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Abstract

Intracerebral hemorrhage (ICH) is a leading cause of mortality with ineffective treatment.

Hair-follicle-associated pluripotent (HAP) stem cells can differentiate into neurons, glial cells

and many other types of cells. HAP stem cells have been shown to repair peripheral-nerve

and spinal-cord injury in mouse models. In the present study, HAP stem cells from C57BL/

6J mice were implanted into the injured brain of C57BL/6J or nude mice with induced ICH.

After allo transplantation, HAP stem cells differentiated to neurons, astrocytes, oligodendro-

cytes, and microglia in the ICH site of nude mice. After autologous transplantation in C57BL/

6J mice, HAP stem cells suppressed astrocyte and microglia infiltration in the injured brain.

The mRNA expression levels of IL-10 and TGF-β1, measured by quantitative Real-Time

RT-PCR, in the brain of C57BL/6J mice with ICH was increased by HAP-stem-cell implanta-

tion compared to the non-implanted mice. Quantitative sensorimotor function analysis, with

modified limb-placing test and the cylinder test, demonstrated a significant functional

improvement in the HAP-stem-cell-implanted C57BL/6J mice, compared to non-implanted

mice. HAP stem cells have critical advantages over induced pluripotent stem cells, embry-

onic stem cells as they do not develop tumors, are autologous, and do not require genetic

manipulation. The present study demonstrates future clinical potential of HAP-stem-cell

repair of ICH, currently a recalcitrant disease.

Introduction

About 15% of acute strokes are caused by intracerebral hemorrhage (ICH), which has a death

rate of 45% within 30 days and leaves the majority of survivors with neurological impairment
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[1,2]. Despite many therapeutic options, survivors often experience significant, long-lasting

neurologic damage [3]. The main causes of primary brain damage after ICH are the initial

hemorrhage and subsequent hematoma expansion. The presence of parenchymal blood causes

secondary brain damage, which worsens the prognosis for patients [4,5]. Excitotoxicity,

edema, and the lysis of erythrocytes that releases their iron content contribute to the develop-

ment of secondary brain damage. Ferrous iron causes the production of reactive oxygen spe-

cies, which is neurotoxic [6]. Around the ICH, inflammation caused by leucocyte infiltration,

astrocyte stimulation, and microglia activation results in cell death from apoptosis [7–9]. Cur-

rently, surgery, managing intracranial hypertension and blood pressure, reducing cerebral

edema, supportive care, and rehabilitation are treatments for ICH. However, the effectiveness

of therapeutic intervention is yet only partially shown [10]. Against this background, there is a

growing need for new effective therapies for the treatment of ICH. Stem cell therapy, as a

promising approach, has attracted great interest from researchers around the world.

Our laboratory discovered hair-follicle-associated pluripotent (HAP) stem cells, located in

the bulge area [11,12], HAP stem cells from mouse and human expressed nestin and could dif-

ferentiate to neurons, glia, keratinocytes, smooth-muscle cells, melanocytes and beating car-

diac muscle cells in vitro [13–17]. Previously, we have presented that HAP stem cells

encapsulated in polyvinylidene fluoride membranes effect the severed sciatic nerve in the

mouse model and spinal cord injury in the acute and early chronic phase in the mouse model

[18–22].

In the present study, we demonstrated that mouse HAP stem cells can affect structural and

functional recovery of ICH in mouse models. The potential clinical advantages of HAP stem

cells for ICH therapy are discussed.

Materials and methods

Animals

Transgenic C57BL/6J-EGFPmice (GFP mice) were purchased from the Research Institute for

Microbial Diseases at Osaka University in Osaka, Japan [23]. C57BL/6J female mice and

BALB/cAJcl-nu/nu female mice (nude mice) were purchased from CLEA Japan (Tokyo,

Japan). The experimental animals were housed in a system that kept the temperature at 24

±1˚C, relative humidity at 50–60%, and the light-dark cycle at 14 hours and 10 hours, respec-

tively. All procedures using animals in accordance with the guidelines of the US National Insti-

tutes of Health and were approved by the Animal Experimentation and Ethics Committees of

the Kitasato University School of Medicine (No. 2021–024). All mouse experiments were in

accordance with animal welfare laws, complied with ARRIVE guidelines. The method of

euthanasia at the end of the experiment was cervical dislocation.

Isolation and culture of HAP stem cells

The schema of the present experimental study is shown in Fig 1A. Vibrissa hair follicles were

obtained from green fluorescent protein (GFP) expressing transgenic or non-GFP C57BL/6J

mice as described previously [15]. The mice were anesthetized with a combination anesthetic

of 0.75 mg/kg medetomidine, 4.0 mg/kg midazolam and 5.0 mg/kg butorphanol [24]. The

inner surface of a vibrissa pad was exposed and vibrissa follicles were dissected under a binocu-

lar microscope. The vibrissa follicle was divided into upper and lower parts and the upper

parts were cultured in DMEM (#D6429, Sigma Aldrich, St. Louis, MO, USA), containing 10%

fetal bovine serum (FBS), 50 μg/ml gentamycin (#15750–060, GIBCO, Grand Island, NY,

USA), 2 mM L-glutamine (#25030, GIBCO) and 10 mM HEPES (#H0887, Sigma Aldrich) for

four weeks in order to grow HAP stem cells at which point they were detached and transferred
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Fig 1. Experimental flow diagram and culture of HAP stem cells. (B) Procedure for culture and colonization of HAP stem cells. Bar = 200 μm. (C)

Immunofluorescence staining shows that the cultured HAP stem cell colonies differentiated to GFAP-positive astrocytes, DCX-positive neurons, MBP-

positive oligodendrocytes and Iba-1-positive microglia on Lab-Tek chamber slides. Green = GFAP, DCX, MBP or Iba-1; Blue = DAPI. Bar = 50 μm.

https://doi.org/10.1371/journal.pone.0280304.g001
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to non-adhesive cell-culture dishes with DMEM/F12 (#11320–033, GIBCO), containing 2% B-

27 (#17504044, GIBCO) and 5 ng/ml basic fibroblast growth factor (bFGF) (#GF003, Milli-

pore, Temecula, CA, USA). The HAP stem cells formed colonies in one week in this model

[15]. To confirm their differentiation with immunostaining, HAP stem cell colonies were cul-

tured in Lab-Tek chamber slides (Nunc, Rochester, NY, USA) with DMEM for one weeks. No

chemical additives to differentiate the HAP stem cell were used during all culture period.

