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Implanted hair-follicle-associated pluripotent (HAP) stem cells encapsulated in
polyvinylidene fluoride membrane cylinders promote effective recovery
of peripheral nerve injury
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ABSTRACT
Hair follicle-associated-pluripotent (HAP) stem cells are located in the bulge area of the hair follicle, express
the stem-cell marker, nestin, and have been shown to differentiate to nerve cells, glial cells, keratinocytes,
smooth muscle cells, cardiac muscle cells, and melanocytes. Transplanted HAP stem cells promote the
recovery of peripheral nerve and spinal cord injuries and have the potential for heart regeneration as well. In
the present study, we implanted mouse green fluorescent protein (GFP)-expressing HAP stem-cell spheres
encapsulated in polyvinylidene fluoride (PVDF)-membrane cylinders into the severed sciatic nerve
of immunocompetent and immunocompromised (nude) mice. Eight weeks after implantation,
immunofluorescence staining showed that the HAP stem cells differentiated into neurons and glial cells.
Fluorescence microscopy showed that the HAP stem cell hair spheres promoted rejoining of the sciatic
nerve of both immunocompetent and immunodeficient mice. Hematoxylin and eosin (H&E) staining
showed that the severed scatic nerves had regenerated. Quantitative walking analysis showed that the
transplanted mice recovered the ability to walk normally. HAP stem cells are readily accessible from
everyone, do not form tumors, and can be cryopreserved without loss of differentiation potential. These
results suggest that HAP stem cells may have greater potential than iPS or ES cells for regenerativemedicine.
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Introduction

In 2003,1 we reported that nestin, a protein marker for neural
stem cells, also is expressed in hair follicle stem cells in transgenic
mice in which GFP expression is driven by nestin regulatory ele-
ments in transgenic mice, and labeled these hair-follicle cells with
GFP. These cells can differentiate into neurons, glia, keratino-
cytes, smooth muscle cells, and melanocytes and heart muscle
cells2-9 in vitro and were therefore termed hair HAP stem cells. In
vivo studies showed the HAP stem cells can differentiate into
blood vessels and neurons after transplantation to the subcutis of
nude mice. HAP stem cells implanted into the gap region of a sev-
ered sciatic nerve in mice enhanced regeneration and the restora-
tion of nerve function and walking ability. The implanted HAP
stem cells transdifferentiated largely into Schwann cells.10

Human HAP cells can also differentiate into neurons, glia,
keratinocytes, smooth muscle cells, and melanocytes in vitro
and when transplanted in the severed sciatic nerve of mice,
they differentiated into Schwann cells and promoted the recov-
ery of pre-existing axons, leading to nerve generation and func-
tional recovery.11

Subsequently, we severed the thoracic spinal cord of C57BL/
6 immunocompetent mice and implanted HAP stem cells to
the injury site. Most of the implanted HAP stem cells also

differentiated into Schwann cells and facilitated repair of the
severed spinal cord. The rejoined spinal cord reestablished
extensive hind-limb locomotor performance.12,13

In another study, HAP stem cells were implanted into rats
with spinal cord injury. Immunohistochemical staining showed
that HAP stem cells differentiated into oligodendrocytes and
neuronal-like cells (bIII-tubulin-positive cells) at 3 weeks after
transplantation. Recovery of hind limb locomotor function
occurred in the HAP stem cell-implanted rats at 8 weeks fol-
lowing cell transplantation.14

In the present study, we demonstrate that mouse HAP stem
cells encapsulated in polyvinylidene fluoride (PVDF)-
membrane cylinders promote effective recovery of peripheral
nerve injury when implanted in the severed sciatic nerve of
immunocompetent and immunocompetent mice.

