
Introduction
The hair follicle undergoes a life-long cyclic transfor-
mation from a resting (telogen) phase to a growth (ana-
gen) phase with rapid proliferation of follicular ker-
atinocytes and elongation and thickening of the hair
shaft, followed by a regression (catagen) phase leading
to involution of the hair follicle (1, 2). These cyclic
changes involve rapid remodeling of both epithelial and
dermal components and have led to the establishment
of the murine hair cycle as a prime model for studies of
epithelial-mesenchymal interactions, leading to the
identification of several important molecular mediators
that control epithelial morphogenesis and growth (3).
Similar to the interfollicular epidermis, hair follicles are
avascular, and we hypothesized that cyclic hair growth
is dependent on the induction of angiogenesis to meet
the increased nutritional needs of hair follicles during
the anagen phase of rapid cell division. The growing
hair follicle is surrounded by blood vessels that have
been thought to arise from the deep dermal vascular
plexus, and modulation of skin vascularization and per-
fusion has been previously observed during the hair
cycle and in some human diseases characterized by hair
loss (4–8). Moreover, it has been demonstrated that ana-
gen hair follicles, similar to the interfollicular epidermis,
possess angiogenic properties in experimental in vivo
models of angiogenesis (9). However, the biological

importance of angiogenesis for hair growth and the
molecular mechanisms controlling vascularization of
hair follicles have remained unknown.

VEGF plays an important role in mediating angio-
genesis during development, as well as in a number of
inflammatory and neoplastic diseases that are associat-
ed with neovascularization (10). Originally identified as
a tumor cell–derived factor that induced vascular hyper-
permeability to plasma proteins (11), and therefore
named “vascular permeability factor,” subsequent stud-
ies characterized VEGF as an endothelial cell–specific
mitogen. VEGF is a homodimeric, heparin-binding gly-
coprotein occurring in at least four isoforms of 121,
165, 189, and 201 amino acids, due to alternative splic-
ing (12, 13). VEGF binds to two type III tyrosine kinase
receptors on vascular endothelial cells, Flt-1 and
KDR/Flk-1 (10). VEGF165 also binds to the neuropilin
receptor on endothelial and other cells (14). In vivo,
VEGF enhances microvascular permeability (11) and
angiogenesis (15, 16). Previously, we have identified
VEGF as an angiogenesis factor of major importance for
skin vascularization. VEGF expression is upregulated in
the hyperplastic epidermis of psoriasis (17), in healing
wounds (18), and in other skin diseases characterized by
enhanced angiogenesis (19, 20), and targeted overex-
pression of VEGF in the epidermis of transgenic mice
resulted in enhanced skin vascularization with
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increased numbers of tortuous and leaky blood vessels
(21). Based on these findings, we hypothesized that
VEGF might also play an important role in the control
of perifollicular vascularization during hair cycling. To
investigate perifollicular vascularization during the
murine hair cycle and to characterize the biological role
of VEGF for follicle growth and cycling, we studied the
physiological first postnatal hair cycle and the depila-
tion-induced, synchronized hair cycle in adult mice (22).

We report here that pronounced vascular remodeling
occurs during the murine hair cycle, with a more than
fourfold increase in perifollicular vessel size during the
anagen growth phase and a rapid decrease during cata-
gen and telogen. The changes in vessel size coincided
temporally with cyclic changes in follicle size, and per-
ifollicular angiogenesis was temporally and spatially
correlated with upregulation of VEGF mRNA expres-
sion by follicular keratinocytes of the outer root sheath.
Importantly, transgenic overexpression of VEGF in
outer root sheath keratinocytes resulted in enhanced
perifollicular vascularization, accelerated hair regrowth
after depilation, and increased size of vibrissa follicles,
hair follicles, and hair shafts. Conversely, blockade of
VEGF by systemic treatment with a neutralizing anti-
VEGF antibody led to hair growth retardation and to
size reduction of hair follicles. These results identify an
important role of VEGF in hair biology and might have
potential implications for antiangiogenic therapies tar-
geted at inhibition of VEGF, as well as for disorders of
hair growth that are characterized by miniaturization
of hair follicles.