Mouse ICH model

ICH was induced by stereotaxic, intra-striatal administration of bacterial collagenase by previ-

ously described protocols with minor modifications [25–27]. In brief, we made a midline scalp

incision and drilled a hole of cranium (0.2 mm anterior, 3.8 mm ventral, and 2.0 mm lateral to

the bregma) under anesthesia. A solution of collagenase VII (0.075 U in 0.5 μl volume,

#LS005332, Worthington Biochemical Lakewood, NJ, USA) was injected into the striatum

with a micro infusion syringe with a fixed needle (3.8 mm ventral) (Hamilton 87942, Hamil-

ton, Allston, MA, USA) from the cranial hole at a rate of 0.25 μl/min for 2 min. The needle was

left in place for an additional 10 min after injection to avoid reflux. The incision was closed

with 6–0 nylon sutures (SIGMA REX, Tokyo, Japan). Animals were maintained in a separate

cage.

Implantation of HAP stem cell colonies in the mouse ICH model

Nude mice or C57BL/6J mice with ICH were randomly divided into two groups, HAP-stem

cell injection, and non-injected mice seven days after the induction of ICH. A midline scalp

incision was made and HAP stem cells (4 × 104) in PBS in a total fluid volume of 2 μl were

implanted with a micro infusion syringe with a fixed needle at a rate of 1.0 μl/min for 2 min

into the ICH lesion from the cranial hole and 3.8 mm ventral under anesthesia. The needle

was drawn out slowly 10 min after cell implantation. The control mice received the same injec-

tion process with puncture with a needle alone, respectively. The surgical skin wound was

closed with 6–0 nylon sutures. Mice that died during course of the experiment were excluded

from the evaluation.

Histological analysis

HAP stem cell colonies were cultured on Lab-Tek chamber slides, were incubated with the fol-

lowing antibodies: anti-glial fibrillary acidic protein (GFAP) mouse monoclonal antibody

(1:200, #14-9892-82, Invitrogen, CA, USA); anti-doublecortin (DCX) mouse monoclonal anti-

body (1:1000, #NBP1-92684SS, Novus Biologicals Centennial, CO, USA); anti-myelin basic

protein (MBP) rabbit polyclonal antibody (1:200, #AB980, Chemicon, Temecula, CA, USA)

and anti-Iba-1 mouse monoclonal antibody (1:500, #012–26723, FUJIFILM Wako, Tokyo,

Japan). The HAP stem cells were then incubated with goat anti-mouse IgG conjugated with

Alexa Flour 4881 (1:400, Molecular Probes, OR, USA), goat anti-rabbit IgG conjugated with

Alexa Fluor 4881 (1:400, Molecular Probes), and 4’,6-diamino-2-phenylindole, dihydrochlor-

ide (DAPI) (Molecular Probes).

At 42 days post-ICH and 35 days post-HAP-stem-cell implantation, whole brain tissue of

mice was removed after mouse sacrifice by cervical dislocation. The brain tissue was divided in

half at the site of the needle insertion scar coronally with a mouse brain slicer (ASI instruments

Warren, MI, USA). Raw specimens of the cut surface of the nude mouse brain were directly

observed with fluorescence microscopy (Stereo Microscope SZX16, Olympus, Tokyo, Japan).

Afterwards, both nude mice and C57BL/6J mouse brain were formalin-fixed, and paraffin-

embedded-blocks (FFPB) were made. The brain tissues were sectioned coronally at 4-μm
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thickness and resulting slides were stained with hematoxylin and eosin (H&E), or immunos-

tained. The anterior and posterior brain tissue was sliced every 100 μm. A section that contin-

ued the site with the needle insertion scar was confirmed within the same area of the striatum

at the level of the medial septum area, was evaluated. For immunofluorescence staining, the

brain tissues were observed by fluorescence microscopy (LSM 710 microscope, Carl Zeiss,

Oberkochen, Germany). FFPB sections were incubated with anti-GFAP, anti-DCX, anti-Iba-1

antibodies, and each were incubated with anti-GFP rabbit monoclonal antibody (1:1000,

#600–308, Novus Biologicals, CO, USA). The anti-body-treated section then were incubated

with goat anti-mouse IgG conjugated with Alexa Flour 5681 (1:400, Molecular Probes), goat

anti-rabbit IgG conjugated with Alexa Fluor 5681 (1:400, Molecular Probes), goat anti-rabbit

IgG conjugated with Alexa Fluor 4881 (1:400, Molecular Probes) and DAPI (Molecular

Probes). Anti-MBP treated sections were incubated with goat anti-rabbit IgG conjugated with

Alexa Flour 5681 (1:400, Molecular Probes) and then were incubated with GFP-Booster

ATTO488 (1:200, chromotek, Planegg-Martinsried, Germany) and DAPI. For immunostain-

ing, FFPB sections on slides were incubated with anti-GFAP and anti-Iba-1 antibodies and

then were treated with EnVision Detection System / HRP, Rabbit/Mouse (DAB+) (#K5007,

Dako Japan, Tokyo, Japan). The developed sections were incubated with Mayer’s hematoxylin

solution. Immunostaining for GFAP and Iba-1 was then performed, in the control and

implanted brain. The immunostaining intensity of GFAP- and Iba-1-positive areas were mea-

sured in three random fields of the striatum area on same coronal section (n = 4, each group);

Images were captured at 200× magnification with light microscopy (BX51 microscope,

OLYMPUS, Tokyo, Japan). As previously described, quantitative analyses were carried out

using ImageJ software (version 1.52; National Institutes of Health, USA) [21,22]. For all analy-

ses, the threshold values were kept at the same level.

Quantitative Real-Time RT-PCR

The paraffin-fixed brain tissue with hemorrhagic findings observed in cross-sections was cut

into 20μm section, and total 50 these sections were used for quantitative Real-Time RT-PCR

per mouse. After total RNA from FFPB sections was extracted using the RNeasy Plus Mini Kit

(#74134, Qiagen, Hilden, Germany), the QuantiTect1 Reverse Transcription Kit (#205311,

Qiagen) was used to produce cDNA, Prelude PreAmp Master Mix (#638542, TAKARA, Shiga,

Japan) and pooling primers were then used to pre-amplify the cDNA. Gene expressions were

normalized using GAPDH. Using a CFX96 Real-Time PCR Detection System (Bio-Rad, Her-

cules, CA, USA) and the Power SYBR1Green PCR Master mix (#4367659, Applied Biosys-

tems, Waltham, MA, USA), quantitative Real-Time RT-PCR was carried out. The results were

evaluated using the Delta Delta Ct method. Primer sequences were as follows: IL-10 (forward,

CGGGAAGACAATAACTGCACC; reverse, CGGTTAGCAGTATGTTGTCCAGC), TGF (trans-

forming growth factor)-β1 (forward, GAGCCCGAAGCGGACTACTA; reverse, CCCGAATGTCT
GACGTATTGAAG), GAPDH (forward, AGGTCGGTGTGAACGGATTTG; reverse,

TGTAGACCATGTAGTTGAGGTCA).