Results and discussion

Encapsulation of HAP stem-cell hair-spheres
in polyvinylidene fluoride (PVDF)-membrane cylinders

HAP stem cells from the upper parts of murine vibrissa hair
follicles were cultured in 10% FBS DMEM for 4 weeks.
Growing HAP stem cells that were detached were transferred
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to a non-adhesive culture dish in DMEM/F12 containing 2%
B-27. After one week of culture, the detached cells formed
hair spheres. Hair spheres were then cultured on sterilized
PVDF-membranes in 10% FBS DMEM for 3 d. PVDF-mem-
branes were encapsulated into cylinders with the hair spheres
on the inside (Fig. 1, Fig. 2A1, Fig. 2A2).

HAP stem cells encapsulated in PVDF-membrane
cylinders differentiate into neurons and glial cells
after implantation in the severed sciatic nerve
in nude mice

Immunofluorescence showed that nestin-expressing HAP stem
cells hair spheres on PVDF-membranes differentiated to neu-
rons and glial cells (Fig. 2A3). Flowcytometory analysis showed
that the differentiated cells from the hair spheres on the PVDF-
membranes contained 47% neurons and 8% glial cells
(Fig. 2A4). The PVDF-membranes were rolled into cylinders
with the HAP stem cells hair spheres on the inside (Fig. 2A5).
Nude mice had their sciatic nerve severed under anesthesia. The
mice were then implanted with HAP stem cell-hair sphere-con-
taining PVDF-membrane cylinders into the sciatic nerve. Eight
weeks after implantation, the sciatic nerve of the transplanted
nude mice was directly observed by fluorescence microscopy
which showed that GFP-expressing HAP stem cells extended
from the cylinder and joined the severed sciatic nerve (Fig. 2B)

Immunofluorescence staining also showed that the nerves
joined and HAP stem cells differentiated to neurons and glial
cells. In contrast, the nerves in the nude mice implanted with
empty cylinders remained separated (Fig. 3)

Implantation of the HAP stem-cell-spheres encapsulated
in PVDF-membrane cylinders promotes rejoining of the
severed sciatic nerve in C57BL/6J mice

Eight weeks after implantation of the HAP stem cell sphere
cylinders between the served sciatic nerve fragments of

C57BL/6J mice, the severed sciatic nerves rejoined. Hema-
toxylin and eosin (H&E) stained slides showed that a large
number of spindle cells grew in the severed part of the sci-
atic nerve. (Fig. 4A) Furthermore immunostaining shows
that hair spheres differentiated to neurons and glial cells
after implantation (Fig. 4B, C)

HAP stem-cell hair-sphere PVDF-membrane cylinder-
implanted C57BL/6J mice recovered the ability to walk

Eight weeks after transplantation of HAP stem-cell hair-
sphere-containing PVDF-membrane cylinders to C57BL/6J
mice between the severed sciatic nerve fragments, locomo-
tion of the mice was evaluated by the sum of 4 points; (i)
bond of the sole, (ii) toe deformity, (iii) degree of opening
toes and (iv) holding toes on the ground during standing.
Mice implanted with the HAP stem-cell hair-sphere-con-
taining PVDF-membrane cylinders recovered the above 4
functions. On the other hand, 7 mice without implantation
or 7 mice implanted with empty PVDF-membrane cylin-
ders, did not recover all these functions (Fig. 5, Supplemen-
tal Videos 1, 2). A locomotion score, based on the above
parameters, of the mice implanted with HAP stem-cell hair-
sphere-containing PVDF-membrane cylinders had a signifi-
cantly higher score compared with mice without implanta-
tion or the mice implanted with the empty cylinder alone.
The mice without implantation had a score of 4.4 § 1.7,
the mice implanted with the empty cylinder had a score of
4.4 § 1.9, the mice implanted with the HAP stem-cells
hair-sphere-containing PVDF-membrane cylinders had a
score of 10.1 § 3.8 (p D 0.002, compared with no trans-
plantation or transplantation of empty cylinders) (Table. 1).