Methods
Induced adult hair cycle and first postnatal hair cycle. The
adult hair cycle was induced in the backskin of 8-week-
old female C57BL/6 mice (Charles River Laboratories,
Wilmington, Massachusetts, USA) by depilation as
described (22), leading to synchronized development of
anagen hair follicles. Tissues were obtained at days 1, 3,
5, 8, 12, 18, and 22 after depilation (three mice per time
point), encompassing hair development from early
anagen to telogen. Tissues were also obtained at differ-
ent time points (postnatal days 1, 3, 5, 8, 12, 18, and 22;
three mice per time point) of the physiological first
postnatal hair cycle. Backskin was harvested parallel to
the paravertebral line, and the distinct phases of hair
follicle development were determined as described (2,
23, 24). Skin samples were either snap-frozen in liquid
nitrogen or fixed in 4% paraformaldehyde and embed-
ded in paraffin as described (25). All animal studies
were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care.

Hair cycle studies in VEGF transgenic mice. VEGF trans-
genic mice were established by using a keratin 14 pro-
moter expression cassette to target murine VEGF164
expression to basal epidermal keratinocytes and outer
root sheath keratinocytes of hair follicles. The estab-
lishment and the phenotypic characterization of VEGF
transgenic mice have been previously reported (17).

The induced hair cycle was studied in ten 8-week-old
VEGF transgenic mice and in ten age-matched wild-
type littermates as described above, and tissues were
obtained at day 12 (n = 5) and day 15 (n = 5). Postnatal
hair development was studied in five VEGF transgenic
mice and five wild-type littermates, and tissues were
obtained at postnatal day 15 (late anagen).

Anti-VEGF antibody treatment and Miles vascular perme-
ability assays. Eight-week-old female C57BL/6 mice were
injected intraperitoneally with 50 µg of a goat
anti–mouse VEGF neutralizing antibody (R&D Systems
Inc., Minneapolis, Minnesota, USA; n = 8) or with 50 µg
of normal goat IgG (n = 8) 1 day prior to depilation and
thereafter twice weekly. Mice were sacrificed after 12
days (n = 4) and 18 days (n = 4), and tissues were
processed as described above. To confirm the neutraliz-
ing activity of the anti-VEGF antibody in vivo, Miles
microvascular permeability assays were performed in
mice and guinea pigs as previously described (26), using
50 ng of murine VEGF164 for intradermal injections.

Immunohistochemistry and computer-assisted morphometric
analysis of perifollicular blood vessels. Immunohistochemi-
cal stainings were performed on 5-µm frozen sections as
described (27), using a monoclonal rat anti–mouse
CD31 antibody (PharMingen, San Diego, California,
USA). Representative sections obtained from three mice
for each time point were analyzed, using a Nikon E-600
microscope (Nikon Inc., Melville, New York, USA).
Images were captured with a Spot digital camera (Diag-
nostic Instruments Inc., Sterling Heights, Michigan,
USA), and morphometric analyses were performed using
the IP-LAB software (Scanalytics Inc., Fairfax, Virginia,
USA) as described (28). Three different fields in each sec-
tion were examined at ×60 magnification, and the num-
ber of vessels per square millimeter, the average vessel
size, and the relative area occupied by blood vessels were
determined within an area of 30 µm distance from indi-
vidual hair follicles. The two-sided unpaired t test was
used to analyze differences in microvessel density and
vascular size. Endothelial cell proliferation was studied
by intraperitoneal injection of mice with 5-bromo-
deoxyuridine (BrdU; 250 mg per kilogram of body
weight) 2 hours prior to sacrifice, followed by double
immunofluorescence staining with anti-BrdU
(PharMingen) and anti-CD31 antibodies (25). Apoptot-
ic endothelial cells were detected by double immunoflu-
orescence, using the Fluorescein-FragEL DNA fragmen-
tation detection kit (Oncogene Research Products,
Cambridge, Massachusetts, USA) and an FITC-labeled
anti-CD31 antibody.