Neurological score after ICH

Sensorimotor function of mice was evaluated with modified limb-placing test and the cylinder

test [28,29]. These tests were performed 7 days after the induction of ICH, 3 days after HAP-

stem-cell implantation and every subsequent 7 days for 30 days. In the cylinder test, mice were

placed in a transparent cylinder (16.5 cm high and 9 cm in diameter) with one mirror placed

behind the cylinder. The use of the forelimbs during the behavior was recorded by a camera

for 5 minutes, and the video was analyzed to determine how many times each forelimb made

PLOS ONE HAP-stem-cell-implantation repairs intracerebral hemorrhage and reduces neuroinflammation in mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0280304 January 13, 2023 5 / 16

https://doi.org/10.1371/journal.pone.0280304


contact with the wall. (1) The first forelimb to contact the wall was considered an independent

wall placement and recorded as a “left” or “right.” (2) For lateral movements along the wall, if

the left and right forelimbs contacted the wall at the same time, it was recorded as a "both." (3)

If the mouse contacted the wall promptly with both forelimbs contacting first, two movements

were recorded as "both" and "left and right (first contacted) forelimb independent." (4) If the

mouse searched the wall laterally using both forelimbs alternately, it was recorded as a "both".

The score was calculated as follows. (Right forelimb movement—Left forelimb movement)/

(Right forelimb movement + Left forelimb movement + both movements). In the modified

limb placement test, mice were first held for 10 cm above a table, where the forelimb extension

was observed and scored: normal stretch, 0 points; abnormal flexion, 1 point. The mouse was

then placed along the edge of the table, its forelimbs hanging over the edge, and was given free

movement. Forelimbs and hindlimbs were both gently pulled down, and placement and recov-

ery were both verified. Finally, the mouse was lastly moved toward the edge of the table to

check for lateral forelimb positioning. Maximum neurological deficits are indicated by a score

of 5, whilst normal functioning is indicated by a score of 0.

Mouse body weight was performed 7 days after the induction of ICH, 3 days after cell

implantation and every 7 days for 30 days.

Statistical analysis

The mean ± SEM was used to express all experimental data. An unpaired the Student’s t-test

was used to assess the differences between groups in histological analysis of sectional brain

area with GFAP- and Iba-1-positive regions, and quantitative RT-PCR analysis. Two-way

ANOVA followed by the Bonferroni post hoc test was used to examine the differences between

groups in assessments of the cylinder test, modified limb-placing test, and body weight. A

probability value of P� 0.05 is considered significant.

Results

Differentiation of HAP stem cell colonies to astrocytes, neurons,

oligodendrocytes and microglia in culture

HAP stem cells grew out from the upper part of vibrissa follicles during 28 days of culture in

the adhesive-cell culture dishes with DMEM. HAP stem cells were then detached from the

dishes and transferred to the non-adhesive cell-culture dishes with DMEM/F12. Stereomicro-

scopy showed that HAP stem cells became aggregated and formed colonies at 35 days of cul-

ture (Fig 1B). When HAP stem cell colonies were cultured on Lab-Tek chamber slides for

another one week, immunofluorescence staining showed that the HAP stem cell colonies dif-

ferentiated to astrocytes, neurons, oligodendrocytes and microglia (Fig 1C).

HAP stem cells implanted in the ICH area in nude mice differentiated to

astrocytes, neurons, oligodendrocytes and microglia

HAP stem cells from GFP mice were implanted into the brain of nude mice ICH model to con-

firm the stem cells engraftment and differentiation. At 35 days post ICH and 28 days post-

HAP-stem-cell implantation, several linear mild hemorrhages with surrounding cerebral

edema in the striatum were observed in the cross section of raw nude-mouse brain specimens

under the stereomicroscopy (Fig 2A). In addition, the enlargement of the right lateral ventricle

and the formation of a nearby hematoma were observed (Fig 2A). The injured brain in nude

mice was observed with fluorescence microscopy which showed that GFP-expressing HAP

stem cells joined the damaged brain (Fig 2A). Immunofluorescence staining showed that the
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Fig 2. Implanted HAP stem cells repair the ICH site in nude mice. (A) Stereomicroscopy shows that GFP-expressing HAP

stem cells repaired the ICH lesion. White arrow indicates hemorrhage in the striatum. White square line indicates hematoma in

the brain. White dotted line indicates transplanted HAP stem cells from GFP mice in the hematoma. Left panel = low-

magnification of coronal section at ICH. Bar = 1mm. Right panel = high-magnification of white square line area. Bar = 500 μm.
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implanted GFP-expressing HAP stem cells differentiated into astrocytes, neurons, oligoden-

drocytes and microglia, which engrafted and increased in the damaged brain (Fig 2B–2E).

HAP-stem-cell implantation blocked glial scar formation in the ICH area

of C57BL/6J mice

HAP stem cells from C57BL/6J mice ICH model were autologous implanted into the brain to

confirm the effect for neuroinflammation in the brain at 35 days post ICH and 28 days post-

HAP-stem-cell implantation. Glial scar formation was observed in the non-implanted control

mice and not in the HAP-stem-cell-implanted mice (Fig 3A–3D). No tumor formation was

seen at the HAP-stem-cell-implanted site. There were less astrocytes demonstrated by intensity

of GFAP-positive area in the ICH area in HAP-stem-cell-implanted mice than in the non-

implanted control mice (P = 0.0111) (Fig 3E). There were also less microglia demonstrated by

intensity of Iba-1-positve area in the ICH area in HAP-stem-cell-implanted mice than in the

non-implanted control mice (P = 0.0040) (Fig 3F).

HAP-stem-cell implantation increased the expression of IL-10 and TGF-β1

in brain of C57BL/6J mice with ICH

Quantitative Real-Time RT-PCR was performed using brain specimens of C57BL/6J mouse at

35 days post ICH and 28 days post-HAP-stem-cell autologous implantation to evaluate cyto-

kines in the brain. The expression of IL-10 in the brain of C57BL/6J mice with ICH was

increased compared with non-implanted control mice (P = 0.0294) (Fig 4A). The expression

of TGF-β1 was also increased by HAP-stem-cell implantation compared with the non-

implanted control mice (P = 0.0220) (Fig 4B).

