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The majority of patients with ischemic stroke are ineligible 
to receive the only approved drug treatment, recombinant 

tissue-type plasminogen activator, because it must be adminis-
tered within 4.5 hours of stroke onset,1 and so new therapies that 
can be commenced beyond this window are desperately needed. 
Although a plethora of compounds that target single receptors or 

pathways have shown promise in preclinical models, none have 
been effective in clinical stroke trials.2 Given the complex nature 
of postischemic brain injury and its systemic consequences,2,3 
cell-based approaches could achieve greater efficacy than single 
pharmacological therapies through targeting of multiple mecha-
nisms.4 Indeed, although a range of cell types can rescue injured 

Background and Purpose—Human amnion epithelial cells (hAECs) are nonimmunogenic, nontumorigenic, anti-
inflammatory cells normally discarded with placental tissue. We reasoned that their profile of biological features, wide 
availability, and the lack of ethical barriers to their use could make these cells useful as a therapy in ischemic stroke.

Methods—We tested the efficacy of acute (1.5 hours) or delayed (1–3 days) poststroke intravenous injection of hAECs in 4 
established animal models of cerebral ischemia. Animals included young (7–14 weeks) and aged mice (20–22 months) 
of both sexes, as well as adult marmosets of either sex.

Results—We found that hAECs administered 1.5 hours after stroke in mice migrated to the ischemic brain via a CXC 
chemokine receptor type 4-dependent mechanism and reduced brain inflammation, infarct development, and functional 
deficits. Furthermore, if hAECs administration was delayed until 1 or 3 days poststroke, long-term functional recovery 
was still augmented in young and aged mice of both sexes. We also showed proof-of-principle evidence in marmosets that 
acute intravenous injection of hAECs prevented infarct development from day 1 to day 10 after stroke.

Conclusions—Systemic poststroke administration of hAECs elicits marked neuroprotection and facilitates mechanisms of 
repair and recovery.

Visual Overview—An online visual overview is available for this article.    (Stroke. 2018;49:700-709. DOI: 10.1161/
STROKEAHA.117.019136.)
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brain and improve recovery in models of stroke,4 limited cell 
supplies, invasive extraction procedures, immunologic rejection, 
tumorigenesis, and ethical and logistical problems will likely 
prevent the use of most as viable routine treatment options.5

Human amnion epithelial cells (hAECs) have received almost 
no attention as a potential stroke therapy but offer many advan-
tages. These placenta-derived cells possess pluripotent differ-
entiation ability, immunomodulatory properties, are in ready 
supply (placentae are usually discarded after birth), are harvested 
noninvasively, and have virtually no ethical barriers to their use.6 
Likely reflecting their role in maintaining maternal immune 
tolerance of the fetus during pregnancy, hAECs are immuno-
logically inert and have a low risk of rejection on transplantation. 
Also, hAECs do not express telomerase and therefore do not gen-
erate tumors on transplantation.5,7 Furthermore, compared with 
other amnion-derived stem cell types (ie, amnion mesenchymal 
cells), hAECs can be isolated in vast abundance (hundreds of 
millions compared with tens of thousands), circumventing the 
need for ex vivo expansion of cells. Moreover, from a clinical 
translation perspective, hAECs represent a significantly lower 
cost than amnion mesenchymal cells because therapeutic doses 
can be obtained within hours of placenta collection, as opposed 
to weeks of culture expansion. Indeed, hAECs can promote 
neuroprotection during the acute phase of neuronal injury and 
facilitate neuroregeneration in models of central nervous sys-
tem disorders.8,9 We are currently evaluating hAECs in a phase I 
Clinical Trial for bronchopulmonary dysplasia (Australian New 
Zealand Clinical Trials Registry: ACTRN12614000174684).

Here, we show that intravenous delivery of hAECs can 
reduce ischemic brain damage and promote functional recov-
ery when administered as late as 3 days after ischemic stroke 
in immunocompetent mice. We demonstrate that hAECs medi-
ate their protective and proreparative effects via modulating 
immune cells that coordinate the inflammatory response to 
cerebral ischemia. These actions seem to be independent of 
both age and sex because hAECs are beneficial in young male 
and aged female mice. Finally, we show proof-of-principle evi-
dence that poststroke treatment with hAECs can limit infarct 
development in a nonhuman primate model of ischemic stroke.

Methods
Data supporting the findings of this study are available from the cor-
responding author on reasonable request.

Study Design
Here, we have tested the efficacy of systemically delivered hAECs 
in established animal models of ischemic stroke. These studies were 
performed in support of several STAIRs10 and STEPs11 recommen-
dations (Stroke Treatment Academic Industry Roundtable [STAIR]; 
Stem Cell Therapy as an Emerging Paradigm in Stroke [STEPS]) and 
used models of transient and permanent cerebral ischemia, young and 
aged animals of both sexes, and nonhuman primates. We assessed 
different time points at which hAECs could be delivered after stroke. 
See Figure I in the online-only Data Supplement for experimental 
timelines outlining the models of stroke used in this study.

Animals
Studies were approved by Monash University and University of Otago 
Animal Ethics Committees. A total of 326 male C57Bl6 mice (7–14 
weeks old), 68 female C57Bl6 mice (20–22 months old), and 6 timed 

pregnant female C57Bl6 mice were used. We also studied 6 New World 
marmoset monkeys (Callithrix jacchus; 3–5 years; 2 females, 4 males).

Experimental Models
Most mice were subjected to either sham surgery or filament-induced 
right middle cerebral artery occlusion (MCAO) for 30 minutes, and 
the filament was then retracted to allow reperfusion (transient MCAO). 
Some cohorts were subjected to 60 minutes of MCAO to confirm effi-
cacy of hAECs after a stronger ischemic insult and reperfusion. Groups 
were only compared with others subjected to the same period of MCAO. 
Alternatively, the filament was not retracted to induce permanent 
MCAO. Other mice were subjected to sham surgery or focal stroke of 
the left primary motor cortex induced by photothrombosis. In marmo-
sets, stroke was produced in the left primary visual cortex by targeted 
intracortical injections of endothelin-1 proximal to the calcarine artery 
to cause transient arterial occlusion. Detailed descriptions, and a discus-
sion of the comparative features of the mouse and marmoset models of 
cortical stroke, are in the online-only Data Supplement.

Administration of hAECs
hAECs were isolated from term placentae donated by healthy vol-
unteers who underwent elective Cesarean section delivery.6 In some 
mice, saline (vehicle) or 1×106 hAECs was injected into the tail vein 
either 1.5 or 72 hours after induction of MCAO. In others, hAECs 
were injected at 1 and/or 14 days after photothrombotic stroke. In 
marmosets, saline or hAECs (5×106) was injected into a saphenous 
vein 1.5 hours after initiation of ischemia.

Poststroke Assessment of Injury
Timelines for all cohorts (Figure I in the online-only Data Supplement) 
and detailed descriptions of methods for assessment of injury are in 
the online-only Data Supplement.

Statistical Analysis
Data are presented as scatter plots combined with mean±SEM, with 
the exception of neurological deficit scores (scatter plot with median). 
Analyses were performed using GraphPad Prism (San Diego, CA; 
v6.0). Between-group comparisons were made using 1-way ANOVA 
or Student unpaired t test. If differences were detected by ANOVA, 
individual groups were compared by Newman–Keuls or Tukey mul-
tiple comparison test. Neurological deficit scores were compared 
using a Mann–Whitney or Kruskal–Wallis test followed by Dunn test. 
Survival was analyzed using a log-rank test. Two independent variables 
were compared using a 2-way ANOVA, followed by either Bonferroni 
or Tukey test. Statistical significance was accepted if P<0.05.

Results
Characterization of hAECs
Primary hAEC isolates were gated positive for epithelial cell 
marker epithelial cell adhesion molecule (EpCAM) and negative 
for mesenchymal stromal markers CD90 and CD105 (Figure IIA 
in the online-only Data Supplement). EpCAM+CD90−CD105− 
cells were further gated for stem cell and stromal markers. 
Primary hAECs were >95% negative for CD146, STRO-1, 
and CD44 and >90% positive for SSEA-4, CD29, and CD73 
(Figure IIB in the online-only Data Supplement).