Measurement of skin thickness and of hair follicle size. Hema-
toxylin-and-eosin (H&E) stainings were performed on 5-
µm paraffin sections of tissues obtained from the first
postnatal hair cycle (three mice per time point) and from
the induced adolescent hair cycle (three mice per time
point). Five representative sections for each sample were
analyzed, using a Nikon E-600 microscope (Nikon Inc.).
Epidermal, dermal, and subcutaneous thickness was
measured in digital images of H&E-stained sections
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using the IP-LAB software. The thickness of hair follicles
was measured in H&E-stained sections at the level of the
largest diameter (“Auber’s line”) of hair bulbs with clear-
ly visible dermal papilla (50 hair follicles for each time
point), using the IP-LAB software. Statistical analyses
were performed using the two-sided unpaired Student’s
t test. The diameter of vibrissa follicles was determined
in three 8-week-old VEGF transgenic mice and in three
age-matched wild-type controls. Eighteen vibrissae per
mouse were evaluated, and the follicle thickness was
measured at the level of the largest diameter as above.
For measurements of hair thickness, hairs were plucked
at the end of the second physiological hair cycle from the
backs of 12-week-old VEGF transgenic mice (n = 3) and
of age-matched wild-type controls (n = 3). Hairs were
placed on glass slides, embedded in OCT compound,
and evaluated under a Nikon E-600 microscope. Hair
thickness was determined at the widest point of the hair
shaft in digital images of awl hair (short, non-curved
hair) obtained from VEGF transgenic (n = 50 awl hairs)
or wild-type (n = 50 awl hairs) mice.

In situ hybridization. In situ hybridization was per-
formed on 5-µm paraffin sections as described (27).
Antisense and sense single-stranded 35S-labeled RNA
probes for VEGF were prepared from a 393-bp rat VEGF
cDNA fragment (21). VEGF mRNA expression was
quantitated in five sections each obtained from three
mice for each time point by counting individual photo-
graphic grains over follicular keratinocytes as described
(19), and biopsies were scored as negative (0–1 grains per
cell; score = 0), weakly positive (2–5 grains per cell; score
= 1), moderately positive (6–10 grains per cell; score = 2),
or strongly positive (>10 grains per cell; score = 3).

Vibrissa organ cultures. Whisker pads were isolated from
5-week-old female C57BL/6 mice as described and were
shortly immersed in 70% ethanol in PBS, followed by
incubation in William’s E medium containing 400 U/ml
penicillin, 400 µg/ml streptomycin, and 1 µg/ml Fungi-
zone (Life Technologies, Rockville, Maryland, USA) for
10 minutes. Vibrissa follicles in the early- or mid-anagen
growth phase were isolated under a dissecting micro-
scope, and the part of the hair shaft that extended over
the epidermal surface was cut off. Follicles were then
plated on nylon membranes (ICN Pharmaceuticals,
Irvine, California, USA) in William’s E medium alone 
(n = 8), in medium containing 50 ng/ml recombinant
murine VEGF (R&D Systems Inc.; n = 6), or in medium
containing 5% FBS (n = 8). In an additional experiment,
follicles were incubated with 5 µg/ml of a neutralizing
goat anti–mouse VEGF antibody (n = 7; the same anti-
body as used for the in vivo studies described above) or
with 5 µg/ml of normal goat IgG (n = 8). Media were
replaced by fresh media after 2 days, and follicles were
incubated over a total period of 4 days. After 4 days, the
length of the outgrowing hair shafts was determined by
image analysis of digital pictures, using the IP-LAB soft-
ware. Data are expressed as means ± SD of in vitro hair
growth; statistical analyses were performed using the
two-sided unpaired Student’s t test.

Results
Association of hair cycling with cyclic perifollicular angiogenesis.
We first studied angiogenesis during depilation-induced,
synchronized adult hair cycling (22) by computer-assist-
ed morphometric analyses of back skin sections stained
for CD31, an endothelial junction molecule (29). Tissue
samples were obtained over a 22-day period that covered
all phases of the murine hair cycle from early anagen to
telogen (2, 23, 24). A more than fourfold increase in per-
ifollicular vessel size was observed during the late anagen
growth phase of the adult hair cycle, as compared with
early anagen (Figure 1a), followed by complete reduction
to pre-anagen sizes during the catagen and telogen phas-
es (Figure 1, b and f). In contrast, the vessel density,
defined as the number of vessels per area unit, was not
significantly altered during the hair cycle (Figure 1g). The
percentage of perifollicular area covered by vessels
increased from 4.1% to 15.9% during the anagen phase
and was reduced to 2.9% in telogen (Figure 1e). Similar
findings were observed during the physiological first
postnatal hair cycle (data not shown). On postnatal day
1 (P1), early anagen follicles were surrounded by small
blood vessels with an average size of 148 µm2, covering
5.9% of the surface area. During late anagen (P12), large,
elongated, and dilated vessels were observed surrounding
the elongated hair follicles, covering 17.1% of the surface
area. A significant reduction in perifollicular vessel sizes
to 343 µm2 was detected during the catagen involution
phase (P18) with a concomitant reduction in the surface
area covered by vessels to 8.8%. The average vessel size was
further reduced to 108 µm2 in the telogen resting phase
with vessels covering only 3.5% of the surface area. These
results reveal an identical pattern of perifollicular vascu-
larization during the induced adult hair cycle and the
physiological postnatal hair development. Double
immunofluorescence stainings for CD31 and BrdU
detected proliferating perifollicular endothelial cells
throughout the anagen growth phase of the induced hair
cycle (Figure 1c), whereas no endothelial proliferation was
observed during catagen and telogen. Conversely, apop-
totic endothelial cells were selectively detected in perifol-
licular vessels during the catagen involution phase (Fig-
ure 1d). These results establish the murine hair cycle as
an easily accessible in vivo system where physiological
modulation of angiogenesis can be studied.