HAP-stem-cell implantation improves sensorimotor function and weight

gain in C57BL/6J mice with ICH

HAP stem cells from C57BL/6J mice ICH model were autologous implanted into the brain to

confirm the effect for neurofunction by measuring modified limb placing test, cylinder test

and body weight. The HAP-stem-cell-implanted mice showed significantly better performance

in the modified limb-placing test 17 days after the induction of ICH and 10 days after HAP-

stem-cell implantation, as compared with non-implanted control mice (P = 0.0149 at day17;

P = 0.0004 at day 24; P = 0.0083 at day 31) (Fig 5A). The HAP-stem-cell implanted mice

showed significantly better performance in cylinder test 31 days after the induction of ICH

and 24 days after HAP-stem-cell implantation, compared with non-implanted control mice

(P = 0.0036 at day 31) (Fig 5B). The HAP-stem-cell implanted mice showed significant weight

gain 24 days after the induction of ICH and 17 days after HAP-stem-cell implantation, com-

pared with non-implanted control mice (P = 0.0152 at day 24; P = 0.0074 at day 31) (Fig 5C).

Discussion

It is still unclear how transplanting stem cells into animals that have suffered a stroke improves

their function. Numerous processes, such as neuronal cell replacement, the production of

(B-E) Immunofluorescence staining shows that the implanted HAP stem cells differentiated to astrocytes (B), neurons (C),

oligodendrocytes (D) and microglia (E) in the ICH area. Red = GFAP (B), DCX (C), MBP (D) or Iba-1 (E); Green = GFP (B-E);

Blue = DAPI (B-E); Merged (B-E). Bar = 50 μm. Insets show a higher magnification; Bar = 25 μm. All images show coronal

sections of the brain.

https://doi.org/10.1371/journal.pone.0280304.g002
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Fig 3. Implanted HAP stem cells inhibit glial scar formation at the ICH site in C57BL/6J. (A, B) Expression of GFAP of astrocytes in the ICH

area with and without HAP-stem-cell-implantation in C57BL/6J mice. Glial scar formation was observed in the non-implanted control mice but not

HAP-stem-cell-implanted mice. (C, D) Expression of Iba-1 of microglia in the ICH area with and without HAP-stem-cell implantation in C57BL/6J

mice. (E) The GFAP-positive area in coronal section of the brain in C57BL/6J mice was smaller in the HAP-stem-cell-implanted mice than in the

non-implanted control mice (n = 4, each group). �P< 0.05. (F) The Iba-1-positive area in coronal sections of the brain in C57BL/6J mice was

smaller in the HAP-stem-cell-implanted mice than in the non-implanted control mice (n = 4, each group). �P< 0.05. Bar = 50 μm. All images show

coronal sections of the brain.

https://doi.org/10.1371/journal.pone.0280304.g003
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neurotrophic factors, the encouragement of angiogenesis, the control of inflammatory

response, and neuroprotection, have been postulated to explain the effects of diverse trans-

planted stem cells [30–33]. Induced pluripotent stem cells (iPSCs), embryonic stem cells

(ESCs), neural stem cells (NSCs) and mesenchymal stem cells (MSC) have been used for ICH

treatment. Qin et al. found that the transplantation of iPSCs in a rat model of ICH may have

caused neuronal replacement and increased release of neurotrophic factors [34]. Nonaka et al.

discovered that intracerebroventricular injections of all-trans retinoic acid-treated ESCs in a

rat model of ICH, resulted in the development of neurons and glial cells around the hematoma

cavity [35]. NSC transplantation has been shown in several studies to promote the functional

recovery of a rodent model of ICH [26,27,36,37]. Zhou et al. reported that in a rat model of

ICH, transplanted human amniotic MSCs survived slightly in the pericyte region but did not

differentiate to neurons or astrocytes [38].

HAP stem cells migrate into an injured sites of peripheral nerves and spinal cord, spontane-

ously differentiate to cells compatible with surrounding tissue including neurons and glia and

repair the injured site [18–22]. As can be seen in Fig 2 in the present study, HAP stem cells

Fig 4. HAP-stem-cell implantation results in increased mRNA expression levels of IL-10 and TGF-β1 in C57BL/6J mice with ICH. (A)

The IL-10 expression level of the brain in C57BL/6J mice was increased in the HAP-stem-cell-implanted mice compared to the non-

implanted control mice (HAP-stem-cell-implanted mice: n = 12; non-implanted control mice: n = 6). �P< 0.05. (B) The TGF-β1 expression

level of the brain in C57BL/6J mice was increased in the HAP-stem-cell-implanted mice compared to the non-implanted control mice

(HAP-stem-cell-implanted mice: n = 12; non-implanted control mice: n = 8). �P< 0.05.

https://doi.org/10.1371/journal.pone.0280304.g004
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implanted into the brain 1 week after induction of ICH were found to be engrafted, despite the

residual hematoma 4 weeks later. Therefore, HAP stem cells may be able to survive for a long

time even in hematoma. In addition, it has been also reported that NSCs [39], MSCs [40] and

Muse cells [41], which are other stem cells, can be engrafted by intracerebral injection for ICH.

Under the influence of the internal environment and multiple nerve growth factors, many

types of transplanted stem cells can differentiate into the two most common functional cells

after ICH, neurons and glial cells; they can migrate to the injury area to replace the damaged

tissues and rebuild nerve conduction pathways [42]. In the present study, allo transplantation

of HAP stem cell with ICH in nude mice also differentiated into GFAP-positive astrocytes,

MBP-positive oligodendrocytes, DCX-positive neuron and Iba-1-positive microglia in the

injured site after ICH. Moreover, in autologous implantation of HAP stem cells in C57BL/6J

mice with ICH, suppression of the glial scar formation and reactive inhibition of astrocyte

infiltration and microglial infiltration were observed around the injured site, compared with

the control mice. After the first ICH damage, a pro-inflammatory cascade involving activated

local microglia, astrocytes, and infiltrating leucocytes results in the death of neuronal cells in

the perihematomal area [7]. Chiu et al. showed that astrocytic activity inhibition improves

neurologic outcomes by reducing hematoma volume and blood brain barrier (BBB) destruc-

tion [43]. In the present study, a glial scar was not formed in the HAP-stem-cell-implanted

group but was formed in the non-implanted group.