Effects of hAECs After Transient MCAO  
in Young Male Mice
Acute hAEC Treatment Limits Functional Deficit  
and Infarct Volume
Male mice that received hAECs (106, IV) 1.5 hours after 
initiation of MCAO had less functional deficit at 24 and 72 
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hours than vehicle-treated mice. Specifically, hAEC-treated 
mice could grasp an elevated wire for approximately twice 
as long as vehicle-treated mice (Figure  1A), remove adhe-
sive stickers from their forepaws quicker (Figure  1B), and 
had a lower median neurological deficit score (Figure  1C; 
P=0.06 at 72 hours). Infarct volume was reduced by ≥50% 
in hAECs-treated mice, as evidenced by thionin staining and 
sequential within-animal magnetic resonance analysis at 24, 
48, and 72 hours (Figure 1D; Figure VIIC in the online-only 
Data Supplement)

Migration of hAECs to Brain and Spleen Is  
CXCR4 Dependent
hAECs labeled with carboxyfluorocein succinimidyl ester 
immediately before injection were detected in the ischemic 
hemisphere at 24 and 72 hours (Figure 2A and 2B) but not in 
the contralateral hemisphere (not shown) or in sham-operated 
mice (Figure 2A and 2B). hAECs were commonly localized 
to the infarct core (not shown) and spleen (Figure 2B). Few 
hAECs were in spleens of sham animals (Figure 2B), consis-
tent with homing to multiple sites of injury and inflammation 

after stroke. Treatment of mice with CXCR4 antagonist, 
AMD3100, reduced hAECs by ≈70% in the poststroke brain 
(Figure 2C) accompanied by reduced grip strength and greater 
median neurological deficit score (Figure  2C), consistent 
with CXCR4/stromal cell derived factor 1–mediated tissue 
homing. Interestingly, hAECs were ineffective at reducing 
infarct volume or functional deficits in splenectomized ani-
mals (Figure 2D), suggesting that the spleen is required for 
hAECs to elicit neuroprotection.

hAECs Limit Stroke-Induced Cerebral Apoptosis  
and Inflammation
We assessed poststroke brain expression of apoptotic mark-
ers: cleaved caspase-3, annexin V, and cleaved caspase-8. 
Immunofluorescence with the neuronal marker, NeuN, and 
cleaved caspase-3 confirmed that most apoptotic cells were 
neurons (Figure  3A). Administration of hAECs resulted in 
fewer apoptotic cells at 24 and 72 hours (Figure 3A; Figure 
IIIA and IIIB in the online-only Data Supplement), an effect 
most evident in the infarct core (Figure  3A; Figure IIIA 
in the online-only Data Supplement). Expression of the 

A D

B

C

Figure 1. Acute administration of human amnion epithelial cells (hAECs) reduces functional deficits and infarct volume after stroke. Young 
male mice were subjected to either sham surgery or 30 minute transient middle cerebral artery occlusion and injected with vehicle or 
hAECs 1.5 hours later. Functional outcome and infarct volume were assessed at 24, 48, and 72 hours postsurgery. A, Latency to fall on 
hanging grip test (n=7–19). B, Latency to remove stickers on forepaws (n=5–11). C, Neurological deficit score (n=7–19). D, From top to 
bottom, Infarct volumes measured using thionin, representative images of magnetic resonance scans delineating infarct area at 24, 48, 
and 72 hours, infarct volumes measured by magnetic resonance imaging (MRI) at 24, 48, and 72 hours compared with 72 hours thio-
nin (n=7–12). *P<0.05; **P<0.01; ***P<0.001, 1-way ANOVA and Tukey test (A and B), Kruskal–Wallis test and Dunn test (C), or Student 
unpaired t test (D). Data are mean±SEM (except neurological deficit scores presented as median).
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extrinsic apoptotic pathway mediator, cleaved caspase-8, was 
also reduced in hAEC-treated animals (Figure IIIC in the 
online-only Data Supplement). In a primary neuronal culture-
based model of stroke, hAECs exerted no direct protection of 
neurons subjected to glucose-deprivation injury (Figure IIID 
in the online-only Data Supplement).

Inflammatory processes contribute to cerebral infarct 
formation and resultant neuronal death.12–14 Because 
hAECs possess potent immunomodulatory properties,9,15,16 
we assessed their effect on immune cell infiltration into 
the ischemic hemisphere using immunohistochemistry 
(Figure  3B–3D) and flow cytometry (Figure IVA in the 
online-only Data Supplement). Increases in neutrophils, 
CD3+ T cells, and macrophages at 24 and 72 hours were 
blunted in mice treated with hAECs (Figure 3B–3D; Figure 
IVA in the online-only Data Supplement). Moreover, the 

proportion of 3-nitrotyrosine–positive macrophages (con-
sistent with a proinflammatory phenotype) was markedly 
reduced at 72 hours in hAECs-treated mice (Figure  3D). 
Flow cytometry confirmed these findings and revealed that 
ischemia-induced increases in B cells and CD8+ T cells 
were also blunted by hAECs (Figure IVA in the online-
only Data Supplement). Western blot analysis revealed that 
expression of the inflammasome protein, NOD-like recep-
tor family pyrin domain–containing protein 3, was reduced 
in hAECs-treated animals at 24 hours (Figure IVB in the 
online-only Data Supplement).

hAECs Modulate Poststroke Immunosuppression
We tested whether treatment with hAECs affects stroke-
induced systemic immunosuppression after early acti-
vation of the immune system. This phenomenon is an 
important cause of poststroke mortality and morbidity, the 
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Figure 2. Intravenously administered 
human amnion epithelial cells (hAECs) 
migrate to the brain in a CXCR4-dependent 
manner after stroke and elicit neuroprotec-
tion in intact but not splenectomized (SX) 
mice. A, Representative images of (B) and 
(C). B, Young male mice were subjected to 
either sham surgery or 30 minute transient 
middle cerebral artery occlusion (MCAO), 
and carboxyfluorescein succinimidyl ester 
(CFSE)–labeled hAECs were injected 1.5 
hours later. CFSE-labeled hAECs were 
counted in brain or spleen at 24 and 72 
hours (n=2–8). C, Young male mice were 
subjected to 30 minute transient MCAO 
and injected with CFSE-labeled hAECs and 
vehicle or CXCR4 antagonist, AMD3100. 
From left to right, CFSE-labeled hAECs per 
brain section, latency to fall on hanging 
grip test, and neurological deficit scores 
(n=5). D, Young male SX mice were sub-
jected to 60 minute transient MCAO and 
injected with either vehicle or hAECs at 1.5 
hours. From left to right, Infarct volume and 
latency to fall on hanging grip test assessed 
at 24 hours poststroke (n=7). Scale bar 
indicates 100 μm. *P<0.05; **P<0.01, Stu-
dent unpaired t test. Data are mean±SEM 
(except neurological deficit scores, pre-
sented as median).
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major hallmarks of which include splenocyte apoptosis, 
splenic atrophy, loss of splenic and circulating leukocytes, 
and a weakened type 1 T helper cell response.3 Indeed, 
the stroke-induced increase in apoptotic splenocytes evi-
dent by 24 hours preceded splenic atrophy at 72 hours, and 
these changes were blunted by hAECs (Figure VA and VB 
in the online-only Data Supplement). Flow cytometry con-
firmed that stroke resulted in fewer leukocytes in atrophied 
spleens and circulating blood (monocytes, neutrophils, 

B cells, CD4+, and CD8+ T cells) and that these reduc-
tions were attenuated by hAECs (Figure VC and VI in 
the online-only Data Supplement). Splenic expression 
of type 1 T helper cell (Stat4) and type 2 T helper cell 
(Stat6) transcription factors was elevated at 72 hours, an 
effect prevented by hAECs (Figure VIIA in the online-only 
Data Supplement). A similar profile was seen for the Th17 
transcription factor, Rorc (Figure VIIA in the online-only 
Data Supplement). Aerobic bacterial infection of lungs at 
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Figure 3. Acute administration of human amnion epithelial cells (hAECs) reduces cerebral apoptosis and inflammation after stroke. Young 
male mice were subjected to either sham surgery or 30 minute middle cerebral artery occlusion and injected with vehicle or hAECs 1.5 
hours later. Apoptotic and immune cells were quantified in the brain at 24 and 72 hours postsurgery. A, Representative images showing 
colocalization of neuronal marker NeuN and cleaved caspase-3, and immunohistochemical analysis of immunoreactive cleaved cas-
pase-3+ (cl. casp 3+) cells within the infarct core and peri-infarct region (n=6–9). Scale bars represent 100 μm. Immunohistochemistry was 
used to quantify: (B), myeloperoxidase (MPO)+ cells (n=3–7), (C) CD3+ cells (n=4–7), and (D), F4/80+ cells (n=3–5) and 3-nitrotyrosine (3NT)+ 
F4/80+ cells (n=5) per ischemic/right hemisphere section. *P<0.05; **P<0.01; ***P<0.001, 2-way ANOVA (A), 1-way ANOVA followed by 
Newman–Keuls test (B–D), or Student unpaired t test (D). Data are mean±SEM.
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72 hours was unaffected by hAECs (Figure VIIB in the 
online-only Data Supplement).

Delayed Treatment With hAECs 
Promotes Functional Recovery
We explored whether hAECs could impact functional recov-
ery if administration was delayed for as long as 3 days—when 
infarct volume is fully formed in the mouse transient MCAO 
model (see Figure 1D). Mice administered hAECs at 3 days 
poststroke exhibited greater grip strength (Figure VIIIA in the 
online-only Data Supplement) and faster sticker removal at 7 
to 14 days (Figure VIIIB in the online-only Data Supplement) 
and tended to have a greater 14-day survival rate than mice 
receiving saline at 3 days (Figure VIIIC in the online-only 
Data Supplement).

