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Dynamic Nestin expression during hair follicle
maturation and the normal hair cycle
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Abstract. Nestin, a type-VI intermediate filament protein,
serves as a marker for neural stem cells, and is also known to
be expressed in follicle stem cells. Hair follicles go through
repeated cycles of anagen (growth), catagen (regression) and
telogen (quiescence) throughout the life of mammals following
morphogenesis. In the present study it was demonstrated that
in mice, the maturation of hair follicles includes the period
between morphogenesis and the first anagen (4 weeks of age).
Skin samples from Nestin-green fluorescent protein (GFP)*
mice at different hair follicle stages were collected, and
immunostaining for Nestin and Ki67 was performed. It was
identified that during morphogenesis, Nestin-GFP expression
was rarely detected and it gradually increased during matura-
tion (0-4 weeks) in hair follicle dermal cells. In mature hair
follicle dermal cells, Nestin and the proliferation marker Ki67
were highly expressed in anagen, while during telogen, they
were markedly decreased. Additionally, lineage tracing data
demonstrated that peri-follicular Nestin* cells during morpho-
genesis differentiated into cluster of differentiation 31* cells.

Introduction

As the primary barrier to the body, the skin protects against
dehydration, mechanical injury and microbial infection (1).
Skin is composed of an outer epidermis and the underlying
dermis separated by a basement membrane. Hair follicles are
highly sensitive mini-organs comprising epidermal keratino-
cytes and mesenchymal compartments (2-4). Hair growth is
a cyclic regeneration phenomenon regulated by connections
between epithelial and dermal compartments (5-8). Hair folli-
cles go through repeated cycles of anagen (growth), catagen
(regression) and telogen (quiescence) throughout the life of
mammals (9-12). Prior to the start of each cycle there is a phase
of hair follicle morphogenesis. Hair follicle morphogenesis and
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the subsequent hair phases follow a precise timescale (13). The
period beginning with hair morphogenesis until the first hair
cycle is considered to be the maturation of the hair follicle.
Nestin, originally discovered in neuroepithelial stem cells,
is an intermediate filament protein expressed during the early
stages of development (1,14). Hair follicles contain a distinct
population of follicular stem cells that express Nestin (15).
Using Nestin-green fluorescent protein (GFP) transgenic mice,
researchers demonstrated that during telogen and in early
anagen, Nestin-GFP" cells are primarily in the bulge area (9,16).
However, in mid- and late anagen, the GFP-expressing cells are
located in the upper outer-root sheath in addition to the bulge
area (9). However, Nestin expression between morphogenesis
and the postnatal regular hair cycle is not well studied. In the
present study, it was demonstrated that during morphogenesis,
Nestin-GFP expression was detected rarely, and gradually
increased during maturation (0-4 weeks) in hair follicle dermal
cells. In mature hair follicle dermal cells, Nestin and Ki67
were highly expressed in anagen, while during telogen, they
were markedly decreased. Additionally, the lineage tracing
data demonstrated that peri-follicular Nestin* cells during
morphogenesis differentiated into vascular cells.

Materials and methods

Animals and treatment. Nestin-GFP mice were provided by
Dr Grigori Enikolopov at Cold Spring Harbor Laboratory
(Cold Spring Harbor, NY, USA). Nestin-Cre®*™mice
(stock no. 003771) and B6.129X1-Gt (ROSA) 26Sortml
[enhanced yellow fluorescent protein (EYFP)] Cos/J mice
(stock no. 006148) were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). Five male mice were used in each
group. The mice were 8-days-old, 2-weeks-old, 4-weeks-old,
8-weeks-old and 12-weeks-old, whose average weight were 5,
7,12, 19 and 25 g, respectively. For the lineage tracing experi-
ment, mice were injected with tamoxifen (80 mg/kg) to induce
Cre-ER activity 8 days (P8) following birth and tested at
4 weeks old. All animal experiments were performed under the
approval of the Institutional Animal Care and Use Committee
at Southern Medical University (Guangzhou, China). Mice
were housed at the Department of Laboratory Animal Science,
Southern Medical University (Guangzhou, China), and main-
tained under a 12-h light/dark cycle, an ambient temperature
of 22+2°C and a constant humility of 60+10%, with food and
water provided ad libitum.
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Flow cytometry analysis. For flow cytometry analysis of
Nestin-GFP- and GFP* cells from the whole skin, the skin
from Nestin-GFP mice was dissected. Following hair removal,
the skin was lightly defatted before 2 ml of Trypsin-EDTA
(0.5%, 10X; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) was added, followed by incubation at 4°C overnight.
Dermis were separated and cut into small pieces, followed
by digestion in protease solution [2 mg/ml collagenase I and
2.5 mg/ml trypsin in phosphate-buffered saline (PBS) at 37°C]
for 1 h. Cells within the supernatant were collected for flow
cytometry. Following red blood cell lysis (in order to remove
the hemocytes) with commercial ammonium chloride-potas-
sium lysis buffer (Quality Biological, Inc., Gaithersburg,
MD, USA), the cells were analyzed according to CD45 and
GFP expression. Flow cytometry analysis was performed
using a FACSCalibur flow cytometer and CellQuest software
(version 5.1, Becton-Dickinson Biosciences). The primary
antibodies used were FITC-conjugated anti-mouse GFP (cat.
no. 338008; 1:200; BioLegend, Inc., San Diego, CA, USA),
PerCP-conjugated anti-mouse CD45 (cat. no. 103130; 1:200;
BioLegend, Inc.). Briefly, dermal cells were blocked with 1%
BSA (cat.no.05470; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 30 min on ice and following washing with PBS,
the primary antibodies were added and incubated on ice for
15 min.

