is, evaluates the march

intensification (fore and hind limbs). Another applied test

was the rat vibrissae touch, in which the stretch of the fore-

limbs is observed after a stimulus has been applied in the

animal’s vibrissae as an examiner holds his trunk28,29. These

evaluations were performed 10 times for each animal, with

scores of 0 for normal march/stretch, and 1, 2, and 3 for

march/stretch performed with different levels of difficulty

subsequent to increasing values of scores and in relation to

animal with movements considered within the normal range.

open field tests were also performed to evaluate the explora-

tory capacity of these animals during a period of 10 min, in

which the observed behavioral parameters were the number

of line crossings (with all four paws) performed in an acrylic

box with checkered background of 60 cm in height by 60 cm

in width (assessment of locomotor activity); number of rear-

ing to assess the number of times these animals were sus-

tained only with the hind legs; and the number of grooming

to evaluate how often the animal cleans itself using its front

paws.

Fig. 1. Experimental design. Rats were subjected to a 1 h transient MCAo and after, at different times (1 h, 6 h, and 24h), received
intravenous transplants of MION-Rh-labeled hAFSCs. After behavioral evaluations (neurological evaluations), molecular imaging in vivo
analysis and magnetic resonance imaging (MRI), all rats were sacrificed for immuno- and histochemical evaluations.
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Histochemistry Analysis and Measurement of Infarct
Volumes

After image acquisition, under deep anesthesia, rats were

euthanized on day 28 post-MCAo, both treated and control

animals, for immunohistochemical investigations (n ¼ 32),

and all animals from each group were submitted to staining

and measurement of infarct volume by triphenyltetrazolium

chloride-2,3,5 (n ¼ 4). Briefly, animals were transcardially

perfused with a buffered saline solution and 4% paraformal-

dehyde. The brains were removed and stored in paraformal-

dehyde for 24 h and cryoprotected in a 40% sucrose solution

for 48 h. Coronal sections were cut to 40 mm thickness using

a cryostat (Leica CM3050 S, Leica Biosystems) and stained

using standard procedures for hematoxylin-eosin, periodic

acid–Schiff (PAS), and Masson Trichrome staining and the

proliferation marker Ki67. Coronal sections also were cut to 1

mm thickness using a cryostat (Leica) and stained using tri-

phenyltetrazolium chloride-2,3,5 (TTC) (Sigma-Aldrich) at

37�C for 30 min to determine the viability of brain tissue. The

infarcted areas were pale, while the normal brain tissue was

stained red. The slices were photographed and analyzed in the

image J software (NIH Image Software, Bethesda, MD, USA)

to determine the infarct volume. The extent of tissue damage

was calculated as a percentage of the infarct volume30.

Statistical Analysis

All results are presented as the mean + standard deviation

(SD). Significant differences between the two mean values

were compared using Student’s t-test. One-way ANOVA

with Scheffe’s post hoc test was used to assess significant

differences if more than two groups were compared. The

results were considered statistically significant when p<0.05.

Results

Establishment of a hAFSC Primary Culture and
Morphological Analysis

Primary cell cultures were successfully obtained from all hAF

collected samples (n ¼ 10). After 1 week with medium being

changed every other day, hAFSC primary cultures initially

showed heterogeneous cell populations with three main

groups: epithelioid cells (ECs) (Fig. 2A.b and A.d), amniotic

fluid-specific cells (AFCs) (Fig. 2A.a), and fibroblastic cells

(FCs) (Fig. 2A.c). AFCs and FCs both appear at the beginning

of cultivation, while ECs may appear later and not in all hAF

samples. After three passages of culture, hAFSCs primary

culture showed a homogeneous cell population, with

fibroblast-like cell morphology (Fig. 2A.g and A.h).

Detection of MION-Rh-Labeled hAFSCs Using a
Fluorescence Assay

hAFCs were labeled with MION-Rh, a multimodal iron

oxide nanoparticle (with fluorescent and magnetic

properties) which can be visualized by both MRI and fluor-

escence imaging. Thus, the intracellular distribution of

MION-Rh in hAFSCs was qualitatively evaluated using fluor-

escence microscopy with an Rh-B filter (530 nm and 550 nm).