In the present study, increase of the IL-10 in the brain of C57BL/6J mice implanted with

HAP stem cells with ICH were observed compared with the control mice. In various neurode-

generative and neuroinflammatory condition, IL-10 is cytokine classically associated with

anti-inflammatory and protective effects in the central nervous system (CNS) [44]. Villacampa

et al. showed that astrocyte-targeted IL-10 production affected microglial responses and lym-

phocyte mobilization, ultimately having a beneficial effect on neuronal survival [45]. In the

present study, increase of the TGF-β1 in the brain of C57BL/6J mice implanted with HAP

stem cells with ICH were observed compared with the control mice. TGF-β1 has previously

been demonstrated to play a crucial role in microglial development and homeostasis both in

vitro and in vivo [46]. Tayler et al. showed that TGF-β1 enhances functional recovery in both

mice and humans through regulating microglia-mediated neuroinflammation after ICH [47].

In the present study, score improvement in the modified limb placing test with HAP stem

cell treatment for ICH started 10 after days HAP stem cell implantation. On the other hands,

functional recovery in the cylinder test and weight gain started delayed after 24 days. Other

types of stem cell treatment for ICH have been also showed both early and delayed functional

recovery. Uchida et al. reported early and delayed functional recovery by Muse cell transplan-

tation in the rat middle cerebral artery occlusion model [48]. In a rat model of ICH using colla-

genase, adipose-derived stem cells led to significant functional recovery after three days [49].

In a rat model of ICH with collagenase, bone marrow stromal cells led to significant functional

improvement after seven days [50]. After stem cell implantation into ICH rodent model, early

functional recovery within a few days may be caused by neurotrophic effect or regulation of

neuroinflammation, while delayed functional recovery may be caused by neural network

reconstruction [48].

Fig 5. HAP stem cell implantation results in improved sensorimotor function and weight gain in C57BL/6J mice with ICH. The

score of modified limb-placing test and the cylinder test and weight gain for each group over 31 days after ICH are presented. (A)

C57BL/6J mice with ICH implanted with HAP stem cells had significantly better functional recovery than mice without HAP-stem-cell

implantation on day 17 and thereafter in the modified limb-placing test (n = 10, each group). �P< 0.05. (B) C57BL/6J mice with ICH

implanted with HAP stem cells had a significantly better functional recovery than mice without HAP-stem-cell implantation on day 31

in the cylinder test (n = 8, each group). �P< 0.05 (C) The C57BL/6J mice with ICH implanted with HAP stem cells showed significant

weight gain compared to the mice without HAP-stem-cell implantation on day 24 and thereafter (n = 7, each group) �P< 0.05.

https://doi.org/10.1371/journal.pone.0280304.g005

PLOS ONE HAP-stem-cell-implantation repairs intracerebral hemorrhage and reduces neuroinflammation in mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0280304 January 13, 2023 12 / 16

https://doi.org/10.1371/journal.pone.0280304.g005
https://doi.org/10.1371/journal.pone.0280304


The present study shows a new capability of HAP stem cells, which is repair of ICH. Direct

injection of HAP stem cells into the hematoma cavity resulted in survival of implanted cells,

spontaneous differentiation into neuronal marker-positive cells, suppression of glial scar for-

mation and neuroinflammation and improvement in neurological deficit. Moreover, none of

the mice implanted with HAP stem cell in the present study and previously reported studies

with mice implanted with HAP stem cells into spinal cord showed any tumor formation

[21,22]. HAP stem cells do not need introduction of oncogenic factors that are essential for

iPSCs generation. iPSCs can form tumors unlike HAP stem cells. HAP stem cells are readily

accessible from everyone, and can be used autologously without immune-suppression, do not

form tumors, and can be cryopreserved without loss of pluripotency, allowing banking

[51,52]. In the present study, a mouse model of ICH was used to demonstrate that HAP stem

cells can be implanted in the brain of the mouse, providing beneficial effects of functional and

structural recovery after ICH. We suggest HAP stem cells may have potential for repair of

ICH.

Supporting information

S1 Fig. Negative control slices of GFAP (A), DCX (B), MBP (C) and Iba-1 (D) where no pri-

mary antibodies are added in Fig 2. Bar = 25 μm. All images show coronal sections of the

brain.

(TIF)

S1 Table. Raw data used for graphs and calculations.

(XLSX)

Acknowledgments

We gratefully thank Mari Mori, Masako Ishii and other members of the technical assistance.

Author Contributions

Conceptualization: Koya Obara.

Data curation: Koya Obara, Nobuko Arakawa.

Formal analysis: Koya Obara, Yuko Hamada.

Funding acquisition: Koya Obara.

Investigation: Koya Obara, Yuko Hamada, Nobuko Arakawa.

Methodology: Koya Obara.

Project administration: Koya Obara, Kyoumi Shirai, Yuko Hamada, Nobuko Arakawa,

Yasuyuki Amoh.

Validation: Ayami Hasegawa, Nanako Takaoka, Ryoichi Aki, Robert M. Hoffman.

Writing – original draft: Koya Obara.

Writing – review & editing: Yuko Hamada, Robert M. Hoffman, Yasuyuki Amoh.

References
1. Heiskanen O. Treatment of spontaneous intracerebral and intracerebellar hemorrhages. Stroke. 1993;

24 (12 Suppl), I94–I95. PMID: 8249028

PLOS ONE HAP-stem-cell-implantation repairs intracerebral hemorrhage and reduces neuroinflammation in mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0280304 January 13, 2023 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280304.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280304.s002
http://www.ncbi.nlm.nih.gov/pubmed/8249028
https://doi.org/10.1371/journal.pone.0280304


2. Broderick J, Brott T, Tomsick T, Tew J, Duldner J, Huster G. Management of intracerebral hemorrhage

in a large metropolitan population. Neurosurgery. 1994; 34 (5), 882–887. https://doi.org/10.1227/

00006123-199405000-00015 PMID: 8052387

3. Inagawa T. What are the actual incidence and mortality rates of intracerebral hemorrhage? Neurosurgi-

cal Review. 2002; 25(4), 237–246. https://doi.org/10.1007/s10143-002-0222-0 PMID: 12172732

4. Burchell SR, Tang J, Zhang JH. Hematoma expansion following intracerebral hemorrhage: mecha-

nisms targeting the coagulation cascade and platelet activation. Current Drug Targets. 2017; 18(12),

1329–1344. https://doi.org/10.2174/1389450118666170329152305 PMID: 28378693

5. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage: mechanisms of injury and therapeutic targets. The