Immunofluorescence. Following sacrifice, the skin of the
mice was resected and fixed in 4% ice-cold paraformaldehyde
solution for 1 h and decalcified by immersion in 30% sucrose
for 24 h. Finally, tissues were embedded in optimal cutting
temperature compound (Sakura Finetek USA, Inc, Torrance,
CA, USA). Sections of skin (10-xm thick) were harvested for
immunofluorescence staining.

For the staining, the sections were incubated with the
following primary antibodies: Mouse Ki67 (cat. no. ab15580;
1:200), GFP (cat. no. ab290; 1:200) and cluster of differ-
entiation (CD)31 (cat. no. ab28364; 1:50) (all from Abcam,
Cambridge, UK). Slides were rinsed with TBST (cat.
no. T5912; Sigma-Aldrich; Merck KGaA), blocked with 3%
BSA (cat. no. 05470; Sigma-Aldrich; Merck KGaA) for 1 h
at room temperature and then incubated with the primary
antibody overnight at 4°C, followed by incubation with FITC
or Cy3-conjugated secondary antibodies (FITC-conjugated
secondary antibodies: cat. no. 711-546-152; 1:1,000;
Cy3-conjugated secondary antibodies: cat. no. 711-167-003;
1:1,000; Jackson ImmunoResearch Europe, Ltd., Newmarket
UK) for 1 h at room temperature in the dark. Nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(Sigma-Aldrich; Merck KGaA). The sections were mounted
with the ProLong Antifade kit (Molecular Probes; Thermo
Fisher Scientific, Inc.) and were observed under a Zeiss
LSM780 confocal microscope (Zeiss AG, Oberkochen,
Germany).

Statistical analysis. Data are presented as the mean + standard
deviation of 3 independent experiments. One-way analysis of
variance followed by the Bonferroni post hoc test was applied.
All data were normally distributed and had similar variation
between groups. Statistical analysis was performed using SAS
version 9.3 software (SAS Institute, Inc., Cary, NC, USA).
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P<0.05 was considered to indicate a statistically significant
difference.

Results

Maturation of hair follicle dermal cells is characterized
by gain-of-nestin expression. Nestin is required for the
self-renewal, proliferation and cell cycle progression of hair
follicle cells (17-19). The mouse hair cycle follows a precise
time scale. A gradual induction of Nestin-GFP signaling was
detected in male Nestin-GFP* mice in hair follicle dermal
cells at P8, and in 2- and 4-week-old mice (Fig. 1A and B).
According to the immunofluorescence staining results,
Nestin-GFP was expressed at low levels at P8 (morphogenesis)
in hair follicle dermal cells and progressively increased at
2 and 4 weeks of age (first catagen and anagen; Fig. 1A and B).
Therefore, it appeared that the period spanning morphogenesis
until the first anagen represented the maturation of hair follicle
and, following this, hair follicles follow a regular hair cycle.