We observed that MION-Rh nanoparticles were internalized

by hAFSCs and formed intracellular granules or small fluor-

escent red clusters (Fig. 2A.g, A.h, A.i and A.j).

Qualitative Analysis of MION-Rh-Labeled hAFSCs

A qualitative evaluation of the intracellular distribution of

MION-Rh in hAFSCs was performed by cytochemical

assessment using Prussian Blue and light microscopy using

fuchsine. We observed the internalized MION-Rh as blue

granules with intracellular localization (Fig. 2B.b, B.c),

whereas the unlabeled cells (control) did not show the pres-

ence of intracellular blue granules (Fig. 2B.a). The intracel-

lular distribution of MION-Rh in hAFSCs was also observed

by fluorescence assay, and small fluorescent red clusters

colocalized with the blue granules were observed on cyto-

chemical assessment (Fig. 2B.e, B.f).

Differentiation of MION-Rh-Labeled hAFSCs

We assessed the differentiation potential of MION-Rh-

labeled hAFSCs using culture medium containing adipo-

genic and osteogenic lineage-specific induction factors. The

differentiation capacity of these cells was confirmed after 21

days in culture and was demonstrated by the Oil Red and

Alizarin Red cytochemical assays (Fig. 2B). Labeled cells

differentiated in adipocyte-like cells and showed the pres-

ence of lipid droplets as observed by the Oil Red staining

(Fig. 2B.a), while non-differentiated labeled cells (negative

control) did not show the presence of lipid droplets (Fig.

2B.b). Labeled cells also differentiated into osteoblast-like

cells showing calcium deposition on the extracellular matrix

as observed by the Alizarin Red assay (Fig. 2B.e), while

undifferentiated labeled cells (negative control) did not show

the presence of calcium (Fig. 2B.f). Unlabeled cells also

showed the presence of lipid droplets (Fig. 2B.c) and cal-

cium on the extracellular matrix (Fig. 2B.g), and its respec-

tive undifferentiated control (Fig. 2B.d and B.h).

Immunophenotypic Characterization and Pluripotency
Marker Expression of MION-Rh-Labeled hAFSCs

We obtained attached hAFSC populations from all 10 col-

lected and processed hAF samples. These cell populations

were analyzed by FACS according to granularity, size, and

cell surface markers. These gated cells, from culture-

expanded cells (Passage 3), were analyzed for the expression

of cell membrane and intracellular protein markers. FACS

analysis showed the cells were strongly positive for the typ-

ical mesenchymal markers, such as CD29, CD44 (hyaluronic

receptor), CD73, CD90, CD105 (endoglin), CD166, low or

no expression of MHC class I antigens, HLA-DR and
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hematopoietic cells markers (CD14, CD31, CD34, CD45,

and CD106) and absence of MHC class II antigens (Fig.

3B). The hAFSC populations expressed the homing markers

CXCR4 and CCR2 (Fig. 3B). The expression of embryonic

stem cell pluripotency markers Tra-1-60, Stage Specific

Embryonic Antigen 4 (SSEA-4), Sox2, Nanog, Octamer

Binding Transcription factor 3/4 (Oct3/4), and CD123 was

also observed in these cell populations (Fig. 3B).

Karyotype of MION-Rh Labeled hAFSCs

Karyotypes of MION-Rh-labeled hAFSCs were analyzed

and reported according to the International System for

Human Cytogenetic Nomenclature. Cytogenetic interpreta-

tion showed the karyotype featured in 22 pairs of autosome

chromosomes and one pair of sexual chromosomes. Among

the samples analyzed, karyotypes showed normal female

(Fig. 3C.a) and male (Fig. 3C.b) chromosome types (46

XX and 46 XY, respectively) with no chromosome abnorm-

alities observed.