In conclusion, in the present study, we developed HAP
stem-cell hair-spheres encapsulated in a PVDF-membrane
cylinder for implantation in severed peripheral nerves which
effect functional repair. Future use of human hair follicles to

Figure 1. Encapsulation of HAP stem-cell hair-spheres in PVDF-membrane cylinders for implantation to the severed sciatic nerve in nude and immunocompetent mice.
HAP stem cells from the upper parts of vibrissa hair follicles from C57BL/6J mice were cultured in 10% FBS DMEM for 4 weeks. Growing HAP stem cells detached and
were transferred to a non-adhesive culture dish in DMEM/F12 containing 2% B-27. After one week of culture, the detached cells formed hair spheres. Hair spheres were
cultured on sterilized PVDF-membranes in 10% FBS DMEM for 3 d. PVDF-membranes was rolled up into cylinders with the hair spheres on the inside. Schematic diagram
shows 2 transplantation designs. Experiment I: GFP-expressing HAP stem-cell hair-spheres from GFP-mouse hair follicles in PVDF-membrane cylinders were implanted
into the severed sciatic nerve of nude mice (Crlj: CD1-Foxn1nu). Experiment II: A HAP stem-cell hair-sphere-containing PVDF-membrane cylinder from C57BL/6J mice were
transplanted into the severed sciatic nerve of C57BL/6J mice.
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produce HAP stem cells for encapsulation in PVDF-
membrane cylinders have potential to regenerate nerve
injury in the clinic.

Materials and methods

Animals

Transgenic C57BL/6J-EGFP mice (GFP mice) were obtained
from the Research Institute for Microbial Diseases (Osaka Uni-
versity, Osaka).15 C57BL/6J mice were obtained from Nihon
CLEA (Kawasaki, Japan). Crlj: nu/nu mice (nude mice) were
obtained from Oriental BioService, Inc. (Tokyo, Japan). All ani-
mal experiments were conducted according to the Guidelines
for Animal Experimentation at Kitasato University.

Isolation of vibrissa hair follicles

The vibrissa hair follicles from C57Bl/6j GFP mice were isolated as
described previously.3,16 To isolate the vibrissa follicles, parts of left
or right vibrissa pads were dissected under a binocular microscope.

Transplantation HAP stem cells encapsulated in
polyvinylidene fluoride membrane cylinders

HAP stem cells from the upper parts of vibrissa hair fol-
licles and hair spheres were cultured as described

previously.3,16 Hair spheres were subsequently cultured on
sterilized PVDF-membranes (Millipore, Darmstadt, Ger-
many) in DMEM (Sigma-Aldrich, St. Louis, MO) contain-
ing 10% fetal bovine serum (FBS), 50 mg/ml gentamycin
(Gibco, Grand Island, NY), 2 mM L-glutamine (Gibco) and
10 mM HEPES (MP Biomedicals, Santa Ana, CA) for 3 d.
PVDF-membranes were rolled up into cylinders with the
HAP stem cell hair spheres on the inside.

Implantation of the HAP stem cell spheres encapsulated
in polyvinylidene fluoride membrane cylinders to the
severed sciatic nerve

The mouse sciatic nerve was severed under anesthesia.
HAP stem cell spheres encapsulated in PVDF-membrane
cylinders were implanted between the served sciatic nerve
fragments and the incision was closed with nylon sutures.
After 8 weeks, the sciatic nerve of the transplanted mice
was directly observed by fluorescence microscopy. Nerve
samples of the implanted mice were excised under anes-
thesia and embedded in O.C.T. Compound (Sakura Fine-
tek, Torrance, CA) in liquid N2. Frozen sections, 3 mm
thick, were sectioned with a cryostat (Bright Instruments,
Bedfordshire, UK) and air-dried. The C57BL/6J nerve
samples were fixed in 4% paraformaldehyde and were