Lancet Neurology. 2012; 11(8), 720–731. https://doi.org/10.1016/S1474-4422(12)70104-7 PMID:

22698888

6. Wan J, Ren H, Wang J. Iron toxicity, lipid peroxidation and ferroptosis after intracerebral haemorrhage.

Stroke and Vascular Neurology. 2019; 4(2), 93–95. https://doi.org/10.1136/svn-2018-000205 PMID:

31338218

7. Xue M, Yong VW. Neuroinflammation in intracerebral haemorrhage: immunotherapies with potential for

translation. The Lancet Neurology. 2020; 19(12), 1023–1032. https://doi.org/10.1016/S1474-4422(20)

30364-1 PMID: 33212054

8. Power C, Henry S, Del Bigio MR, Larsen PH, Corbett D, Imai Y, et al. Intracerebral hemorrhage induces

macrophage activation and matrix metalloproteinases. Annals and Neurology. 2003; 53(6), 731–742.

https://doi.org/10.1002/ana.10553 PMID: 12783419

9. Qureshi AI, Suri MF, Ostrow PT, Kim SH, Ali Z, Shatla AA, et al. Apoptosis as a form of cell death in

intracerebral hemorrhage. Neurosurgery. 2003; 52(5), 1041–1047; discussion 1047–1048. PMID:

12699545

10. Morgenstern LB, Hemphill JC 3rd, Anderson C, Becker K, Broderick JP, Connolly ES Jr, et al. Guide-

lines for the management of spontaneous intracerebral hemorrhage: a guideline for healthcare profes-

sionals from the American Heart Association/American Stroke Association. Stroke. 2010; 41(9), 2108–

2129. https://doi.org/10.1161/STR.0b013e3181ec611b PMID: 20651276

11. Li L, Mignone J, Yang M, Matic M, Penman S, Enikolopov G, et al. Nestin expression in hair follicle

sheath progenitor cells. Proceeding of National Academy Sciences of the United States of America.

2003; 100(17), 9958–9961. https://doi.org/10.1073/pnas.1733025100 PMID: 12904579

12. Uchugonova A, Duong J, Zhang N, König K, Hoffman RM. The bulge area is the origin of nestin-

expressing pluripotent stem cells of the hair follicle. Jornal of Cellular Biochemistry. 2011; 112(8),

2046–2050. https://doi.org/10.1002/jcb.23122 PMID: 21465525

13. Amoh Y, Li L, Yang M, Moossa AR, Katsuoka K, Penman S, et al. Multipotent nestin-positive, keratin-

negative hair-follicle bulge stem cells can form neurons. Proceeding of National Academy Sciences of

the United States of America. 2005; 102(15), 5530–5534. https://doi.org/10.1073/pnas.0501263102

PMID: 15802470

14. Yashiro M, Mii S, Aki R, Hamada Y, Arakawa N, Kawahara K, et al. From hair to heart: nestin expressing

hair follicle associated pluripotent (HAP) stem cells differentiate to beating cardiac muscle cells. Cell

Cycle. 2015; 14(14), 2362–2366. https://doi.org/10.1080/15384101.2015.1042633 PMID: 25970547

15. Tohgi N, Obara K, Yashiro M, Hamada Y, Arakawa N, Mii S, et al. Human hair-follicle associated plurip-

otent (hHAP) stem cells differentiate to cardiac-muscle cells. Cell Cycle. 2017; 16(1), 95–99. https://

doi.org/10.1080/15384101.2016.1253642 PMID: 27880068

16. Yamazaki A, Yashiro M, Mii S, Aki R, Hamada Y, Arakawa N, et al. Isoproterenol directs hair follicle-

associated pluripotent (HAP) stem cells to differentiate in vitro to cardiac muscle cells which can be

induced to form beating heart muscle tissue sheets. Cell Cycle. 2016; 15(5), 760–765. https://doi.org/

10.1080/15384101.2016.1146837 PMID: 27104748

17. Yamane M, Takaoka N, Obara K, Shirai K, Aki R, Hamada Y, et al. Hair-Follicle-Associated Pluripotent

(HAP) Stem Cells Can Extensively Differentiate to Tyrosine-Hydroxylase-Expressing Dopamine-

Secreting Neurons. Cells. 2021; 10(4), 864. https://doi.org/10.3390/cells10040864 PMID: 33920157

18. Amoh Y, Li L, Katsuoka K, Hoffman RM. Multipotent hair follicle stem cells promote repair of spinal cord

injury and recovery of walking function. Cell Cycle. 2008; 7(12), 1865–1869. https://doi.org/10.4161/cc.

7.12.6056 PMID: 18583926

19. Liu F, Uchugonova A, Kimura H, Zhang C, Zhao M, Zhang L, et al. The bulge area is the major hair folli-

cle source of nestin-expressing pluripotent stem cells which can repair the spinal cord compared to the

dermal papilla. Cell Cycle. 2011; 10(5), 830–839. https://doi.org/10.4161/cc.10.5.14969 PMID:

21330787

20. Yamazaki A, Obara K, Tohgi N, Shirai K, Mii S, Hamada Y, et al. Implanted hair-follicle-associated plu-

ripotent (HAP) stem cells encapsulated in polyvinylidene fluoride membrane cylinders promote effective

PLOS ONE HAP-stem-cell-implantation repairs intracerebral hemorrhage and reduces neuroinflammation in mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0280304 January 13, 2023 14 / 16