Temporal association of perifollicular angiogenesis with cyclic
changes of follicle size and cutaneous thickness. We next exam-
ined whether the vascular remodeling observed during
the anagen growth phase was temporally associated
with increases in the size of hair follicles and in the
thickness of the overlying epidermis or of the dermis
and subcutis. The thickness of interfollicular epidermis
significantly increased from day 1 to day 3 (early ana-
gen) of the induced adult hair cycle, and reached a max-
imum thickness of 54.5 µm on day 5, followed by a steep
decline during mid- to late anagen with a further reduc-
tion during telogen (Figure 1h). In contrast, cutaneous
thickness (dermis and subcutis) steadily increased from
early anagen to reach a peak in late anagen, followed by
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a decline during catagen and telogen (Figure 1j), coin-
ciding with cyclic changes of hair follicle size (Figure 1i).
Similar results were obtained during the first postnatal
hair cycle. The exact temporal coincidence of changes in
follicle size, cutaneous (but not epidermal) thickness,
and perifollicular vascularization suggested that the
angiogenic stimulus was derived from either the hair
follicle itself or the surrounding dermis and subcutis,
but not from the interfollicular epidermis.

Upregulation of follicular VEGF expression during the ana-
gen growth phase. Because we had previously identified
VEGF as an important mediator of skin angiogenesis
(17, 30), we next examined, by in situ hybridization,
the spatiotemporal expression pattern of VEGF
mRNA during induced hair cycling. Whereas little
VEGF mRNA expression was detected in early anagen
(day 1) hair follicles or in interfollicular epidermal ker-
atinocytes, VEGF mRNA was highly expressed in fol-
licular keratinocytes during mid-anagen (days 5 and
8), predominantly in the middle third of hair follicles
(Figure 2a) where perifollicular angiogenesis was most
prominent. In contrast, little or no VEGF mRNA
expression was detected in the surrounding dermis
and subcutis and in dermal papilla cells. When we cor-
related VEGF mRNA expression levels with the cyclic
changes of perifollicular vascularization, we found
that modulations of VEGF expression preceded vas-
cular changes by an interval of approximately 3 days
with a marked decrease of VEGF expression during
late anagen, catagen, and telogen (Figure 2b). Identi-
cal results were obtained during the physiological first
postnatal hair cycle (Figure 2c). Thus, the close spa-
tiotemporal association of follicular VEGF expression
and perifollicular angiogenesis strongly suggested an
important role of follicle-derived VEGF in the control
of hair vascularization.