Effects of hAECs After Permanent 
MCAO in Young Male Mice
Acute Administration of hAECs Improves Outcome
Acute administration of hAECs modestly blunted the impact 
of cerebral ischemia with no reperfusion on several functional 
and histological indicators, resulting in faster sticker removal, 
a tendency for greater grip strength and lower neurological 
deficit, and ≈20% smaller infarcts (Figure 4A and 4B). There 
were also fewer CD3+ T cells, but not neutrophils, within the 
ischemic hemisphere of hAECs- than vehicle-treated mice 
(Figure 4C and 4D).

Effects of hAECs After Photothrombotic Stroke in  
Aged Female Mice
Delayed Treatment With hAECs Promotes 
Long-Term Functional Recovery
We then assessed the efficacy of hAECs injected at 1 and/or 
14 days poststroke to reduce motor deficit over 8 weeks in a 
cohort of aged (20–22 months) female mice subjected to pho-
tothromobosis-induced ischemia of the primary motor cortex. 
Motor function was assessed by grid-walking and cylinder 
tests every 7 days. Mice treated with hAECs at either 1 day 
only or 1+14 days exhibited reduced preference for using their 
unaffected (left) rather than affected (right) forelimb in the 
cylinder test at 8 weeks compared with vehicle-treated mice 
(Figure 5A). This equated to an ≈40% improvement in limb 
function for 8 weeks as a result of hAECs treatment at 1-day 
poststroke, whereas no recovery occurred in vehicle-treated 
mice (Figure 5A). In the grid-walking test, ≈30% spontane-
ous recovery occurred in vehicle-treated mice by 8 weeks 
(Figure  5A). Similarly, mice treated with hAECs at 1±14 
days made ≈40% fewer foot faults on their affected forepaw 
than vehicle-treated mice (Figure 5A). There was no apparent 
effect of hAECs on long-term motor function in either test if 
hAECs were administered only at 14 days (Figure 5A).

Delayed Administration of hAECs Stimulates  
Repair Mechanisms
A cohort of mice was studied to assess effects of hAECs admin-
istered 1-day poststroke on infarct development, peri-infarct 
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Figure 4. Efficacy of human amnion epithelial cells (hAECs) after permanent cerebral ischemia. Young male mice were subjected to per-
manent middle cerebral artery occlusion and injected with vehicle or hAECs at 1.5 hours. Functional outcome, infarct volumes, and brain 
immune cell numbers were assessed at 24 hours. A, From left to right, Latency to remove adhesive labels from forepaws, latency to fall in 
hanging grip test, and median neurological deficit score (n=7–12). B, Infarct volume (vehicle: n=9; hAECs: n=12). C, Immunohistochemical 
quantification of infiltrating CD3+ T cells per ischemic section (n=7/group). D, Immunohistochemical quantification of infiltrating myelo-
peroxidase (MPO)–positive neutrophils/field of view (n=7). Arrows indicate positive cells, scale bars represent 50 μm. *P<0.05, Student 
unpaired t test (A–D) except for neurological deficits scores which were compared using a Mann–Whitney test. Data are presented as 
mean±SEM except neurological deficit scores, presented as median.
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plasticity, and/or the systemic inflammatory response at 7 or 
56 days after photothrombotic stroke as potential mechanisms 
that impact long-term functional recovery. hAECs had no 
effect on infarct size at either 7 days (Figure 5B) or 56 days 
(Figure IXA in the online-only Data Supplement). We assessed 
changes in peri-infarct cortex plasticity by cell density, levels 

of microtubule-associated protein-2 (marker of neuronal den-
drites), reactive astrogliosis (glial fibrillary acidic protein lev-
els), and glutamic acid decarboxylase 67 (marker of inhibitory 
interneurons; Figure  5B; Figures IXB and X in the online-
only Data Supplement). Administration of hAECs at 1 day 
resulted in a greater cell density and microtubule-associated 
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Figure 5. Administration of human amnion epithelial cells (hAECs) improves long-term outcome after stroke in aged female mice and 
marmosets. A, Mice were administered vehicle or hAECs at 1 or 14 days after sham surgery, or photothrombotic stroke and functional 
outcome were assessed for 56 days from left to right, Cylinder test assessing forepaw asymmetry, grid-walking test assessing forepaw 
and hindpaw deficits (n=7–8). ***P<0.001 (stroke vs sham), +P<0.05 (stroke+1 day hAECs vs stroke+vehicle), ^P<0.05 (stroke+1 and 
14 days hAECs vs stroke+vehicle), ^^P<0.01 (stroke+1 and 14 days hAECs vs stroke+vehicle), 2-way ANOVA followed by Tukey’ test. 
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protein-2 immunoreactivity in both regions 1 and 2 at 7 days 
compared with vehicle-treated controls (Figure 5B). Reactive 
gliosis, as measured by glial fibrillary acidic protein expres-
sion, was increased in region 1 and tended to be decreased in 
region 2 at 7 days in animals that received hAECs compared 
with vehicle (Figure 5B). At 56 days, hAECs-treated animals 
had more reactive astrocytes within the glial scar despite a 
similar glial scar area in vehicle controls (Figure IXB in the 
online-only Data Supplement), and hAECs prevented the 
stroke-induced decrease in inhibitory interneurons (Figure 
X in the online-only Data Supplement). When assessing 
effects on the systemic immune response, we observed that 
hAECs reduced the expansion of myeloid cell compartments 
in bone marrow, spleen, and lymph nodes at 7 days (Figure 
XIA in the online-only Data Supplement) and prevented the 
reduction of circulating B cells and expansion of B cells in 
spleen and lymph nodes (Figure XIB in the online-only Data 
Supplement). hAECs also prevented the stroke-induced 
decrease in circulating T cells, without affecting T cell num-
bers in spleen or lymph nodes (Figure XIC in the online-only 
Data Supplement).

Effects of hAECs After Endothelin-1–Induced  
Stroke in Marmosets
hAECs Treatment Inhibits Infarct Expansion
We performed proof-of-concept studies in 6 marmosets 
injected intravenously with either saline or hAECs (5×106) 
1.5 hours after initiation of cortical ischemia by injections of 
endothelin-1. Magnetic resonance analysis revealed infarct 
volume to be ≈70% and ≈125% larger on day 1 and day 10, 
respectively, in saline- versus hAECs-treated marmosets 
(Figure 5C). It was noteworthy that infarct volume expanded 
by >40% from day 1 to day 10 in saline-treated marmosets, 
whereas infarct expansion was largely arrested in hAECs-
treated animals (Figure 5C).

Discussion
We have used 4 models of ischemic stroke in immunocom-
petent animals to assess the effects of hAECs on stroke out-
comes. When injected intravenously after ischemia onset, 
hAECs migrate preferentially to the spleen and injured brain 
to limit apoptosis and inflammation and attenuate early brain 
infiltration of immune cells, progression of infarction, and sys-
temic immunodepression to ultimately ameliorate functional 
deficits. When administration of hAECs was delayed by 1 to 3 
days, long-term functional recovery could still be enhanced in 
young and aged mice of either sex, regardless of infarct size or 
whether early reperfusion had occurred. Moreover, proof-of-
principle findings suggested that hAECs are effective at limit-
ing infarct development in nonhuman primates.

Previous assessment of cell-based therapies in animal mod-
els of stroke have commonly used direct intracerebral admin-
istration of stem cells.17–19 This invasive approach is unlikely 
to be practicable clinically for several reasons. First, intra-
cerebral administration will likely require expensive imag-
ing equipment and expertise not readily available in most 
centers. Intracerebral administration may itself cause further 
brain injury,20 and such an approach does not likely target the 

systemic mechanisms that contribute to impaired outcomes 
after stroke.2,3 More recent studies have demonstrated benefi-
cial effects from intravenous administration of stem cells21–23 
although immunologic rejection, tumorigenesis, and ethical 
and logistical obstacles may limit the practicality of their use. 
By contrast, because these limitations do not seem to apply to 
hAECs,5 we explored their therapeutic utility when adminis-
tered systemically after stroke.