Figure 2. HAP stem-cell hair-spheres were seeded on PVDF-membrane (A1), and then cultured in 10% FBS DMEM for 3 d. The HAP stem-cell hair-spheres differentiated to
neurons and glial cells (A2, A3). GreenD GFP; RedD nestin (A3); ßIII tubulin and GFAP; BlueD DAPI. BarD 100 mm. Differentiated cells from HAP stem-cells hair-sphere-
contained 47% neurons and 8% of glial cells (A4). The PVDF-membrane was rolled up into a cylinder with the HAP stem-cell hair-spheres on the inside (A5). HAP stem-cell
hair-sphere-containing cylinders were implanted into the severed sciatic nerve of nude mice. After 8 weeks, the sciatic nerve of the implanted nude mice was directly
observed by fluorescence microscopy. HAP stem cells differentiated and proliferated in the rejoining sciatic nerve (B1, 2).
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embedded in paraffin using Tissue Tek� VIP� (Sakura
Finetek). Paraffin sections, 3 mm thick, were sliced with a
YAMATO ROM-380 (Yamato Kohki Industrial, Saitama,
Japan).

Hematoxylin and eosin (H&E) staining

Paraffin sections were de-paraffinized and washed. They were
stained with H&E and were observed by Olympus BX 51
(Olymupus, Tokyo, Japan).

Figure 3. HAP stem-cell hair-spheres differentiated to neurons and glial cells after encapsulation in PVDF-membrane cylinders and implantation to the severed sciatic
nerve. Immunofluorescence images of frozen sections 8 weeks after implantation of the HAP stem-cell hair-sphere-containing PVDF-membrane cylinders transplanted
between the served sciatic nerve fragments, showed that the HAP stem cell spheres differentiated to neurons and glial cells. Red D bIII tubulin (upper) or GFAP (lower);
Green D GFP; Blue D DAPI. Right panelsD high magnification images of white boxes. Bar D 100 mm.

Figure 4. Implantation of HAP stem-cell hair-sphere-containing PVDF-membrane cylinders to C57BL/6J mice rejoined severed sciatic nerves. H&E staining of the severed
part of sciatic nerve in implanted mice (A). Immunostained images of paraffin sections, 8 weeks after implantation of HAP stem-cells hair-sphere-containing PVDF-mem-
brane cylinders between the severed sciatic nerve fragments, showed that the HAP stem cells differentiated into neurons (B), and glial cells (C). Right panelsD high-mag-
nifications of white boxes, individually. Bar D 100 mm.
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Immunostaining

Paraffin sections were incubated with anti-bIII tubulin mouse
monoclonal antibody (1:500, Tuj1 clone; Covance, CA) and then
were treated with the Dako ChemMateEnvision kit/ HRP (Dako
Japan, Tokyo, Japan). Paraffin sections were incubated with anti-
glial fibrillary acidic protein (GFAP) chicken polyclonal antibody
(1:300; abcam, UK) and then were incubated with goat anti-
chicken IgY biotinylated (1:1000; R&D Systems, Minneapolis,
MN). The paraffin sections were then treated with VECTAS-
TAIN ABC kit (Funakoshi, Tokyo, Japan). The paraffin sections

were then developed using DAB and were stained with Mayer’s
hematoxylin solution for nuclear staining.

Immunofluorescence staining

Frozen sections and HAP stem-cell hair-sphere-containing
cylinders were incubated with anti-nestin mouse monoclonal
antibody (1:200, rat401 clone; Millipore, Tokyo, Japan); anti-bIII
tubulin mouse monoclonal antibody (1:500) (Covance, CA) or
anti-glial fibrillary acidic protein (GFAP) chicken polyclonal anti-
body (1:300) (Abcam, UK) in blocking buffer (4% BSA, 0.5%

Figure 5. Implantation of HAP stem-cell hair-sphere-containing PVDF-membrane cylinders enabled recovery of the ability of the mice to walk. C57BL/6J mice with serv-
ered sciatic nerves were treated under 3 conditions: without implantation (left); implantation of empty PVDF-membrane cylinders (middle); and implantation of HAP
stem cell-sphere-containing PVDF-membrane cylinders (right). Eight weeks after implantation, bonding of the soles, toe deformity, degree of opening toes and holding
toes on the ground during standing were determined. The locomotion of the mice implanted with HAP stem-cells hair-sphere-containing PVDF-membrane cylinder recov-
ered compared with the mice transplanted with empty PVDF-membrane cylinders.