MION-Rh-Labeled hAFSC Transplantation Decreases
Infarct Volume Caused by MCAo

MRI images and TTC staining after 28 days revealed that the

MION-Rh-labeled hAFSCs that were transplanted after 6 h

of reperfusion in stroke animals exhibited a more significant

decrease in infarcted area volume compared with the

other cell therapy times analyzed (1 and 24 h). For this

reason, Fig. 4 shows only the images corresponding to cell

therapy after 6 h of reperfusion (Fig. 4E and 4F, respectively:

representative figure of the whole group) compared with the

control stroke animals (Fig. 4C and 4D, respectively: repre-

sentative figure of the whole group) and with the unoperated

control animal (Fig. 4A and 4B, respectively: representative

figure of the whole group). There was approximately a 45%
difference between the infarct volumes of the MION-Rh-

labeled hAFSC-transplanted stroke animals and the control

stroke animals, which equated to about a 75% reduction in

infarct volume in the MION-Rh-labeled hAFSC-

transplanted stroke animals (p<0.05) (Fig. 4G). In these ani-

mals monitored by MRI, the T2-weighted MRI showed an

Fig. 2. (A) hAFSCs culture; a. amniotic fluid specific cells (AFCs), 100�; b, d. Epithelioid cells (ECs), 100� and 400�, respectively; c.
Fibroblast cells (FCs), 100�; e, f. Heterogeneous cell population, 100�; g, h, I, and j. hAFSCs labeling with MION-Rh, 100� and 400�,
respectively. (A.a, A.b, A.c, A.e, A.f, A.g and A.h) Scale bars, 200 mm; (B.a, B.b, B.e, B.f, B.g and B.h) Scale bars, 400 mm; (A.d, A.i, A.j, B.c and
B.d) Scale bars, 800 mm. (B) MION-Rh-labeled hAFSCs culture; a, d. Non-labeled cells (negative control: Prussian blue and Fluorescence
microscopy, scale bars 400 mm; b. Prussian blue of hAFSCs labeling with MION-Rh, 400�; e. Fluorescence microscopy of hAFSCs labeling
with MION-Rh, 400�, scale bars, 800 mm, respectively. c. Prussian Blue and basic fuchsin of hAFSCs labeling with MION-Rh, 400�; f.
Fluorescence microscopy (DAPI) of cell nucleus, 400�, scale bars, 800 mm, respectively. (C) Differentiation process of MION-Rh-labeled
hAFSCs and non-labeled hAFSCs; a. Non-labeled cells differentiated in adipocyte-like cells, 400�; b. Non-differentiated labeled cells
(negative control), 200�; c. Labeled hAFSCs differentiated into adipocyte-like cells, 200�; d. Non-differentiated labeled cells (negative
control), 400�, Oil Red stained; e. Non-labeled cells differentiated into osteoblast-like cells, 200�; f. Non-differentiated non-labeled cells
(negative control), 200�; g. Labeled hAFSCs differentiated in osteoblast-like cells, 200�; and h. Non-differentiated labeled into osteoblast-
like cells (negative control), 200�; Alizarin Red.
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attenuated infarct volume in MION-Rh-labeled hAFSC-

transplanted animals, reperfused after 6 h (Fig. 5C: arrow

head; representative image of the whole group) compared

with the control stroke animals (Fig. 5B: arrow; representa-

tive image of the whole group). The hypersignal caused by

water content of the ischemic hemisphere demonstrated in

the MRI was lower in the treated stroke animals compared

with control stroke animals. Unoperated control animals did

not show MRI hypersignal (Fig. 5A: representative image of

the whole group). The percentage of the infarct volume

(edema) was 30.7% for the control stroke animal and

12.8% for the treated stroke animal.

In vivo Tracking of MION-Rh-Labeled hAFSCs

The animals received MION-Rh-labeled hAFSC therapy by

tail vein 1 h (figure not shown), 6 h (Fig. 5E: representative

figure of the whole group) and 24 h (figure not shown) after

MCAo. After about 30 min, these cells crossed the blood–brain

barrier and reached the penumbra area of ischemia (inflamma-

tory area), showing homing of these cells to the injured area

(Fig. 5E.b), also showed in ex vivo brain imaging (Fig. 5E.b1).