We found that hAECs migrated to the infarct core but not 
contralateral hemisphere or into brains of sham-operated 
animals, indicating that these cells homed to damaged areas 
of brain. As reported for other stem cell lineages,4,13 hAECs 
seem to migrate to the brain via stromal cell derived fac-
tor 1–CXCR4 signaling. We observed fewer apoptotic cells 
within the hAECs-containing infarct core; however, because 
hAECs did not directly protect neurons subjected to ischemia-
like injury in vitro, the neuroprotection achieved in vivo is 
likely to have involved the coordination of complex mecha-
nisms involving multiple cell types. We found that a substan-
tial proportion of intravenously injected hAECs migrated to 
the spleen after stroke and that hAECs had reduced efficacy in 
splenectomized animals, suggesting that the spleen is required 
for full neuroprotection by hAECs. This is analogous to the 
observation that hAECs require functional macrophages and 
T cells to exert protective and reparative effects in a murine 
model of idiopathic pulmonary fibrosis.15,24

Likely mechanisms by which hAECs elicit neuroprotection 
and functional recovery when given up to 3 days poststroke 
are via modulation of inflammatory responses during the acute 
(hours) and subacute (days) phases of cerebral ischemia.12 
hAECs reduce inflammation in other disease settings9,15 by 
inhibiting neutrophil and macrophage migration, promoting 
M2 (as opposed to M1) polarization of macrophages,16 reduc-
ing proliferation of activated T and B cells, and inducing regu-
latory T cells.15,25 We observed similar effects of hAECs in our 
stroke models, with profoundly reduced infiltration of leuko-
cytes into the injured brain after either transient or permanent 
ischemia. Of note, there was a ≈75% reduction in 3-nitrotyro-
sine–positive macrophages, reflecting M1-polarized cells that 
exacerbate inflammation and promote neuronal death.14

We examined effects of hAECs on peripheral immune func-
tion, which is thought to be augmented for up to 24 hours 
after stroke and followed by a profound immunosuppression. 
This delayed phase of systemic immune system suppression 
may render patients with stroke especially vulnerable to infec-
tions.3 In addition to modulating the initial proinflammatory 
response to stroke, hAECs therapy also blunted several fea-
tures of systemic immunosuppression by 72 hours, including 
apoptotic loss of splenocytes, splenic atrophy, and leukopenia.

We assessed the potential of hAECs to modulate repair pro-
cesses and facilitate functional recovery when administered at 
delayed time points. We observed greater hanging grip strength 
and faster adhesive removal over 1 to 2 weeks compared with 
saline when hAECs were injected 3 days after stroke. Because 
the majority of clinical strokes occur in people of advanc-
ing age (ie, >65 years), it is important that preclinical stroke 
research evaluates potential therapies in aged animals and in 
both sexes. Indeed, we found that aged female mice receiving 
hAECs at 1 day after stroke exhibited a 30% to 40% greater 

 by guest on February 26, 2018
http://stroke.ahajournals.org/

D
ow

nloaded from
 

http://stroke.ahajournals.org/


708    Stroke    March 2018

long-term motor recovery over 8 weeks compared with mice 
receiving vehicle. No benefit was seen from an additional or 
alternative injection of hAECs at 14 days. To explore potential 
mechanisms of improved recovery, we assessed changes in 
reactive astrogliosis, dendritic plasticity, and GABA signal-
ing. Treatment with hAECs resulted in greater expression of 
glial fibrillary acidic protein at the site of the lesion border but 
decreased the spread of reactive astrogliosis into neighboring 
tissue regions. Furthermore, stroke-induced decreases in peri-
infarct microtubule-associated protein-2 and glutamic acid 
decarboxylase 67 were reversed by hAECs. These changes 
in peri-infarct cortex plasticity occurred in association with a 
modulated systemic inflammatory response, whereby hAECs 
reduced the stroke-induced increase in myeloid and B cells 
within bone marrow, spleen, and lymph nodes. Our findings 
indicate that subacute (1–3 days) administration of hAECs 
can substantially modify pathological mechanisms that lead 
to long-term functional impairment after stroke, indicating 
a powerful capacity for repair and recovery by hAECs when 
given within a wide therapeutic window.

A common finding between our acute and delayed admin-
istration protocols was that hAECs were able to modify the 
poststroke immune response. It is conceivable that acute 
administration of hAECs would be necessary to sequester 
inflammation, which can directly contribute to poststroke 
brain injury. However, modulating the immune response even 
after brain injury is fully established would still likely be of 
benefit. For example, one study reported that B cells infiltrate 
the brain weeks after a stroke and lead to delayed cognitive 
impairment.26 Furthermore, hAECs can promote T regula-
tory cell expansion and M2 macrophage polarization,15,16 
which may aid in brain repair processes. Therefore, inhibiting 
delayed immune cell infiltration into the brain and promoting 
the development of reparative immune cell subsets could lead 
to a favorable long-term outcome poststroke.

Last, because there are several important physiological and 
anatomic differences between brains of lower-order species 
such as rodents and those of humans, we also wished to assess 
the effect of hAECs in a small cohort of New World marmoset 
monkeys, which share similarities to humans about brain anat-
omy.27 We found that the degree of neuroprotection achieved 
by intravenous administration of hAECs to a small number of 
marmosets after stroke was comparable or greater in magni-
tude to that observed in mice and that hAECs therapy effec-
tively prevented the infarct expansion that occurs between day 
1 and day 10 in that species.

From a translational perspective, it has been known for 
>30 years that hAECs are safe to transplant to humans.28 
Indeed, amnion cells or strips of amnion membrane have 
long been used to reduce scarring and promote healing in 
burn victims or after corneal surgery.29,30 Therefore, it is 
conceivable that hAECs could also be safely administered 
to patients with stroke. We do not currently know whether 
poststroke hAECs engraftment (migration and survival) is 
similar for mice and marmosets. It is noteworthy that we 
chose to not routinely use a cell-based control. This was 
in keeping with our original intent, which was to report on 
the impact of hAEC therapy on stroke-related brain injury, 
and as such our control for hAEC delivery was simply the 

absence of hAECs (ie, saline/vehicle). In pilot experiments, 
we did assess the effect of intravenous injection of mouse 
embryonic stem cells on stroke outcome and found them 
to be ineffective at reducing infarct volume or associated 
functional deficits (Figure XIIA–XIIC in the online-only 
Data Supplement). These data are compatible with our con-
clusion that the protective effects of poststroke injection of 
hAECs were inherent to that cell type and not because of 
administration of cellular content.

In summary, we have shown that hAECs administered sys-
temically to mice up to 3 days after ischemic stroke can reduce 
brain injury, inflammation, and both short- and long-term 
functional deficits in young adult and aged animals of both 
sexes. Our study includes proof-of-principle evidence that 
poststroke administration of hAECs leads to neuroprotection 
in nonhuman primates. Overall, these findings suggest that 
hAECs could be a viable and effective clinical stroke therapy.
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Study design 
The purpose of this study was to test the efficacy of systemically delivered hAECs in 

established animal models of ischemic stroke. These studies were performed in support of 
several STAIRs1 and STEPs2 recommendations, as we utilized models of permanent and 
transient cerebral ischemia, animals of both sexes, aged animals and non-human primates.  
We also assessed different timepoints at which hAECs could be delivered after stroke.  
Sample sizes were selected based on previous published work3-5. All animals were assigned 
to an experimental group by a coin toss or equivalent randomization protocol and the 
investigator performing the surgical procedure or data analysis was, wherever possible, 
blinded to the treatment group by the use of coding.  See figure I for experimental timeline 
outlining the models of stroke that were used in this study.  
 
Animals 

These studies were approved by Monash University and University of Otago Animal 
Ethics Committees and performed in accordance with the National Health and Medical 
Research Council of Australia guidelines for the care and use of animals in research. A total 
of 326 male C57Bl6 mice (7-14 week-old; 21-33 g), 68 aged female C57Bl6 mice (20-22 
months-old; 30-33 g) and 6 timed-pregnant female C57Bl6 mice were used for this study. 
Mice were housed in specific pathogen free cages and had free access to water and food 
pellets. Mice were excluded from the study if during the surgical procedure to induce middle 
cerebral artery occlusion >0.2 ml of blood was lost, or the occluding clamp on the common 
carotid artery was in place for ≥7 min, or if death occurred prior to the designated time for 
euthanasia.  We also studied 6 adult New World marmoset monkeys (Callithrix jacchus; 3-5 
years; 2 female, 4 male).  Sex was not a criterion in the selection of marmosets, and no 
siblings were used.  
 



 2 

Middle cerebral artery occlusion model of stroke 
Mice underwent either sham surgery or focal cerebral ischemia as previously 

described3, 6.  Ischemia was produced in anesthetized mice (ketamine: 80 mg/kg plus 
xylazine: 10 mg/kg i.p.) by occlusion of the right middle cerebral artery (MCA) using a 6.0 
silicone-coated monofilament (Doccol Corporation).  Rectal temperature was monitored and 
maintained at 37.0±0.5 °C.  MCA occlusion (MCAO) was sustained for either 30 or 60 min, 
and the filament then retracted to allow reperfusion. Both successful occlusion (>70 % 
reduction in cerebral blood flow; CBF) and reperfusion (>80 % return of CBF to pre-
ischemic levels) was confirmed by transcranial laser-Doppler flowmetry (PeriMed).  In some 
experiments the filament was not retracted in order to induce permanent MCAO.  Sham-
operated mice were anesthetized and the right carotid bifurcation exposed, but no filament 
was inserted.  Neck and head wounds were then closed, covered with Betadine® (Sanofi) and 
spray dressing, and mice were returned to their cages after regaining consciousness. 
Immediately after surgery, all animals received 1 ml of sterile saline (s.c.). Close monitoring 
was performed after surgery until the time of euthanasia.  