https://doi.org/10.1227/00006123-199405000-00015
https://doi.org/10.1227/00006123-199405000-00015
http://www.ncbi.nlm.nih.gov/pubmed/8052387
https://doi.org/10.1007/s10143-002-0222-0
http://www.ncbi.nlm.nih.gov/pubmed/12172732
https://doi.org/10.2174/1389450118666170329152305
http://www.ncbi.nlm.nih.gov/pubmed/28378693
https://doi.org/10.1016/S1474-4422%2812%2970104-7
http://www.ncbi.nlm.nih.gov/pubmed/22698888
https://doi.org/10.1136/svn-2018-000205
http://www.ncbi.nlm.nih.gov/pubmed/31338218
https://doi.org/10.1016/S1474-4422%2820%2930364-1
https://doi.org/10.1016/S1474-4422%2820%2930364-1
http://www.ncbi.nlm.nih.gov/pubmed/33212054
https://doi.org/10.1002/ana.10553
http://www.ncbi.nlm.nih.gov/pubmed/12783419
http://www.ncbi.nlm.nih.gov/pubmed/12699545
https://doi.org/10.1161/STR.0b013e3181ec611b
http://www.ncbi.nlm.nih.gov/pubmed/20651276
https://doi.org/10.1073/pnas.1733025100
http://www.ncbi.nlm.nih.gov/pubmed/12904579
https://doi.org/10.1002/jcb.23122
http://www.ncbi.nlm.nih.gov/pubmed/21465525
https://doi.org/10.1073/pnas.0501263102
http://www.ncbi.nlm.nih.gov/pubmed/15802470
https://doi.org/10.1080/15384101.2015.1042633
http://www.ncbi.nlm.nih.gov/pubmed/25970547
https://doi.org/10.1080/15384101.2016.1253642
https://doi.org/10.1080/15384101.2016.1253642
http://www.ncbi.nlm.nih.gov/pubmed/27880068
https://doi.org/10.1080/15384101.2016.1146837
https://doi.org/10.1080/15384101.2016.1146837
http://www.ncbi.nlm.nih.gov/pubmed/27104748
https://doi.org/10.3390/cells10040864
http://www.ncbi.nlm.nih.gov/pubmed/33920157
https://doi.org/10.4161/cc.7.12.6056
https://doi.org/10.4161/cc.7.12.6056
http://www.ncbi.nlm.nih.gov/pubmed/18583926
https://doi.org/10.4161/cc.10.5.14969
http://www.ncbi.nlm.nih.gov/pubmed/21330787
https://doi.org/10.1371/journal.pone.0280304


recovery of peripheral nerve injury. Cell Cycle. 2017; 16(20), 1927–1932. https://doi.org/10.1080/

15384101.2017.1363941 PMID: 28886268

21. Obara K, Tohgi N, Shirai K, Mii S, Hamada Y, Arakawa N, et al. Hair-Follicle-Associated Pluripotent

(HAP) Stem Cells Encapsulated on Polyvinylidene Fluoride Membranes (PFM) Promote Functional

Recovery from Spinal Cord Injury. Stem Cell Reviews and Reports. 2019; 15(1), 59–66. https://doi.org/

10.1007/s12015-018-9856-3 PMID: 30341634

22. Obara K, Shirai K, Yuko H, Arakawa N, Yamane M, Takaoka N, et al. Chronic spinal cord injury function-

ally repaired by direct implantation of encapsulated hair-follicle-associated pluripotent (HAP) stem cells

in a mouse model: Potential for clinical regenerative medicine. PLoS One. 2022; 17(1), e0262755.

https://doi.org/10.1371/journal.pone.0262755 PMID: 35085322

23. Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. ‘Green mice’ as a source of ubiquitous

green cells. FEBS Letters. 1997; 407(3), 313–319. https://doi.org/10.1016/s0014-5793(97)00313-x

PMID: 9175875

24. Kawai S, Takagi Y, Kaneko S, Kurosawa T. Effect of three types of mixed anesthetic agents alternate to

ketamine in mice. Experimental Animals. 2011; 60(5), 481–487. https://doi.org/10.1538/expanim.60.

481 PMID: 22041285

25. Clark W, Gunion-Rinker L, Lessov N, Hazel K. Citicoline treatment for experimental intracerebral hem-

orrhage in mice. Stroke. 1998; 29(10), 2136–2140. https://doi.org/10.1161/01.str.29.10.2136 PMID:

9756595

26. Jeong SW, Chu K, Jung KH, Kim SU, Kim M, Roh JK. Human neural stem cell transplantation promotes

functional recovery in rats with experimental intracerebral hemorrhage. Stroke. 2003; 34(9): 2258–

2263. https://doi.org/10.1161/01.STR.0000083698.20199.1F PMID: 12881607

27. Lee HJ, Kim KS, Kim EJ, Choi HB, Lee KH, Park IH, et al. Brain transplantation of human neural stem

cells promotes functional recovery in mouse intracerebral hemorrhage stroke model. Stem Cells. 2007;

25(5), 211–224. https://doi.org/10.1634/stemcells.2006-0409 PMID: 17218400

28. Zhu W, Gao Y, Wan J, Lan X, Han X, Zhu S, et al. Changes in motor function, cognition, and emotion-

related behavior after right hemispheric intracerebral hemorrhage in various brain regions of mouse.

Brain, Behavior, and Immunity. 2018; 69, 568–581. https://doi.org/10.1016/j.bbi.2018.02.004 PMID:

29458197

29. Hijioka M, Matsushita H, Hisatsune A, Isohama Y, Katsuki H. Therapeutic effect of nicotine in a mouse

model of intracerebral hemorrhage. Journal of Pharmacology and Experimental Therapeutics. 2011;

338(3), 741–749. https://doi.org/10.1124/jpet.111.182519 PMID: 21610140

30. Bacigaluppi M, Pluchino S, Peruzzotti-Jametti L, Kilic E, Kilic U, Salani G, et al. Delayed post-ischaemic

neuroprotection following systemic neural stem cell transplantation involves multiple mechanisms.

Brain. 2009; 132(Pt 8), 2239–2251. https://doi.org/10.1093/brain/awp174 PMID: 19617198

31. Horie N, Pereira MP, Niizuma K, Sun G, Keren-Gill H, Encarnacion A, et al. Transplanted stem cell-

secreted vascular endothelial growth factor effects poststroke recovery, inflammation, and vascular

repair. Stem Cells. 2011; 29(2), 274–285. https://doi.org/10.1002/stem.584 PMID: 21732485

32. Oki K, Tatarishvili J, Wood J, Koch P, Wattananit S, Mine Y, et al. Human-induced pluripotent stem cells

form functional neurons and improve recovery after grafting in stroke-damaged brain. Stem Cells. 2012;

30(6), 1120–1133. https://doi.org/10.1002/stem.1104 PMID: 22495829

33. Lee ST, Chu K, Jung KH, Kim SJ, Kim DH, Kang KM, et al. Anti-inflammatory mechanism of intravascu-

lar neural stem cell transplantation in haemorrhagic stroke. Brain. 2008; 131(Pt 3), 616–629. https://

doi.org/10.1093/brain/awm306 PMID: 18156155

34. Qin J, Gong G, Sun S, Qi J, Zhang H, Wang Y, et al. Functional recovery after transplantation of induced

pluripotent stem cells in a rat hemorrhagic stroke model. Neuroscience Letters. 2013; 554, 70–75.