MION-Rh-Labeled hAFSC Transplantation Improves
Motor Deficits Caused by MCAo

We use the rating scale for neurological disorders described

by Garcia and co-workers (1995) to assess functional neu-

rological recovery 24 h, 14, and 28 days after the different

cell therapy treatment times (1, 6 and 24 h after reperfusion)

(Fig. 6)31. The results showed that animals subjected to

ischemia showed extensive ischemic infarct area (cortex,

hippocampus, striatum, and basal ganglia) (Fig. 4C and

4D) and neurological deficit 24 h after ischemia, showing

Fig. 3. Immunophenotypic characterization, pluripotency marker expression and karyotype of MION-Rh-labeled hAFSCs. (A) Immuno-
phenotypic analyses showed that the cells expressed CD29, CD44, CD73, CD90, CD105, and CD166, did not express and/or had low levels
of CD14, CD31, CD34, CD45, CD106, CD117, CD133, and HLA-DR. (B) Pluripotency markers expressed in MION-Rh-labeled hAFSCs.
(C) Karyotype featured in 22 pairs of autosomal chromosomes and one pair of sexual chromosomes; a. Normal female chromosome (46,
XX); b. Normal male chromosome (46XY).
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a direct correlation between the size of the infarct area and

neurological deficit, corroborating the results of other

authors who obtained similar results. Stroke control rats

consistently showed impaired motor performance when

compared with healthy controls as assessed by the explora-

tory motor and sensory tests.

Fig. 4. Infarct volume was reduced by MION-Rh-labeled hAFSCs transplantation: representative figure. (A, C and E) Rats monitored by MRI,
the T2-weighted, after 28 days; (A) control animal, (C) stroke control animal, (E) treated stroke animal (6 h); (B, D and F) TTC staining, after
28 days; (B) control animal, (D) stroke control animal, (F) treated stroke animal (6 h). (G) Data are shown as percentages of the infarct
volumes present in the ipsilateral hemisphere relative to the contralateral hemisphere. Quantitative analyses revealed that percentages of
the infarct volumes of rats receiving MION-Rh-labeled hAFSCs transplants are significantly reduced (*p<0.05).

Fig. 5. MRI monitoring of in vivo MCAo; T2-weighted rapid acquisition with refocused echoes (RARE) sequence (TR ¼ 5000 ms, TE ¼ 51
ms, RARE factor ¼ 8, 24 averages, 24 min/animal). (A) control animal; (B) stroke control animal; (C) treated stroke animal (6 h); (D) MRI
equipment for small rodent neuroimaging: 2 Tesla superconducting magnet 85310HR; (E) Combined fluorescence and X-ray tomography for
in vivo detection of MION-Rh-labeled hAFSCs, (E.a) stroke control animal (without treatment), (E.b) In vivo detection of the MION-Rh-
labeled hAFSCs in “treated stroke animal (6 h)”, (E.b1) Ex vivo brain imaging: arrow ¼ region of ischemia.
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In the proprioceptive and vibrissae touch tests, at all times

observed after treatment, the 6 h group (n ¼ 9) showed the

best score in relation to the stroke controls and other treat-

ment groups (1 h, n¼ 8, and 24 h, n¼ 9), especially after 14

and 28 days, which suggests that the 6 h treatment time

improved the motor deficits (Fig. 6A and 6B). A significant

and similar improvement in neurological deficit, in the same

treatment group (6 h), was observed in other tests after 14

days of treatment (Fig. 6C, 6D, and 6E). We observed that

the number of line crossing, of rearing, and of grooming in

the rat group that received MION-Rh-labeled hAFSCs after

6 h of reperfusion showed significant improvement up to 28

days after treatment when compared with healthy control

animals (Fig. 6C, 6D, and 6E). Although other groups that

received cells at different times post-reperfusion also

showed significant improvement compared with healthy

controls, they produced less significant results in relation

to the aforementioned animal group.