Enhanced hair growth and follicle size in VEGF transgenic
mice. To investigate whether follicular VEGF expression
directly promotes hair growth and vascularization, we
studied the hair cycle in transgenic mice with selective
overexpression of VEGF in basal epidermal ker-
atinocytes and in outer root sheath keratinocytes of
hair follicles, targeted by a keratin 14 promoter cassette
(17). As early as 10 days after depilation, VEGF-overex-
pressing mice showed accelerated hair regrowth as
compared with wild-type littermates. After 11 days,
these differences were more obvious, and the hair
appeared both longer and thicker in VEGF transgenic
mice (Figure 3, a and b). Histological analysis at days 12
and 15 (late anagen) of the induced hair cycle revealed
that hair follicles in VEGF transgenic mice were larger
than in wild-type controls, most prominently at the
level of the hair bulb (Figure 3, c–f). Image analysis of
hair bulbs at the level of the maximum bulb diameter
revealed a more than 30% increase in diameter in VEGF
transgenic mice at day 12 (Figure 3g) and at day 15
(Figure 3j). Importantly, the thickness of fully devel-
oped hair shafts was significantly increased (P < 0.001),
by more than 30%, in VEGF transgenic mice (Figure 4,
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Figure 1
Pronounced vascular changes during the induced murine hair cycle. (a
and b) CD31 immunostains demonstrate a marked increase in peri-
follicular vascularization during late anagen (day 12, a) with subse-
quent regression of blood vessels during catagen and telogen (day 22,
b). (c) Detection of proliferating endothelial cells (arrowheads) in per-
ifollicular vessels during the anagen growth phase. Proliferating cells
are depicted in red (BrdU), endothelial cells in green (CD31). (d)
Endothelial cell apoptosis (arrowheads) was detectable in perifollicu-
lar vessels during the catagen involution phase. Apoptotic cells are
depicted in green, endothelial cells in red. Asterisks indicate the loca-
tion of hair bulbs. Scale bars = 100 µm. Computer-assisted image
analysis revealed significant cyclic changes of relative areas covered by
vessels (e) and of the average vessel size (f), with a more than fourfold
increase during anagen (P < 0.001) and a decrease to early anagen lev-
els during catagen and telogen. (g) Vessel densities were not signifi-
cantly changed during the hair cycle. Vascular changes were temporally
associated with cyclic changes of hair follicle size (i) and dermal thick-
ness (j), but not of epidermal thickness (h). H&E-stained sections were
evaluated as described in Methods. Data are expressed as means ± SD
of three independent experiments. AP < 0.05; BP < 0.01; CP < 0.001
(increase over early anagen). EA, early anagen; MA, mid-anagen; LA,
late anagen; C, catagen; T, telogen; D, day.



a and b), whereas no differences in length were
observed. Hair follicles in VEGF transgenic mice were
also enlarged during the growth phase (day 15) of the
physiological first hair cycle (P < 0.05; data not shown).
A more than 40% increase in vessel sizes (Figure 3, h
and k) and total vascular mass (Figure 3, i and l) was
detected surrounding VEGF-overexpressing hair folli-
cles at days 12 and 15, suggesting that accelerated hair
growth and increased hair size were a consequence of
VEGF-mediated angiogenesis.

Blockade of VEGF activity inhibits hair growth. We next
examined whether VEGF-mediated angiogenesis was
essential for the timely growth of hair follicles during
the anagen phase. Adult C57BL/6 mice were treated sys-
temically with a neutralizing anti-VEGF antibody, and
the hair cycle was induced by depilation 1 day after the
first antibody application. The neutralizing activity of
the anti-VEGF antibody at the concentrations used was
confirmed by its ability to completely inhibit VEGF-
induced microvascular leakage in the skin of guinea
pigs and of mice, measured in a modified Miles assay
(data not shown). During the first 8 days after depila-
tion, no differences in the macroscopic skin appearance
were observed in anti-VEGF–treated mice. Thereafter,
delayed hair regrowth was apparent in anti-VEGF–treat-
ed mice. After 12 days, mice treated with the anti-VEGF
antibody still showed bald spots and had an overall
reduced hair growth (Figure 5b) as compared with nor-
mal hair regrowth in control antibody–treated mice
(Figure 5a). Histological analysis revealed that anagen
hair follicles in anti-VEGF–treated mice were thinner
(Figure 5, c and d) with a more than 30% reduction in
bulb diameters (Figure 5e), mainly due to reduced thick-
ness of the follicular epithelium, associated with a sig-
nificant, more than 40% decrease of perifollicular vas-
cularization (Figure 5, f and g).