 
Photothromotic model of cortical stroke 

Focal stroke of the primary motor cortex (M1) was induced by photothrombosis in 
aged (20-22 month old) female C57BL6 mice as previously described7, 8.  Under isoflurane 
anesthesia (2-2.5 % in O2) mice were placed in a stereotaxic apparatus, the skull was exposed 
through a midline incision, cleared of connective tissue and dried.  A cold light source 
(KL1500 LCD, Zeiss) attached to a 40x objective and giving a 2 mm diameter of illumination 
was positioned 1.5 mm lateral from the bregma, and 0.2 ml of Rose Bengal (Sigma;  
10 mg/ml in normal saline, i.p.) was administered.  After 5 min the brain was illuminated 
through the intact skull for 15 min.  Head wounds were then closed and mice were allowed to 
regain consciousness.  

 
Endothelin-1 (ET-1) model of cortical stroke in non-human primates  

Ischemic stroke was produced in the left primary visual cortex (V1) of adult 
marmosets by targeted intracortical injections of ET-1 proximal to the calcarine artery, which 
resulted in transient arterial occlusion, as we have previously reported9. Anesthesia was 
induced with alfaxalone (8 mg/kg i.m.) and maintained with inspired isoflurane (~2 %). 
Physiological conditions were continuously monitored using a pulse oximeter and 
temperature probe and kept within strict parameters. Intracortical injections were performed 
in doses of 0.1 µl/30 s pulse at 30 s intervals to administer ~0.7 µl of endothelin-1 (ET-1)  
(1 µg/µl; Sigma-Aldrich).  Post-injection, the needle remained in situ for a further 2 min 
before withdrawal.  Intracortical ET-1 injections surrounding the calcarine artery were 
performed over ≤7 sites.  To determine the extent of ET-1 induced ischemic injury, 
continuous video monitoring of cortical surface was performed throughout.  Injections of  
ET-1 caused sustained calcarine vasoconstriction, accompanied by vascular stasis and 
collapse immediately downstream of occlusion sites with visible pallor of the surrounding 
cortical surface.  Reperfusion usually occurs within 4 h of vessel occlusion in this model9.  At 
1.5 h following the initiation of ET-1-induced ischemia, saline or hAECS (5x106) was 
injected in 1 mL into the right saphenous vein.  There were 2 males and 1 female in each 
treatment group. The limited behavioral consequences associated with these discrete lesions 
of V1, scotoma/‘blindspot’ in the contralateral visual field, still enabled the animals to 
ambulate and feed normally after recovery from anesthesia without significant human 
intervention9. Immediately after surgery, animals were placed in a recovery cage for 
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approximately 3 h for close monitoring. All animals were monitored twice daily until the 
time of euthanasia.  
 
Comparison of mouse and marmoset models of cortical stroke. 

RIGOR guidelines recommend multiple species and models of injury to demonstrate 
the efficacy of an experimental stroke treatment10.  Small cortical infarction has been 
reported to occur in 22.8% of patients with acute ischemic stroke11.  Here, both models of 
cortical stroke (i.e. photothrombosis in mice; endothelin-1 in marmosets) produce an infarct 
restricted to ~5% of the cortex, which is comparable to 5-15% in most human strokes12, 13.  In 
addition, mice, marmosets and humans develop similar comparative post-stroke pathologies, 
except that some cellular events occur more quickly in mice, such as astrogliosis which 
corresponds to the formation of the glial scar.  For example, MRI fogging, which coincides 
with the peak of astrogliosis, appears at 3-9 d in mouse14, 15, at 14-21d in marmosets9, and at 
10-28 d in humans16, 17.  Nevertheless, by 24 h in both mice and marmosets, neuronal 
necrosis in the infarct core is mostly completed, BBB breakdown is evident and onset of 
neuronal apoptosis in the peri-infarct has begun.  Further, the mouse photothrombosis model 
has a small reperfusion component18 and, whereas the marmoset endothelin-1 model has full 
large vessel reperfusion within 4 h, it is currently unclear if or when effective reperfusion of 
the microvasculature occurs.  Overall, we suggest that these two models approximate a 
similar clinical scenario of cortical stroke.  
 
 
Splenectomy 

For some experiments, spleens of 6-8 week-old male mice were removed surgically 
under aseptic conditions 2 w prior to MCAO.  Mice were anesthetized with a mixture of 
ketamine (80 mg/kg) and xylazine (10 mg/kg).  A 10 mm incision was made in the left flank, 
caudal to the last rib, to expose the spleen.  The splenic arteries and efferent veins were then 
cauterized, taking care not to disturb underlying pancreatic tissue.  The spleen was then 
removed from the abdominal cavity and the peritoneum and skin were closed separately 
using 6.0 nylon sutures.  Mice were given an injection of Atipamezole HCl (antisedan; 100 
mg/kg i.p.) to reverse anesthesia and were allowed to recover before being returned to their 
cages.  Animals were monitored daily for 2 w following surgery.  

 
hAEC isolation, labeling, and injection 

hAECs were isolated from term placentae donated by healthy volunteers who 
underwent elective Cesarean section delivery; the procedures have previously been described 
in detail19.  Cells were thawed and cultured for a minimum of 12 h in Dulbecco's Modified 
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Life Technologies) containing 10 % 
fetal bovine serum (FBS; Sigma). Cell viability was assessed by trypan blue exclusion and 
isolates with a minimum of 80 % viability were used.  In some experiments, first-passage 
hAECs were labeled passively with carboxyfluorescein succinimidyl ester (CFSE; Abcam) 
prior to injection to enable identification in tissues, and were suspended in sterile saline at 
5x106/ml.  Saline (vehicle) or 1x106 hAECs was injected into the tail vein of mice.  For acute 
administration, hAECs were injected 1.5 h after the induction of MCAO.  For delayed 
administration in young male mice, hAECs were injected 72 h post-stroke.  For studies in 
aged female mice, hAECs were injected at 1 d and/or 14 d post-stroke.  Where tail vein 
injections were not possible due to the advanced age of these mice, combined tail vein 
(usually one-third) and subcutaneous (two-thirds) injections were given.  
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Characterization of hAECs by flow cytometry 
Primary hAECs were stained with antibodies and analyzed by flow cytometry 

accordingly. hAECs at a density of 1 x 106/ml were suspended in FACS Buffer (HBSS + 10 
% FBS) and stained for EpCAM-PE (1:50), CD105-PE-Cy7 (1:100), CD146-BV421 (1:100), 
STRO-1-AF647 (1:100), CD44-BV510 (1:100), SSEA-4-FITC (1:100), CD29-AF700 
(1:200), CD73-APC Cy7 (1:100) for 30 min at 4°C in the dark. Cells were then washed and 
acquired using the LSRII flow cytometer (BD Biosciences) and analyzed using the BD 
FACSDiva Software (BD Biosciences).  
 
Administration of AMD3100 

To determine whether hAECs home to the brain via CXCR4 signaling, mice were 
injected i.p. with either the specific C-X-C chemokine receptor type four (CXCR4) 
antagonist, AMD3100 (Sigma-Aldrich), or vehicle (0.9 % saline).  AMD3100 (1 mg/kg) was 
administered 1 h prior to and 4 h after induction of 30 min MCAO.  These mice received 
1x106 CFSE-labeled hAECs i.v. at 1.5 h after induction of MCAO. 
 
Functional assessment in the MCAO model of stroke 

Mice subjected to filament-induced cerebral ischemia were assessed for functional 
deficits at either 30 min prior to euthanasia (i.e. at 23.5 h for the acute hAEC administration 
protocol) or on 0 d, 3 d, 7 d, 10 d and 14 d post-stroke (for the delayed hAEC administration 
protocol).  This comprised a 5-point scoring system for neurological deficit: 0=normal motor 
function, 1=flexion of torso and contralateral forelimb when lifted by the tail, 2=circling to 
the contralateral side when held by the tail on a flat surface but normal posture at rest, 
3=leaning to the contralateral side at rest, 4=no spontaneous motor activity.  A hanging grip 
test was performed as a measure of grasping ability and forelimb grip strength3, 6 in which 
mice were suspended by their forelimbs on a wire between two posts 60 cm above a soft 
pillow. The time until the animal fell was recorded (a score of 0 s was assigned to animals 
that fell immediately and a score of 60 or 120 s, where indicated, was assigned to animals 
that did not fall) and the average time of 3 trials with 5 min rests in between was calculated.  
An adhesive removal test was used to assess damage to the sensorimotor cortex of the mice; 
infarct damage typically involves this region in this model of stroke20.  A small sticker was 
placed on each forepaw and the time taken to remove the stickers (up to a maximum of 180 s) 
was recorded and averaged from 3 trials, between which a resting period of 5 min was 
allowed. 