https://doi.org/10.1016/j.neulet.2013.08.047 PMID: 24005132

35. Nonaka M, Yoshikawa M, Nishimura F, Yokota H, Kimura H, Hirabayashi H, et al. Intraventricular trans-

plantation of embryonic stem cell-derived neural stem cells in intracerebral hemorrhage rats. Neurologi-

cal Research. 2004; 26(3), 265–272. https://doi.org/10.1179/016164104225014049 PMID: 15142318

36. Lee HJ, Kim KS, Kim EJ, Choi HB, Lee KH, Park IH, et al. Brain transplantation of immortalized human

neural stem cells promotes functional recovery in mouse intracerebral hemorrhage stroke model. Stem

Cells. 2007; 25(5), 1204–1212. https://doi.org/10.1634/stemcells.2006-0409 PMID: 17218400

37. Wang Z, Cui C, Li Q, Zhou S, Fu J, Wang X, et al. Intracerebral transplantation of foetal neural stem

cells improves brain dysfunction induced by intracerebral haemorrhage stroke in mice. Journal of Cellu-

lar and Molecular Medicine. 2011; 15(12), 2624–2633. https://doi.org/10.1111/j.1582-4934.2011.

01259.x PMID: 21251212

38. Zhou H, Zhang H, Yan Z, Xu R. Transplantation of human amniotic mesenchymal stem cells promotes

neurological recovery in an intracerebral hemorrhage rat model. Biochemical and Biophysical Research

Communications. 2016; 475(2), 202–208. https://doi.org/10.1016/j.bbrc.2016.05.075 PMID: 27188654

PLOS ONE HAP-stem-cell-implantation repairs intracerebral hemorrhage and reduces neuroinflammation in mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0280304 January 13, 2023 15 / 16

https://doi.org/10.1080/15384101.2017.1363941
https://doi.org/10.1080/15384101.2017.1363941
http://www.ncbi.nlm.nih.gov/pubmed/28886268
https://doi.org/10.1007/s12015-018-9856-3
https://doi.org/10.1007/s12015-018-9856-3
http://www.ncbi.nlm.nih.gov/pubmed/30341634
https://doi.org/10.1371/journal.pone.0262755
http://www.ncbi.nlm.nih.gov/pubmed/35085322
https://doi.org/10.1016/s0014-5793%2897%2900313-x
http://www.ncbi.nlm.nih.gov/pubmed/9175875
https://doi.org/10.1538/expanim.60.481
https://doi.org/10.1538/expanim.60.481
http://www.ncbi.nlm.nih.gov/pubmed/22041285
https://doi.org/10.1161/01.str.29.10.2136
http://www.ncbi.nlm.nih.gov/pubmed/9756595
https://doi.org/10.1161/01.STR.0000083698.20199.1F
http://www.ncbi.nlm.nih.gov/pubmed/12881607
https://doi.org/10.1634/stemcells.2006-0409
http://www.ncbi.nlm.nih.gov/pubmed/17218400
https://doi.org/10.1016/j.bbi.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29458197
https://doi.org/10.1124/jpet.111.182519
http://www.ncbi.nlm.nih.gov/pubmed/21610140
https://doi.org/10.1093/brain/awp174
http://www.ncbi.nlm.nih.gov/pubmed/19617198
https://doi.org/10.1002/stem.584
http://www.ncbi.nlm.nih.gov/pubmed/21732485
https://doi.org/10.1002/stem.1104
http://www.ncbi.nlm.nih.gov/pubmed/22495829
https://doi.org/10.1093/brain/awm306
https://doi.org/10.1093/brain/awm306
http://www.ncbi.nlm.nih.gov/pubmed/18156155
https://doi.org/10.1016/j.neulet.2013.08.047
http://www.ncbi.nlm.nih.gov/pubmed/24005132
https://doi.org/10.1179/016164104225014049
http://www.ncbi.nlm.nih.gov/pubmed/15142318
https://doi.org/10.1634/stemcells.2006-0409
http://www.ncbi.nlm.nih.gov/pubmed/17218400
https://doi.org/10.1111/j.1582-4934.2011.01259.x
https://doi.org/10.1111/j.1582-4934.2011.01259.x
http://www.ncbi.nlm.nih.gov/pubmed/21251212
https://doi.org/10.1016/j.bbrc.2016.05.075
http://www.ncbi.nlm.nih.gov/pubmed/27188654
https://doi.org/10.1371/journal.pone.0280304


39. Lee HJ, Lim IJ, Lee MC, Kim SU. Human neural stem cells genetically modified to overexpress brain-

derived neurotrophic factor promote functional recovery and neuroprotection in a mouse stroke model.

J Neurosci Res. 2010; 88(15):3282–3294. https://doi.org/10.1002/jnr.22474 PMID: 20818776

40. Karagyaur M, Dzhauari S, Basalova N, Aleksandrushkina N, Sagaradze G, Danilova N, et al. MSC

Secretome as a Promising Tool for Neuroprotection and Neuroregeneration in a Model of Intracerebral

Hemorrhage. Pharmaceutics. 2021; 13(12):2031. https://doi.org/10.3390/pharmaceutics13122031

PMID: 34959314

41. Shimamura N, Kakuta K, Wang L, Naraoka M, Uchida H, Wakao S, et al. Neuro-regeneration therapy

using human Muse cells is highly effective in a mouse intracerebral hemorrhage model. Exp Brain Res.

2017; 235(2):565–572. https://doi.org/10.1007/s00221-016-4818-y PMID: 27817105

42. Gao L, Xu W, Li T, Chen J, Shao A, Yan F, et al. Stem Cell Therapy: A Promising Therapeutic Method

for Intracerebral Hemorrhage. Cell Transplantation. 2018; 27(12), 1809–1824. https://doi.org/10.1177/

0963689718773363 PMID: 29871521

43. Chiu CD, Yao NW, Guo JH, Shen CC, Lee HT, Chiu YP, et al. Inhibition of astrocytic activity alleviates

sequela in acute stages of intracerebral hemorrhage. Oncotarget. 2017; 8(55), 94850–94861. https://

doi.org/10.18632/oncotarget.22022 PMID: 29212271

44. Almolda B, de Labra C, Barrera I, Gruart A, Delgado-Garcia JM, Villacampa N, et al. Alterations in

microglial phenotype and hippocampal neuronal function in transgenic mice with astrocyte-targeted pro-

duction of interleukin-10. Brain, Behavior, and Immunity. 2015; 45, 80–97. https://doi.org/10.1016/j.bbi.

2014.10.015 PMID: 25449577

45. Villacampa N, Almolda B, Vilella A, Campbell IL, González B, Castellano B. Astrocyte-targeted produc-
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