Table 1. Comparison of locomotion evaluation score.

Locomotion function Without implantation Implantation of PVDF-membrane cylinder Implantation of hair sphere roll

I: Bond of the sole 1.6 § 0.5 1.3 § 0.5 3.0 § 1.0
II: Toe deformity 1.1 § 0.9 1.0 § 0.8 2.3 § 1.3
III: Degree of opening toes 1.0 § 1.0 0.9 § 0.9 2.4 § 1.9
IV: Holding toes on the ground during standing 0.7 § 0.8 1.3 § 0.8 2.4 § 1.1
Sum 4.4 § 1.7 4.4 § 1.9 �10.1 § 3.8

The locomotion of mice was evaluated as follows: (I) bonding of the sole; (1 point D bonding at any one point of inner sole, outer sole, or heel, 2 points D bonding at 2
points. 3 points – bonding at 3 points. 5 points D bonding of entire sole); (II) toe deformity (0 pointsD toes are curled up. 1 point D toes are rounded and nails come
off the floor. 2 points D toes are rounded and nails bond floor. 5 points D flatfoot); (III) degree of opening of toes (0 points D closed, 1 point D big toes separate from
other toes, 2 points D big toe and 5th digit separate. 5 points D 5 toes separate individually); and (iv) holding toes on ground during rearing (0 points D cannot rear,
1 point D toes come off the floor, 2 points D supports the body with clenched back foot, 5 points D supports the body with flat open foot).
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Triton X100, 0.04% NaN3 in PBS) and then were incubated with
goat anti-mouse IgG conjugated with Alexa Flour 568� (1:400,
Molecular Probes, Eugene, Oregon) or goat anti-chiken IgG con-
jugated with Alexa Flour 568� (1:1500, Molecular Probes) and 40,
6-diamino-2-phenylindole, dihydrochloride (DAPI) (Molecular
Probes) in blocking buffer. Fluorescence staining was visualized
using anOlympus BX51microscope.

Flow cytometry

Cells differentiated for HAP stem cells hair-spheres on PVDF-
membranes were detached and incubated with anti-bIII tubulin
mouse monoclonal antibody (1:500) or anti-GFAP chicken
polyclonal antibody (1:300) as the primary antibody. Secondary
antibodies were goat anti-mouse IgG H&L phycoerythrin
(1:500; Abcam, Cambridge, UK) or goat anti-chicken IgY bioti-
nylated (1:1000) and Brilliant Violet TM streptavidin (1:1000;
BioLegend, CA, USA). The cells were measured by FACS Verse
(BD Bioscience, NJ, USA), were analyzed by FACS suiteTM soft-
ware (BD Bioscience). Flow cytometry analyses were repeated
in triplicate.

Walking analysis

Mice were observed walking in a transparent case (30 £ 30 cm)
and recoded with an Everio Hi-Vision Memory Movie GZ-
E265 (JVC, Kanagawa, Japan). Their locomotion was scored by
4 criteria: bond of the soles, toe deformity, degree of opening
toes and holding their toes on the ground during standing. I:
bond of the sole (1 point D bond at any one point of inner sole,
outer sole or heel. 2 points D bond at 2 points. 3 points D bond
at 3 points. 5 points D bond of entire sole); II: toe deformity
(0 points D toes are curled up. 1 point D toes are rounded and
nails come off the floor. 2 points D toes are rounded and nails
bond floor. 5 points D flatfoot.); III: degree of opening toes
(0 points D closed, 1 point D large toe separate from other
toes, 2 points D large toe and 5th digits separate, 5 points D 5
toes separate individually); and IV: holding toes on the ground
during standing (0 points D cannot rear; 1 point D toes come
off the floor; 2 points D supports the body with clenched back
foot; 5 points D support of body with flat open foot).

Statistical Analysis

The experimental data are expressed as the mean § SD. Statis-
tical analyses were performed with unpaired Student’s t test.
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