Histochemical Analysis

Only in the histochemical image of the 6 h treated group (n¼
9) can we identify the presence of infused MION-Rh-labeled

hAFSCs, thus suggesting improvement of the penumbra

area, correlating the results obtained in functional neurolo-

gical recovery tests in this group of animals. In other treated

groups it was not possible to correlate these results. Histo-

logical analysis (Fig. 7) demonstrated that the animals eutha-

nized on day 28 post-MCAo, control animals without

treatment, exhibited an important stroke area or ischemic

core in the cortex region (Fig. 7A, 7G, and 7M). However,

animals treated with MION-Rh-labeled hAFSCs (after 6 h of

reperfusion), showed an increase in cell numbers in the

penumbra area detected by histological analysis for PAS

(Fig. 7C, 7I, and 7O), Masson’s trichrome staining (Fig.

7E, 7K and 7Q); immunohistochemical assay for ki67

(cycling cell) (Fig. 7D, 7J, and 7P) and fluorescence micro-

scopy (Fig. 7F, 7L, and 7R). We know that cells that were

positive for the immunohistochemical labeling of the cell

proliferation marker (Ki67) (Fig. 7D, 7J, 7P) are the

hAFSCs, since they are the same cells that when observed

by fluorescence were shown as marked by MION-Rh (Fig.

7F, 7L, 7R). In addition, we highlight the presence of

hAFSCs in corresponding tissue areas, for example Fig.

7E,F; 7K,L; 7Q,R; this does not occur in the control

(ischemic brain tissue that did not receive hAFSCs—Fig.

Fig. 6. Functional neurological evaluation (behavioral tests). (A) Proprioceptive test (evaluates rat gait intensification—anterior and poster-
ior limbs); (B) Vibrissae touch test (evaluates stretching of the anterior limbs after stimulation); (C) number of line crossing (evaluates
locomotor activity); (D) Number of rearing (evaluates support with hind paws); (E) Number of grooming (evaluates the use of front paws for
self-cleaning). For all the tests it was observed that the 6 h group showed the best score after 14 and 28 days following transplantation. There
was a significant improvement in neurological deficit (*p<0.05).
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7A, 7G, 7M) compared with the penumbra area of the

ischemic core, where the hAFSCs are clearly present (Fig.

7C, 7I, 7O).

Discussion

This study reports a brief characterization of hAFSCs as a

potential therapy in stroke animal models. Amniotic fluid

was investigated as a new cell source for mesenchymal stem

cells (MSCs) in the development of future cell-based trans-

plantation. Thus, studies have suggested that AFSCs are

possible mesenchymal precursors32–34. These cells possess

a protein expression profile that is similar to mesenchymal

cells, such as the expression of CD29, CD44, CD73, CD90,

CD105, and CD166; and negative and/or low expression of

CD14, CD31, CD34, CD45, CD106, CD133, and HLA-DR

(Fig. 3A). However, their immune properties are still being

assessed, although these cells have been regarded as

possessing low immunogenicity. In addition, the hAFSCs

also expressed homing markers and transcription factors,

suggesting that this population may present important ther-

apeutic characteristics such as plasticity, reduced immuno-

genicity, anti-inflammatory potential, and the ability to

migrate to a site of tissue injury and inflammation, as well

as playing a crucial role in the maintenance of pluripotency

and self-renewal (Fig. 3B). Other recent studies have shown

the immunomodulatory properties of these cells, which can

inhibit the proliferation of T lymphocytes33,34, and recent in

vitro analysis has found that AFSCs modulate lymphocyte

proliferation in different manners according to gestational

age (i.e., those derived from first-trimester significantly

inhibited T-cell and natural killer cell proliferation, while

second and third trimester were less efficient, and only

inflammatory-primed second-trimester AFSCs could sup-

press B-cell proliferation)33,35. Our findings suggest that

hAFSCs have an immune tolerance and/or immunosuppres-

sion effect, similar to that reported for other stem cells, and

low risk of tumorigenicity.