Absence of VEGF effects on hair growth and follicle size in vib-
rissa follicle cultures in vitro. Next we investigated whether
VEGF might also directly act on hair follicle cells, in
addition to its effects on perifollicular angiogenesis.
Therefore, we isolated mouse vibrissae and quantitated
hair growth and follicle size in organ cultures in vitro, in
the absence of a functioning vascular system. Vibrissa
follicles are capable of responding to VEGF, as indicated
by the significantly increased (P < 0.01) diameter of vib-
rissa follicles in VEGF transgenic mice (Figure 6b) com-
pared with wild-type mice (Figure 6a). In organ culture,
untreated mouse vibrissae showed an average hair shaft
outgrowth of approximately 2 mm over a period of 4
days (Figure 6, c and d). Addition of 5% FBS to vibrissa
cultures, used as a positive control, resulted in a signifi-
cant (P < 0.001) increase of hair shaft growth, confirm-
ing the inducibility of hair growth in this experimental
system. In contrast, addition of murine VEGF did not
affect the hair growth rate in organ culture. Similarly,
incubation with a neutralizing goat anti–murine VEGF
antibody did not modify in vitro hair growth, as com-
pared with vibrissa cultures treated with equivalent con-
centrations of goat IgG (Figure 6, c and d). Moreover,
treatment of isolated follicles with VEGF or with anti-
VEGF antibody did not significantly modify the size of
hair bulbs (data not shown). These results suggest that
a functional perifollicular vascular system is necessary
for the mediation of VEGF effects on follicle growth.

Discussion
Our findings demonstrate that pronounced angiogen-
esis occurs during murine hair follicle cycling, that fol-
licle-derived VEGF promotes perifollicular vasculariza-
tion, hair growth rates, and increased follicle and hair
size, that blockade of VEGF-mediated angiogenesis
leads to impaired hair growth, and that the effects of
VEGF are dependent on a functional vascular system.

Using computer-assisted image analysis (25) of sec-
tions stained for the endothelial junction molecule
CD31 (29), we found pronounced vascular remodeling
during the synchronized hair cycle in adult mice, with
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Figure 2
(a) In situ hybridization demon-
strates strong VEGF mRNA expres-
sion in follicular keratinocytes
(arrows) during mid-anagen of the
induced hair cycle. Scale bar = 50
µm. (b and c) Temporal correlation
of follicular VEGF mRNA expres-
sion levels (filled circles) and peri-
follicular angiogenesis during the
induced adult hair cycle (b) and the
physiological first postnatal hair
cycle (c). Relative vessel area (open
circles) is expressed as percentage
of the maximum vessel area detect-
ed during late anagen (day 12;
compare with Figure 1e).



a more than fourfold increase in the aver-
age vessel size from early anagen (day 1) to
late anagen (day 12). This was followed by
regression of vessel sizes, within a time
period of 10 days, during the catagen
involution and telogen resting phase.
These changes in vessel size were associat-
ed with significant changes of the relative
tissue area covered by vessels. Important-
ly, comparable changes in perifollicular
vascularization were observed during the
physiological first postnatal hair cycle,
indicating that the increased angiogenesis
during the depilation-induced adult hair
cycle was not due to a wound response following
depilation. No major alterations of vessel density,
measured as number of vessels per mm2, were observed.
These findings were supported by three-dimensional
reconstruction of serial CD31-stained sections (data
not shown), demonstrating that the number of vessels
accompanying each hair follicle remained constant
during the hair cycle. While angiogenesis has tradi-
tionally been defined as the growth of new capillaries
from preexisting vessels (31), it has been recently pro-
posed that a second type of angiogenesis (“remodeling
type”) involves enlargement and elongation of preex-
isting vessels (32). Our data suggest that hair growth is
predominantly associated with remodeling angiogen-
esis, similar to the angiogenesis that occurs in psoria-
sis (33), with elongation and enlargement of blood ves-
sels that originate from the upper cutaneous vascular
plexus. Angiogenesis during anagen growth was asso-
ciated with endothelial cell proliferation in perifollicu-
lar vessels, whereas apoptotic endothelial cells were
selectively detected during the catagen involution
phase. Recently, it was suggested that hair follicle
growth was associated with increased cutaneous vas-
cular density (34). In this study, only CD31-positive cell
aggregates with central lumen formation were evaluat-
ed, excluding small blood vessels that are usually found

in large numbers during early anagen and telogen (see
Figure 1b). Therefore, this approach most likely under-
estimated the actual vessel density during the resting
phase. Taken together, our results establish the murine
hair cycle as an easily accessible in vivo system, in addi-
tion to the female reproductive system (35, 36) and the
mammary gland (37), for studying the molecular
mechanisms that control angiogenesis.