 
Functional assessment in the photothrombotic model of stroke   

Animals were tested once on each of the grid-walking and cylinder tasks one week 
prior to surgery to establish baseline performance levels.  Animals were then tested at weeks 
1, 2, 4, 6 and 8 post-stroke at approximately the same time each day (at the end of their dark 
cycle). Behaviors were scored by observers blinded to the treatment group, as described7, 8. 

 
MR imaging of cerebral infarcts  

MR scans were performed at Monash Biomedical Imaging Facility using an echo 
planar capable, 9.4-T small animal MRI system (Agilent Technologies). Scans were 
performed in anesthetized (1 % isoflurane) mice at 1 d, 2 d and 3 d post-stroke, or marmosets 
at 1 d and 10 d post-stroke. The parameters of T2-weighted imaging acquisition in mice 
were: thickness=0.5 mm; repetition time=3500 ms; echo time=12.0 ms; echo train length=8; 
averages=6; flip angle=90°.  Parameters of T2-weighted imaging acquisition in marmosets 
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were: 94 coronal slices with slice thickness=0.4 mm, no gap; repetition time=6,500 ms; echo 
time=39.1 ms; echo train length=4; flip angle=90°; field of view=38.4 x 38.4 mm2, data 
matrix=192 x 192; 4 signal averages; scan time 21min.  
 
Infarct analysis by thionin staining   

Mice were euthanized by inhalation of isoflurane and the brain was either 
immediately removed, frozen in liquid nitrogen, and stored at -80 ° C (MCAO model) or 
perfuse-fixed with 4 % paraformaldehyde and preserved in sucrose (photothrombotic model).  
For the MCAO model, evenly spread (separated by ~420 µm) coronal sections (30 µm thick) 
were obtained spanning the infarct, and thaw-mounted onto poly-L-lysine coated glass slides.  
For the photothrombotic model, evenly spread (separated by ~210 µm) coronal sections (30 
µm thick) were obtained spanning the infarct and mounted on gelatin-coated slides.  Sections 
were stained with thionin (0.1 %) to delineate the infarct, and infarct volume was calculated 
as described3, 21.   
 
Locating hAECs in the brain and spleen 

Frozen brains and spleens were sectioned (10 µm) and thaw-mounted onto  
poly-L-lysine coated glass slides. Serial coronal sections spanning the infarct (bregma +0.84 
mm, +0.42 mm, 0 mm, -0.42 mm. -0.84 mm, -1.26 mm, -1.68 mm and -2.10 mm) and six 
sections per spleen were taken for analysis.  After cutting, the sections were immediately 
analyzed for CFSE: images were captured using an Olympus fluorescent microscope (BX51, 
Japan) and analyzed by two observers blinded to the identity of the treatment.  
 
Immunohistochemistry 

Immunohistochemistry was performed as described previously4, 22.  Sections were 
fixed with either ice-cold acetone or 4 % paraformaldehyde (if not previously perfused-
fixed), washed in 0.01 M phosphate-buffered saline, and incubated in 10 % goat-serum for  
1 h to block non-specific staining.  For diaminobenzidine (DAB, Dako) staining, endogenous 
peroxidases were also blocked with peroxidase blocking solution (Dako).  All sections were 
incubated with primary antibodies (Table I) overnight at either room temperature or 4 °C.  
The following day, tissues were washed, and then incubated for a maximum of 2 h with the 
relevant secondary antibody (Table I).  For DAB staining, sections were then washed and 
DAB was applied for 5-10 min.  For immunofluorescence staining, sections were 
counterstained with 4',6-diamidino-2-phenylindole (DAPI).  Finally, all sections were 
washed, dehydrated in ascending concentrations of ethanol if required (Table I), mounted 
with appropriate mounting medium (Table I) and a coverslip applied.  When using a primary 
antibody that was raised in a mouse, we used the Mouse-on-Mouse kit (Vector Laboratories) 
as per supplied protocol.  Tissue-mounted slides were viewed and photographed with either 
an Olympus fluorescence/light microscope or NikonA1 inverted confocal microscope.  
Analysis of stained sections was performed in a blinded manner wherever possible and all 
appropriate controls were performed to ensure antibody specificity.  
 
Image processing and quantification of MAP2, GFAP and GAD67 staining 

For MAP2/GFAP double-labeled sections and GAD67 single-labeled sections, images 
were taken on a NikonA1 inverted confocal at 10x magnification and processed in FIJI image 
analysis software (NIH).  Regions of interests (ROI) were defined and saved using the ROI 
Manager.  For each image the selections used for the ROI were copied across and moved into 
the correct area in order to standardize between section analysis.  The integrated density 
value (IDV) was measured in all ROI across the three channels using the Multi Measure tool 
in ROI Manager.  To calculate the average cell number for each ROI the three channels were 
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split.  Using the blue channel, a selection of at least 10 representative nuclei in the ROI were 
outlined and measured for integrated density.  Dividing the blue channel IDV of each ROI by 
the mean nucleus IDV gives the average number of cells present in each ROI.  The 
fluorescent intensity for both the green and orange channels was expressed as a per-cell 
measure by dividing the IDV for each ROI by its respective average cell number.  For cell 
counts, MAP2 and GFAP expression, IVDs were normalised to sham control levels.  For 
GAD67, the whole image was selected as the ROI and the mean fluorescent intensity was 
measured through a single channel. 

 
Flow cytometry 

Mice were euthanized and brain (ischemic hemisphere), blood, spleen, lymph nodes 
and bone marrow were harvested.  Single cell suspensions were prepared as described23-25.  
Cells were stained with Live/Dead cell stains and appropriate antibodies (listed below), and 
run on either an LSRII (BD Biosciences) or Gallios (Beckman Coulter) instrument.  Single-
stain spleen samples or bead controls (OneComp or UltraComp ebeads, eBiosciences) were 
used to adjust voltages and calculate compensation for each corresponding antibody.  
Fluorescence minus one controls were used where the antibody of interest was omitted.  Data 
were analyzed using either FlowJo (Tree Star Inc) or Kaluza (Beckmann Coulter) software. 
Three panels of antibodies were used for flow cytometry experiments.  For leukocyte 
quantification within brains, the following cocktail of antibodies was used:  
anti–CD45–APC-Cy7 (30-F11), anti-CD11b-Pacific Blue (M1/70), anti-Ly6G-PE-Cy7 (1A8) 
(all from Biolegend), anti-CD8a-APC (53-6.7) (BD Biosciences), anti-CD4-Pacific Orange 
(RM4-5) (Life Technologies) and anti-B220-PE (RA3-6B2) (eBioscience).  For leukocyte 
quantification of blood and spleen in young male mice, we used the following cocktail of 
antibodies: anti-CD45-APC-Cy7 (30-F11), anti-Ly6C-FITC (HK1.4), anti-Ly6G-PE-Cy7 
(1A8), anti-CD8a-BV785 (53-6.7) (all from BioLegend), anti-CD11b-Pacific Blue (M1/70), 
anti-CD19-PE (MB19-1), anti-CD3e-APC (145-2011) and anti-CD4-AF 700 (GK1.5) (all 
from eBiosciences).  For leukocyte quantification in blood, spleen, lymph nodes and bone 
marrow of aged female mice we the following antibodies: anti-CD11b-APC (M1/70),  
anti B220-FITC (RA3-6B2), (both from BioLegend) and anti-CD3e-PE-CF594 (145-2C11) 
(BD Biosciences). Dead cells were labeled with 7-aminoactinomycin D (7AAD; Life 
Technologies), LIVE/DEAD® fixable aqua dead cell stain (Life Technologies) or 
LIVE/DEAD® fixable violet dead cell stain (Life Technologies).  
 