The expression of specific pluripotency markers and

genes in cells harvested from the amniotic fluid charac-

terizes these cells as stem cells33. Here, we showed that

these cells express OCT3/4, SOX2, Nanog, TRA1-60, and

SSEA-4, by which it is suggested that they represent an

intermediate stage between pluripotent embryonic stem

cells (ESCs)36–38 and lineage-restricted adult stem

cells39,40. The expression of Tra-1-60 and SSEA-4 is asso-

ciated with a “stemness” state, which suggests some over-

lap in specialized metabolic pathways between hESCs and

pluripotent cells40–42. These findings suggest that these

cells exhibit a wide range of differentiation potential,

higher than the known potential of MSCs43,44, and also

support the idea that these cells may be biologically closer

to hESCs that the counterpart adult MSCs. Moreover, the

hAFSCs also expressed equivalently the markers CXCR4

and CCR2 (Fig. 3B), which are receptors for chemokines

and have a variety of physiological functions, including

immune system regulation, development and cell growth,

cellular migration (cellular homing), and inflammatory

regulation43,44.

Recent studies have shown that AFSCs also possess

gene expression profiles that are largely characteristic of

undifferentiated cells33,34. In a related study by Antonucci

Fig. 7. Histological analysis of animal model 28 days post-MCAo. (A, G, M) Area stroke or ischemic core (*) no treatment. (B–F, H–L, N–R)
Ischemic core with treatment of hAFSCs. (A, B, G, H, M, N) Hematoxylin and eosin staining; (C, I, O) Histochemical assay of periodic
acid–Schiff (PAS); (D, J, P) Immunohistochemical assay of ischemic core (*) for Ki67 for detection of proliferation of hAFSCs; (E, K, Q)
Masson’s trichrome staining; (F, L, R) Fluorescence microscopy. Area penumbra (white arrow). hAFSCs can be observed in the area
penumbra (black and blue arrow). Blood cells (yellow arrow). Scale: 50 mm.
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et al.34, RT-PCR analysis showed that AFSCs express genes

for Rex-1, SCF, GATA-4, vimentin, CK18, HLA-ABC, and

FGF-5 throughout the culture period, and they express genes

for BMP-4, nestin, AFP, and HNF-4a. As these genes reg-

ulate a host of different cell types, these observations suggest

the AFSCs are able to differentiate into adipocytes, osteo-

blasts, chondrocytes, and neuronal cells; they can express

many pluripotent stem cell-specific genes; and they prolif-

erate well during ex vivo expansion33,34. Here, we also

demonstrated that MION-Rh-labeled hAFSCs differentiated

into adipocyte- and osteoblast-like cells, showing no cyto-

toxicity on labeling (Fig. 2B); our group standardized this

labeling with published data16.

Experimental focal cerebral ischemia of short duration

followed by reperfusion, in this study, mimics the clinical

syndrome of cerebral stroke. Cerebral ischemia is further

documented as impairing sensorimotor ability45, and it has

been shown to exhibit marked deleterious effects on the

somatosensory cortex and thus to cause resultant functional

deficit46. Tests have been employed to assess the functional

outcome of the sensorimotor center activity in the brain.

Besides an elaborate ischemic insult produced in the focal

cerebral region, ischemia has been shown to cause wide-

spread neuronal tissue damage in the central nervous system,

with consequent impairment of motor coordination and mul-

tiple sensory reflexes47,48. Thus, a set of modified neurolo-

gical severity scores has been used to assess motor and

exploratory capacity49.

This study reports the therapeutic potential of hAFSC

transplantation in an animal model of stroke via the caudal

vein (intravenous). The labeled cells migrated to the

ischemic focus (Fig. 5E.b), characterized by decreased

infarct volume (Fig. 4) and improvement of motor deficit;

this means that the attenuation of stroke induced behavioral

changes (Fig. 6), possibly due to an increase in endogenous

repair mechanisms, such as neurogenesis, angiogenesis, and

immunomodulation.

It is well established that the ischemic lesion resulting

from MCAo, which is the ischemic core, involves dopami-

nergic dysfunction in the frontal cortex and the striatum,

mainly in the caudate nucleus and putamen50, resulting in

cognitive and motor changes51, and in the anterior dorsal

cortex, responsible for symmetry and stability of the forelegs

and hind legs52.