Mature hair follicle dermal cells co-express nestin and Ki67
during anagen. Given the induction of Nestin-GFP signaling
in male Nestin-GFP mice during maturation, the proliferation
capacity of hair follicle dermal cells during this period was
investigated by immunofluorescence staining with the Ki67
proliferation marker. The high amount of Ki67* dermal cells
observed at P8 (morphogenesis) indicated that the cells have
high proliferative activity during morphogenesis. Ki67 expres-
sion was substantially maintained at 2 weeks of age, when
the first catagen begins, and increased at 4 weeks, when first
anagen begins (Fig. 1C and D). Notably, co-immunofluores-
cence staining of Ki67 and Nestin-GFP at different time points
indicated that at P8, few Ki67* hair follicle dermal cells also
expressed Nestin-GFP. At 2 weeks, nearly 20% of Ki67* hair
follicle dermal cells expressed Nestin-GFP (Fig. 1E and F).
In 4-week-old mice, nearly all Ki67" hair follicle dermal cells
expressed Nestin-GFP, indicating that mature Nestin* hair
follicle dermal cells are of high proliferative capacity during
the first anagen (Fig. 1E and F). During the maturation of hair
follicles, hair follicle dermal cells begin expressing Nestin,
and mature cells are of high proliferative capacity.

Dynamic nestin expression during the normal hair cycle in
hair follicle dermal cells. Whether Nestin is highly expressed
during the normal hair cycle was also investigated. To deter-
mine this, skin from 4-, 8- and 12-week-old male Nestin-GFP*
mice was collected, corresponding to the first anagen, second
telogen and second anagen of the murine hair cycle, respec-
tively. Nestin-GFP was highly expressed in anagen (growing
phase; 4 and 12 weeks) and significantly decreased in telogen
(quiescent phase; 8 weeks; Fig. 2A and B).

Nestin may serve as marker of high proliferation during the
normal hair cycle. To investigate Ki67 expression during the
normal hair cycle in hair follicle dermal cells, Ki67 immuno-
fluorescence staining was performed on 4-, 8- and 12-week-old
male Nestin-GFP* mice. High Ki67 expression levels were
observed at 4 and 12 weeks, representing the first and second
anagen of the murine hair cycle, respectively, indicating that
the cells were in a highly proliferative state. At 8 weeks, when
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Figure 1. HF dermal cells in the dermis layer exhibit Nestin expression during hair morphogenesis. Representative images of (A) immunofluorescence staining
and (B) quantitative analysis of GFP* cells, (C) immunofluorescence staining and (D) quantification of Ki67* cells, and (E) immunofluorescence staining and
(F) quantification of GFP*/Ki67*cells, in the dermis layer from P8, 2- and 4-week-old male Nestin-GFP* mice (n=5). GFP is in green, Ki67 in red and DAPI
stains the nuclei blue. GFP, green fluorescent protein; DAPI, 4',6-diamidino-2-phenylindole; HF, hair follicle. "P<0.05.

mouse hair follicles were in telogen (quiescent phase), Ki67
expression levels were significantly decreased (Fig. 2C and D).
Co-immunofluorescence staining of Ki67 and Nestin-GFP
indicated that nearly all Ki67* cells were also Nestin-GFP*,
and the expression of the two markers was increased in
anagen and decreased in telogen (Fig. 2E and F). The fact
that Nestin had the same expression pattern as Ki67 during
the normal hair cycle in hair follicle dermal cells indicated
that Nestin may serve as a marker of high proliferation during
the normal hair cycle. Furthermore, flow cytometry analysis
of the isolated cells demonstrated that the percentage of GFP*
cells was gradually increased in mice of 2 and 4 weeks of age
compared with those at 8 days of age, which was in accordance
with the immunofluorescence staining results (Fig. 3A and B).
Additionally, flow cytometry analysis of the isolated cells
demonstrated that the percentage of GFP* cells was increased
during anagen (12 weeks) and decreased during telogen (8
weeks; Fig. 3C and D).

Nestin positive cells also express CD31. At P8, when morpho-
genesis occurs, Nestin-GFP was rarely expressed in hair follicle
dermal cells. However, Nestin-GFP* cells were detected in the
peri-follicular area (Fig. 1A). The lineage fate of the Nestin*
cells was traced at P8 using Nestin-Cre::ROSA26-EYFP

mice. Examination of the fate of Nestin-EYFP* cells
3 weeks post-tamoxifen injection revealed that ~20% of the
EYFP-labeled cells were also CD31* (Fig. 4).

Discussion

In mice, the first two postnatal hair cycles are synchro-
nized (13). Hair follicles are an ideal system for studying how
stem cells interact with progeny in the niche between quies-
cence and regeneration (5). Murine hair follicles undergo a
precise hair cycle, which follows a specific timescale following
hair morphogenesis (13). From birth to 2 weeks of age, murine
hair follicles are in a morphogenic phase, followed by 2-, 3- and
4-weeks of age when hair follicles undergo the first postnatal
catagen, telogen and anagen, respectively. The second hair
cycle occurs at 6-, 7- and 12-weeks of age, indicating the second
catagen, telogen and anagen, respectively (13). Using this
guide to classify hair phases, a previous study demonstrated
that Nestin is expressed in different hair follicle locations in
different developmental phases (9). However, Nestin expres-
sion between morphogenesis and the postnatal regular hair
cycle is not well studied.