Primary cortical neuronal cultures and glucose deprivation   

Primary neuronal cultures were prepared from cerebral cortices of embryonic day 
(E)17 C57Bl6 mouse embryos as described26.  Briefly, cortices were dissected, and digested 
in trypsin (1 mg/ml; Sigma) for 10 min followed by neutralization with trypsin inhibitor  
(1.5 mg/ml; Sigma).  Dissociated cells were resuspended in Neurobasal medium (Gibco) 
supplemented with B27® (2 %; Gibco), HEPES (20 mM), GlutaMax (1.3 mM; Gibco) and 
gentamicin (25 µg/ml; Gibco), then plated onto poly-D-lysine coated 60 mm2 Petri dishes.  
Cells were then incubated overnight in a humidified incubator.  The following day, media 
was replaced with fresh Neurobasal media containing supplements, and cells were 
maintained for a further 8 d with renewal of half medium every 3-4 d.  For glucose 
deprivation experiments, cultured primary neurons (9 d in vitro) were incubated in glucose-
free Locke’s buffer as described26.  Neurons received one of the following treatments:  
(i) control (no treatment); (ii) vehicle (Locke’s buffer only); (iii) hAECs (104 or 105 per dish 
at the commencement of glucose deprivation).  Cell viability was determined 24 h later using 
trypan blue exclusion.  Approximately 300 cells were counted manually from each dish with 
the assistance of image analysis software (ImageJ, NIH).   
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Western blot  

Western blots were performed as previously described27. Brain protein samples were 
subjected to sodium dodecyl sulfate–polyacrylamide (10 %) gel electrophoresis using a  
Tris-glycine running buffer.  Gels were then electro-blotted using a transfer apparatus  
(Bio-Rad Laboratories, Inc.) in transfer buffer containing 0.025 mol/l Tris base, 0.15 mol/l 
glycine, and 10 % (v/v) methanol for 1.5 h at 15 V onto a nitrocellulose membrane (Bio-Rad 
Laboratories, Inc.). The membrane was then incubated in blocking buffer (5 % skim milk in 
20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.2% Tween-20) for 1 h at 23 °C. The membrane 
was then incubated overnight at 4 °C with primary antibodies including, cleaved caspase-3 
(Cell Signaling), caspase-8, cleaved-caspase-8 and NLRP3 (all from Adipogen), and β-actin 
(Sigma-Aldrich). After washing (3x10 min) with Tris-buffered saline-T (20 mM Tris-HCl, 
pH 7.5, 137 mM NaCl, 0.2 % Tween-20), the membrane was incubated with secondary 
antibodies against the primary antibody and β-actin for 1 h at room temperature.  The 
membrane was washed with Tris-Buffered saline-T and scanned using the Odyssey Infrared 
Imaging System (LI-COR Biosciences).  Quantification of protein was achieved by 
densitometry analysis using Image J software. 
 
Quantitative real-time PCR 

Total RNA was isolated from spleens of male mice 72 h post-MCAO or sham surgery 
using TRIzol® reagent (Thermofisher Scientific) and the RNeasy Mini Kit with on-column 
DNase step (Qiagen) followed by cDNA conversion using the Quantitect Reverse 
Transcription kit (for Taqman® gene expression assays; Qiagen).  Pre-designed Taqman® 
gene expression assays were then used to measure mRNA expression of Tbx21, Stat4, Gata3, 
Stat6, Foxp3, Rorc and β-actin as a house-keeping gene.  Assays were performed according 
to the manufacturer’s instructions using the Bio-Rad CFX96TM real-time PCR machine 
(Bio-Rad).  Data were normalized to the housekeeping gene and calculated as changes in 
fold-expression relative to sham using the formula: fold-change = 2-ΔΔCT. 
 
Bacterial analysis in lungs 

Mice were euthanized by inhaled isoflurane overdose and the skin washed with 70 % 
ethanol under sterile conditions.  Lungs were removed and homogenized in sterile PBS.  To 
determine colony forming units (CFU), 10 µL of tissue homogenate was serially diluted, 
plated onto brain heart infusion agar plates supplemented with 5 % sheep blood, incubated at 
37 °C for 18 h, and bacterial colonies were counted.   

 
Mouse embryonic stem cells (ESCs) 

Briefly, E14Tg2a mouse ESCs (ATCC) were maintained in mESC medium of 
DMEM containing GlutaMAX™-I supplemented with 10 % FBS (ES qualified),  
100 units/ml penicillin/streptomycin, 0.1 mM β-mercaptoethanol (all from Gibco) and 103 
units/ml Leukemia Inhibitory Factor (Merck Millipore). Cells were passaged on 0.1 % 
gelatin-coated culture plates every other day.  For neural differentiation, cells were seeded at 
5 x 103 cells/cm2 and 48 h later they were induced with a 1:1 mixture of Neurobasal® and 
DMEM/F-12 supplemented with N2 and B27®, 0.005 % Fraction V Bovine Serum Albumin 
(all from Gibco) and 1 mg/ml Bovine insulin (Gemini Bio-products). Two to four days later 
cells were dissociated (Accutase®, Innovative Cell Technologies) and resuspended in saline 
in preparation for transplantation.  
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Statistical analysis 
Data are typically presented as a combined scatter plot with mean ± standard error, 

with the exception of neurological deficit scores, which are presented as scatter plot with 
median.  Statistical analyzes were performed using GraphPad Prism version 6.0 (GraphPad 
Software Inc., San Diego, CA, USA).  Outliers were identified by a ROUT test using 
GraphPad Prism and excluded where appropriate. Between-group comparisons were 
compared using one-way ANOVA, or two-tailed Student’s unpaired t-test, where appropriate.  
If differences were detected by ANOVA, individual groups were compared with the 
Newman-Keuls or Tukey’s multiple comparison test, where indicated.  Neurological deficit 
scores were compared using a Mann-Whitney test or if there were more than two groups, a 
Kruskal-Wallis test followed by Dunn’s multiple comparisons test.  Survival data was 
analyzed using a log-rank test.  If there were two independent variables, data were compared 
using a two-way ANOVA, followed by either Bonferroni’s or Tukey’s multiple comparison 
test, where indicated. Statistical significance was accepted as P<0.05.  
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Table I. Antibody concentrations, incubation temperatures and mounting conditions for 
immunohistochemistry experiments.  
 

Primary antibody Dilution Incubation 
temperature 

Secondary antibody Dilution Mounting media 

Rabbit anti-cleaved 
caspase-3  

(Abcam; ab2302) 

1:200 Room 
temperature 

Goat-anti-rabbit IgG  
Alexa Fluor 594  

(Life Technologies) 

1:500 Vectashield  
(Vector 

Laboratories) 
Rabbit anti-annexin 

V 
(Abcam; ab14196) 

1:200 Room 
temperature 

Goat-anti-rabbit IgG  
Alexa Fluor 594  
(Thermofisher) 

1:500 Vectashield  
(Vector 

Laboratories) 
Mouse anti-NeuN 

(Chemicon; 
MAB377) 

1:1000 Room 
temperature 

MOMTM biotinylated 
anti-mouse IgG 

reagent  
(Vector Laboratories) 

1:200 Vectashield  
(Vector 

Laboratories) 

Rabbit-anti-CD3 
(Abcam; Ab16669) 

1:200 Room 
temperature 

Goat-anti-rabbit IgG  
Alexa Fluor 594  
(Thermofisher) 

1:500 Vectashield  
(Vector 

Laboratories) 
Rat anti-F4/80  

(BioRad; MCA497G) 
1:100 Room 

temperature 
Goat-anti-rabbit IgG  

Alexa Fluor 594  
(Thermofisher) 

1:500 Vectashield  
(Vector 

Laboratories) 
Mouse anti-3-
nitrotyrosine 

(Abcam; ab61392) 

1:50 Room 
temperature 

MOMTM biotinylated 
anti-mouse IgG 

reagent  
(Vector Laboratories) 

1:200 Vectashield  
(Vector 

Laboratories) 

Rabbit anti-GFAP 
(Abcam; ab7260) 

1:500 Room 
temperature 

Goat-anti-rabbit IgG  
Alexa Fluor 488  
(Thermofisher) 

1:500 Vectashield  
(Vector 

Laboratories) 
Rabbit-anti-

myeloperoxidase 
(Abcam; ab9535) 

1:100 Room 
temperature 

Anti-rabbit IgG horse-
radish peroxidase 

conjugate  
(Dako) 

1:200 DPX 
(after ethanol 

dehydration and  
xylene clearing) 

Rabbit anti-MAP2 
(Millipore; AB5622) 

1:500 4°C Donkey anti-rabbit 
IgG DyLight 488 
(Thermofisher) 

1:800 DPX 
(after ethanol 

dehydration and  
xylene clearing) 

Chicken anti-GFAP 
(Millipore; AB5541) 

1:3000 4°C Donkey anti-chicken 
IgY AlexaFluor 568 

(Thermofisher) 

1:800 DPX 
(after ethanol 

dehydration and  
xylene clearing) 

Mouse anti-GAD67 
(Chemicon; 
MAB5406) 

1:500 4°C Donkey anti-mouse  
Dylight 488 

(Thermofisher) 