We showed that the intravenous transplantation of

hAFSCs, 6 h after reperfusion, improved motor damage and

exploratory behavior followed by reduction in infarct vol-

ume, demonstrated in the MRI images (Fig. 5C), within the

first 24 h after hAFSC transplantation, progressively improv-

ing within 28 days (Fig. 6). These functional improvements

in hAFSC-transplanted stroke animals coincided with

increased cell proliferation in the penumbra area, suggesting

the role of graft-induced host tissue repair in this brain remo-

deling process following stroke (Fig. 7D, 7J, and 7P).

The same behavior was not observed in animals receiving

cell therapy 1 h and 24 h after reperfusion, in the first 24 h,

which showed less improvement than animals treated 6 h

after reperfusion (Fig. 6). It is possible that the late onset

of therapy, 24 h after reperfusion, may have extended the

ischemic nucleus to the penumbra area, increasing the

ischemic region and making the action of the trophic fac-

tors related to the immunosuppressive activity of these cells

more difficult in the first 24 h, thus suggesting that an

impediment in the corporate penumbra area to the ischemic

core generates a better paracrine effect of these cells in this

area, in the initial hours after the event. After 14 and 28

days of cell infusion, for treated animals both 1 and 24 h

after the event, there was a more significant improvement

over the first 24 h. AFSCs have been shown to express and

secrete a number of factors that could potentially support

neuroprotective and/or reparative functions, such as vascu-

lar endothelial growth factor, stromal cell-derived factor-1

(CXCL12), and IL-8, all of which regulate angiogen-

esis17,53,54. In fact, the pro-angiogenic capacity of these

cells has been shown in mouse hind limb ischemia17,54 and

ischemic skin flap17,55 models. Thus, the secretion of pro-

angiogenic factors by these cells might contribute to

improving functions in models of nervous system injury.

Other studies have suggested that transplanted adult

stem cells may enhance the survival of host neurons

through the release of trophic factors, stimulate endogenous

repair through the recruitment of progenitor cells and pro-

motion of neurite outgrowth, and render the peri-lesion

environment less toxic and more advantageous to regenera-

tion by modulating the immune response and scar forma-

tion17,56. These cells promote re-epithelialization,

modulate differentiation and angiogenesis, and decrease

inflammation, apoptosis, and fibrosis57–60.

Transplanted hAFSCs may contribute to nervous system

repair in two different ways. Exogenous cells may serve as

direct replacements for lost or damaged cells; this requires

that the cells differentiate into the appropriate neuronal

subtypes, acquire functional properties of the desired cell

types, and integrate into the existing circuitry. Another

possibility is that transplanted cells may provide support

for surviving host cells in the penumbra area, offer protec-

tion from the toxic environment surrounding the injury,

and/or stimulate endogenous repair mechanisms17,61–63,

and we believe that our cells (hAFSCs) support functions

in nervous system injury.

Preclinical data of the safety and efficacy of AFSCs sug-

gest that individuals who suffer a stroke and show significant

inflammation of the brain, or who display short-term mem-

ory loss due to the accompanying injury to the hippocampus,

may be ideal candidates for future clinical trials of AFSC

transplantation1,33.

The lack of ethical barriers associated with the harvest of

the hAFSCs, easy isolation and amplification of these cells,

their ability to differentiate into other cell lines, and capacity

to exert immunomodulatory effects make them an ideal cell

source. Indeed, hAFSCs appear to have great potential for

future clinical application in regenerative medicine,
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especially for stroke therapy, since they seem to promote

restorative mechanisms, such as neurogenesis, angiogenesis,

and immunomodulation, and to contribute to functional

improvement. Additional research needs to be done to

determine the full therapeutic range of hAFSCs, and to

identify the optimal time and best administration path for

transplantation in clinically relevant stroke models. Disco-

vering the true potential of these cells could lead to great

advances in the fields of tissue engineering and regenera-

tive medicine, and finally to the clinical application of these

cells in stroke patients.
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