Nestin, a type-VI intermediate filament protein, serves
as a marker for neural stem cells and is also known to be
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Figure 2. Dynamic Nestin expression in HF dermal cells during the hair cycle. Representative images of (A) immunofluorescence staining and (B) quantitative
analysis of GFP* cells, (C) immunofluorescence staining and (D) quantification of Ki67* cells, and (E) immunofluorescence staining and (F) quantification of
GFP*/Ki67*cells, in the dermis layer from 4-, 8- and 12-week-old male Nestin-GFP* mice (n=5). GFP is in green, Ki67 in red and DAPI stains the nuclei blue.
GFP, green fluorescent protein; DAPI, 4',6-diamidino-2-phenylindole; HF, hair follicle. "P<0.05.
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Figure 3. Flow cytometry analysis of dynamic Nestin expression in hair follicle dermal cells. Representative images of (A) flow cytometry analysis and
(B) quantification of the GFP* cells in the skin of P8, 2- and 4-week-old mice, followed by (C) flow cytometry analysis and (D) quantification of the GFP* cells,
in the skin of 4-, 8- and 12-week-old male Nestin-GFP mice. GFP, green fluorescent protein; FITC, fluorescein isothiocyanate. "P<0.05.
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Figure 4. Nestin* cells are involved in dermis layer CD31* vessel formation during hair morphogenesis. Nestin-Cre::ROSA26-EYFP mice were given a single
dose of tamoxifen at P8. Representative images of (A) immunofluorescence staining and (B) quantitative analysis of CD31*/EYFP* cells in skin dermis
layer sections from 4-week-old male Nestin-Cre::ROSA26-EYFP mice (n=5). EYFP is presented in green, CD31 is red and DAPI stains the nuclei blue.

DAPI, 4',6-diamidino-2-phenylindole; EYFP, enhanced yellow fluorescent protein; CD31, cluster of differentiation 31.

expressed in follicle stem cells (14). Previous studies have
demonstrated that Nestin is required for the self-renewal,
proliferation and cell cycle progression of the cells, particu-
larly in neural progenitor cells (17-19). Consistent with all
these findings, the present study demonstrated that during the
hair follicle cycle, there was a high percentage of Ki67* cells
among the Nestin-expressing cells in the dermis layer at 4
and 12 weeks following birth, which represent the first and
second anagen of the murine hair cycle, respectively. Notably,
at 8 weeks of age, which is the first telogen (quiescent phase),
Ki67*/Nestin* hair follicle cell numbers decreased. These
results indicated the high proliferative capacity of these
cells, likely due to a high demand for hair follicle replace-
ment during anagen and not during telogen. All these results
suggested that Nestin* cells in the dermis layer proliferate
more rapidly compared with Nestin™ cells in the same region.
A notable phenomenon from the present study is that during
early hair follicle morphogenesis, Nestin-GFP* cells gradu-
ally appeared in the dermis layer until the first anagen, which
indicated that Nestin expression may be a sign of hair follicle
maturation.

Previous findings revealed that Nestin-Cre* and
Nestin-GFP* cells are able to label endothelial, mesenchymal
lineage and Schwann precursor cells (20-24). At P8, when
morphogenesis occurs, Nestin-GFP was rarely expressed
in hair follicle dermal cells. However, Nestin-GFP* cells
were detected in the peri-follicular area. In the present
study, a single dose of tamoxifen was administered to P8
Nestin-Cre®™®™; ROSA26-EYFP in order to preform lineage
tracing, and skin samples were harvested after 3 weeks. It
was illustrated that during hair follicle morphogenesis,
peri-follicular Nestin* cells also expressed CD31, which is
an endothelial cell marker. This finding may divide Nestin*
cells in the dermis layer into two different populations:
Peri-follicular Nestin* cells during morphogenesis that are
of endothelial lineage, and hair follicle Nestin* cells that are
hair follicle precursor cells.

In conclusion, the expression of Nestin in hair follicles
during morphogenesis and maturation was investigated.
Additionally, Nestin may serve as a marker of high prolifera-
tion during the normal hair cycle, and was highly expressed
during anagen and decreased during telogen in the murine

hair cycle. Furthermore, certain Nestin* cells may serve a role
in other processes, including angiogenesis during morpho-
genesis.
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