1:800 DPX 
(after ethanol 

dehydration and  
xylene clearing) 
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Figure I. Timeline showing the animal models of stroke used in this study. A, Young male 
mice (7-14 weeks) were subjected to transient middle cerebral artery occlusion (tMCAO) and 
received either vehicle or hAECs (106) at either 1.5 h (acute) or 3 d (delayed) post-stroke. 
Functional outcome was assessed at the timepoints indicated, and at the end of the 
experiment organs were harvested for analysis. B, Young male mice (7-14 weeks) were 
subjected to permanent middle cerebral artery occlusion (pMCAO) and received either 
vehicle or hAECs (106) at 1.5 h post-stroke. Functional outcome was assessed at 
approximately 23 h post-stroke, and at the end of the experiment brains were harvested for 
analysis. C, Cohort 1: Aged female mice (20-22 months) were subjected to photothrombotic 
stroke (PT) of the primary motor cortex and received either vehicle or hAECs (106) at 1±14 d 
post-stroke. Functional outcome was assessed over 56 d, and at the end of the experiment 
brains were removed for analysis. Cohort 2: Aged female mice were subjected to 
photothrombotic stroke and received either vehicle or hAECs (106) at 1 d post-stroke. At the 
end of the experiment, brains and lymphoid organs were removed for analysis. D, Adult 
marmosets (3-5 years; male and female) were subjected to endothelin-1 (ET-1) -induced 
ischemia of the primary visual cortex and received either vehicle or hAECs (5x106) at 1.5 h 
post-stroke. Magnetic resonance imaging was performed to measure infarct volume at 1 d 
and 10 d post-stroke.  
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Figure II. Characterization of human amnion epithelial cells (hAECs). A, Primary hAEC 
isolates were gated positive for epithelial cell marker EpCAM and negative for mesenchymal 
stromal markers CD90 and CD105. B, Cells that were EpCAM+CD90-CD105- were further 
gated for the stem cell and stromal markers CD146, STRO-1, CD44, SSEA-4, CD29 and 
CD73.  
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Figure III. Human amnion epithelial cells (hAECs) reduce cerebral apoptosis in vivo but 
provide limited direct protection against neuronal cell death in vitro. In vivo: Young male 
mice were subjected to 30 min MCAO and were injected with either vehicle or hAECs 1.5 h 
post-stroke. A, Immunohistochemistry was used to quantify annexin V-positive cells within 
the infarct core and peri-infarct region at 72 h post-stroke (n=7 per group). Western blotting 
was used to quantify whole brain protein expression of: B, cleaved-caspase 3 (n=2-4 per 
group) as well as C, total and cleaved caspase-8 (n=3-4 per group). In vitro: primary neuronal 
cultures were exposed to either normal conditions (NC) or glucose deprivation (GD) for 24 h. 
D, Glucose-deprived cultures were treated with either vehicle or hAECs (104 or 105 cells per 
dish) and dead cells were quantified (n=5 per group). *P<0.05, **P<0.01, two-way ANOVA 
(A), Student’s unpaired t-test (C) or one-way ANOVA followed by Tukey’s multiple 
comparison test (D). Data are presented as mean ± SEM.  
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Figure IV. Human amnion epithelial cells (hAECs) reduce post-stroke inflammation. Young 
male mice were subjected to either sham surgery or 30 min MCAO and were injected with 
either vehicle or hAECs 1.5 h later.  A, Flow cytometry was performed to quantify: total 
leukocytes, monocytes/macrophages, neutrophils, B cells, CD4+ T cells and CD8+ T cells in 
the right/ischemic brain hemisphere of sham, vehicle- and hAECs-treated mice at 24 h post-
surgery (n=4-13 per group). B, Western blot analysis of nod-like receptor protein 3 (NLRP3) 
expression in the brain of hAECs- and vehicle- treated mice at 24 and 72 h post-stroke (n=3-4 
per group). *P<0.05, **P<0.01, ***P<0.001, one-way ANOVA, followed by Newman-
Keuls multiple comparison test (A) or Student’s unpaired t-test (B). Data are presented as 
mean ± SEM.  
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Figure V. Acute administration of hAECs blunts hallmarks of stroke-induced systemic 
immunosuppression. Young male mice were subjected to either sham surgery or 60 min 
MCAO and were injected with either vehicle or hAECs 1.5 h later. At 24 or 72 h post-surgery 
spleens were removed for analysis. A, Number of immunoreactive cleaved-caspase 3+  
(cl. casp 3+) splenocytes at 24 and 72 h post-stroke (n=3-5). B, Spleen weights at 24 and 72 h 
post-stroke (n=9-10). C, Flow cytometric analysis of splenic: total leukocytes, monocytes, 
neutrophils, B cells, CD4+ T cells and CD8+ T cells at 72 h post-stroke (n=6-13). *P<0.05, 
**P<0.01, ***P<0.001, one-way ANOVA followed by Tukey’s multiple comparison test. 
Data are presented as mean±SEM.   
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Figure VI. Young male mice were subjected to either sham surgery or 60 min MCAO and 
were injected with either vehicle or hAECs 1.5 h later. At 72 h post-surgery blood was 
withdrawn for analysis by flow cytometry. Numbers of circulating: total leukocytes, 
monocytes, neutrophils, B cells, CD4+ T cells and CD8+ T cells (n=9-13).  *P<0.05, 
**P<0.01, ***P<0.001, one-way ANOVA followed by Tukey’s multiple comparison test. 
Data are presented as mean±SEM. 
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Figure VII. Human amnion epithelial cells (hAECs) reduce infarct volume and the 
expression of splenic T cell transcription factors but have no effect on post-stroke lung 
infections following stroke.  Young male mice were subjected to either sham surgery or 60 
min MCAO and were injected with either vehicle or hAECs 1.5 h later. A, mRNA expression 
of Th1 transcription factors Tbx21 and Stat4, Th2 transcription factors Gata3 and Stat6, Th17 
transcription factor Rorc and T regulatory cell transcription factor Foxp3 within the spleen of 
sham, vehicle- and hAECs-treated mice at 72 h post-surgery (n=9-10) per group. B, Lungs 
were collected for bacteriological analysis at 72 h post-surgery. Data are expressed as colony 
forming units (CFU)/mg lung tissue (Log10) (n=7-12 per group). C, Infarct volume measured 
at 24 and 72 h following 60 min MCAO (n=8-10 per group). *P<0.05, ***P<0.001, one-way 
ANOVA, followed by Tukey’s multiple comparison test (A), Newman Keuls multiple 
comparison test (B) or Student’s unpaired t-test (C). Data are presented as mean ± SEM.  
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Figure VIII. Delayed administration of human amnion epithelial cells (hAECs) improves 
functional recovery following stroke. Young male mice were administered either hAECs or 
vehicle at 3 d post-30 min MCAO and functional recovery was assessed over 14 d. A, latency 
to fall in hanging grip test, B, latency to remove stickers on forepaws and C, survival of 
hAECs- and vehicle-treated mice over 3 to 14 d post-stroke (n=6-17). *P<0.05, **P<0.01, 
two-way ANOVA followed by Bonferroni’s test or Log-rank test (for survival).   
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Figure IX. Human amnion epithelial cells (hAECs) do not alter infarct size in aged female 
mice at 56 d post photothrombtoic stroke, but increase glial scar density. A, Lesion volume at 
56 d post-stroke (n=7-8 per group). B, Glial scar area and density at 56 d in mice treated with 
either hAECs or vehicle at 1 d post-stroke (n=6-7 per group). *P<0.05, one-way ANOVA 
(A) or Student’s unpaired t-test (B). Data are presented as mean ± SEM. 
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Figure X. Human amnion epithelial cells (hAECs) prevent the decrease in inhibitory 
interneurons within the peri-infarct cortex of aged-female mice following photothrombotic 
stroke.  Immunofluorescence was performed to quantify the amount of glutamic acid 
decarboxylase-67 (GAD67) staining in the peri-infarct cortex in the brains of sham-, stroke + 
vehicle- and stroke + 1 d hAEC-treated animals at 7 d post-surgery (n=6 per group; data are 
expressed as mean fluorescence intensity).  *P<0.05, ***P<0.001 (one-way ANOVA 
followed by Tukey’s multiple comparison test). Data are presented as mean ± SEM 
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Figure XI. Human amnion epithelial cells (hAECs) modulate the systemic immune response 
to photothrombotic stroke in aged female mice. Flow cytometry was used to quantify the 
percentage of: A, myeloid CD11b+ cells (n= 5-8 per group), B, B220+ B cells (n=3-9 per 
group) and C, CD3+ T cells (n=4-8 per group) within the blood or bone marrow, spleen and 
lymph node at 7 d after stroke. *P<0.05, **P<0.01, ***P<0.001, one-way ANOVA followed 
by Tukey’s multiple comparison test. Data are presented as mean ± SEM.  
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Figure XII. Administration of mouse embryonic stem cells (mESCs) has no effect on post-
stroke outcomes. Young male mice were subjected to either sham surgery or 30 min MCAO 
and were injected with either vehicle or mESCs. Functional outcome and/or infarct volume 
was assessed at 24 post-stroke. A, Latency to fall on hanging grip test (n=4 per group).  
B, Median neurological deficit score (n=4 per group). C, Infarct volumes measured using 
thionin staining (n=4 per group). Data are presented as ± SEM. 
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