Based on our previous findings that VEGF plays a
major role in mediating angiogenesis in a large number
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Figure 3
Accelerated hair regrowth and increased follicle size in
VEGF transgenic mice. VEGF transgenic mice showed
more and thicker hair at day 11 after depilation (b), as
compared with wild-type littermates (a). Histological
analysis of H&E-stained paraffin sections demonstrates
increased size of hair bulbs in VEGF transgenic mice at
day 12 (d) and day 15 (f) after depilation, as compared
with wild-type (WT) mice at day 12 (c) and day 15 (e).
Scale bars = 100 µm. Hair bulbs in VEGF transgenic mice,
measured at the level of the largest diameter, were more
than 35% thicker than in wild-type mice at day 12 (g) and
day 15 (j) after depilation. Quantitative analysis of CD31
stains revealed that perifollicular vascularization,
assessed as average vessel size (h, day 12; k, day 15) or
relative vessel area (i, day 12; l, day 15), was significant-
ly increased in VEGF transgenic mice during late anagen.
Data are expressed as means ± SD. AP < 0.01, BP < 0.001,
two-sided unpaired Student’s t test.



of skin diseases (30), we hypothesized that VEGF might
also be responsible for the angiogenesis associated with
hair cycling. Indeed, semiquantitative in situ hybridiza-
tion studies revealed that VEGF mRNA expression was
selectively upregulated in follicular keratinocytes of the
outer root sheath during the early to mid-anagen growth
phase, followed by downregulation during the catagen
involution phase. In contrast, little or no VEGF mRNA
expression was detected in the surrounding dermis or
subcutis. Identical results were obtained in the induced
adult hair cycle and the physiological first hair cycle. Our
findings identify a molecular mechanism by which the
growing hair follicle meets its rapidly changing meta-
bolic demands through timed expression of VEGF by
follicular keratinocytes, leading to increased perifollicu-
lar vascularization. Although it has been
reported that cultured dermal papilla
cells expressed VEGF in vitro (38–40), we
consistently did not detect any upregula-
tion of VEGF mRNA expression in the
dermal papilla during the murine hair
cycle. These findings are in agreement
with a previous report that found the
angiogenic activity of the rat vibrissa hair
follicle associated with the epithelial hair
bulb, but not with the mesenchymal hair
papilla (9). Moreover, preliminary studies

in a transgenic mouse model for overexpression of the
green fluorescent protein gene under control of the
VEGF promoter (41) detected VEGF promoter activity
selectively in follicular outer root sheath keratinocytes,
but not in the dermal papilla (data not shown). These
results suggest that VEGF expression levels in cultured
papilla cells do not necessarily reflect VEGF expression
in vivo, similarly to previous findings in fibroblasts and
dermal endothelial cells (42).

To evaluate the biological consequences of follicular
VEGF expression for hair growth, we analyzed the
induced, synchronized hair cycle in transgenic mice
with targeted overexpression of murine VEGF164 in the
epidermis and in outer root sheath follicular ker-
atinocytes (21). These mice are characterized by
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Figure 4
Increased diameter of hair shafts in 12-week-old
VEGF transgenic mice (VEGF TG) during late ana-
gen, as compared with wild-type (WT) littermates.
(a) Light microscopy of unstained plucked awl hair;
scale bar = 30 µm. (b) Quantitative analysis of hair
shafts, measured at the level of their greatest width,
revealed a significantly increased hair diameter in
VEGF transgenic mice. Data are expressed as means
± SD (n = 50 for each genotype). AP < 0.001, two-
sided unpaired Student’s t test.

Figure 5
Delayed hair regrowth in C57BL/6 mice after treat-
ment with a neutralizing anti-VEGF antibody. (a) At
day 12, hair regrowth was complete in control-treat-
ed mice, whereas anti-VEGF–treated mice still
showed bald spots (b, arrowheads). (c and d) His-
tological analysis demonstrates diminished thickness
of hair bulbs in anti-VEGF–treated mice at day 12
after depilation (d), as compared with control mice
(c). Scale bars = 100 µm. (e) Hair bulbs in anti-
VEGF–treated mice, measured at the level of the
largest diameter, were more than 30% thinner at day
12 after depilation. (f and g) Quantitative analysis
of CD31 stains revealed that perifollicular vascular-
ization, assessed as average vessel size (f) or relative
vessel area (g), was significantly diminished in anti-
VEGF–treated mice during late anagen. Data are
expressed as means ± SD. AP < 0.001, two-sided
unpaired Student’s t test.



increased cutaneous vascularization and vascular per-
meability; however, hair growth had not been previous-
ly studied in detail. Our study shows that overexpres-
sion of VEGF in follicular keratinocytes resulted in
accelerated hair regrowth and in increased size of hair
follicles, providing the first direct evidence that promo-
tion of angiogenesis can promote hair growth and addi-
tionally leads to increased hair thickness. Although vib-
rissa follicles were also enlarged in VEGF transgenic
mice, VEGF treatment did not affect hair growth in
organ cultures of mouse vibrissae, in the absence of a
functional vascular system. Therefore, our results
strongly suggest that the effects of VEGF were mediat-
ed indirectly, through induction of perifollicular angio-
genesis. The finding that an increase of follicle vascu-
larization over physiological levels led to an increase of
follicle size over normal levels suggests that, in addition
to improved tissue perfusion, angiogenic blood vessels
might also directly influence the growth of the follicle
epithelium. In light of the findings that proliferating
cutaneous hemangiomas, benign hyperplasias of blood
vessel endothelial cells, are regularly associated with sig-
nificant hyperplasia of the adjacent epidermis (43),
these data indicate that increased release of growth fac-
tors or diminished production of growth inhibitors by
angiogenic endothelial cells might play an additional
role in promoting epithelial hyperplasia.

Whereas VEGF inhibition was without effect in iso-
lated mouse vibrissa organ cultures, systemic neutral-
ization of VEGF significantly delayed hair regrowth
and resulted in diminished perifollicular vasculariza-
tion and in reduced size of hair follicles. These findings
demonstrate that normal follicle growth and cycling in
mice are dependent on VEGF-induced angiogenesis.
Impaired vascularization of the hair follicle has been
previously suggested to play an important role in the
pathogenesis of disorders characterized by hair loss
(44–46), including androgenetic alopecia (male-pattern
hair loss) where baldness is associated with miniatur-
ization of genetically predisposed follicles (3, 47). Our
results support this concept and suggest that some of

these disorders may be potential targets for therapies
aimed at increasing the vascular support of hair folli-
cles. It remains to be examined whether systemic
antiangiogenic therapies, currently developed for treat-
ing cancer and other diseases, will also interfere with
normal human hair cycling and follicle size or with hair
regrowth after polychemotherapy. One has to keep in
mind, however, that in contrast to the short duration
of the murine hair cycle studied here, the anagen phase
of human scalp hair lasts for several years (3) and might
show a different sensitivity to reduced vascularization.
It also remains to be established whether endogenous
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Figure 6
(a and b) Representative photomicrographs of hematoxylin-stained
paraffin sections depict increased size of vibrissa follicles in 8-week-
old VEGF transgenic mice (b), as compared with age-matched wild-
type littermates (a). Scale bars = 100 µm. (c) Representative pho-
tomicrographs of mouse vibrissa organ cultures demonstrate
absence of effects of VEGF treatment (V) on the in vitro hair growth
rate, as compared with untreated controls (C1). Addition of 5% FBS
(P), used as a positive control, resulted in a more than 15% increase
in hair growth. Treatment with a neutralizing anti-VEGF antibody
(Vab) did not influence in vitro hair growth, as compared with con-
trol antibody–treated follicles (C2). (d) Quantitative analysis demon-
strates significant induction of in vitro hair growth by 5% FBS (P) (P
< 0.001) but lack of efficiency of VEGF (V) or anti-VEGF antibody
(Vab) treatment. Data are expressed as means ± SD. NS, no signifi-
cant differences between the groups compared. AP < 0.001, two-
sided unpaired Student’s t test.



inhibitors of angiogenesis that are normally expressed
in the skin, such as thrombospondin-1 and throm-
bospondin-2 (48), play additional roles in the control
of normal hair growth and cycling.

In summary, our results establish an important func-
tional role of VEGF in hair biology and identify a
paracrine mechanism by which the proliferative epithe-
lial compartment of the hair follicle, that in itself is not
vascularized, induces enhanced vascular support to meet
its highly increased nutritional needs during the anagen
growth phase. Our data also provide an in vivo proof of
concept that normal hair growth and size are dependent
on VEGF-induced perifollicular angiogenesis.
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