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Abstract

The perivascular microenvironment helps maintain stem cells in many tissues. We sought to 

determine if there is a perivascular niche for hair follicle stem cells. The association of vessels and 

follicle progenitor cells began by embryonic day 14.5 (E14.5), when nascent hair placodes had 

blood vessels approaching them. By birth, a vascular annulus stereotypically surrounded the 

Keratin 15 negative (K15−) stem cells in the upper bulge, and remained associated with the K15− 

upper bulge throughout the hair cycle. The angiogenic factor Egfl6 was expressed by the K15− 

bulge and localized adjacent to the vascular annulus, which was comprised of post-capillary 

venules. Although denervation altered the phenotype of upper bulge stem cells, the vascular 

annulus persisted in surgically denervated mouse skin. The importance of the perivascular niche 

was further suggested by the fact that vascular annuli formed around the upper bulge of de novo 

reconstituted hair follicles prior to their innervation. Together, these findings demonstrate that the 

upper bulge is associated with a perivascular niche during the establishment and maintenance of 

this specialized region of hair follicle stem cells.

INTRODUCTION

The hair follicle epithelium relies on resident stem cells to replenish differentiated cells 

incorporated into the growing hair shaft and inner root sheath. Furthermore, the follicle itself 
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undergoes lifelong cycles of regression (catagen), rest (telogen), and stem cell-mediated 

regeneration (anagen). Keratin 15 expressing (K15+) bulge cells are a well defined stem cell 

population that participates in regenerating the anagen follicle during homeostasis and 

repairing the epidermis after wounding (Ito et al., 2005; Morris et al., 2004). Recently, it has 

become clear that the bulge region contains additional, phenotypically and spatially distinct 

subpopulations of follicle stem cells. Above the K15+ bulge and below the follicle isthmus 

is the K15− upper bulge that contains Gli1+ follicle stem cells (Brownell et al., 2011). Gli1+ 

upper bulge cells repeatedly regenerate the anagen follicle and are uniquely capable of 

becoming epidermal stem cells in healing skin wounds. Signaling from the surrounding 

microenvironment is important in regulating various subpopulations of bulge stem cells. For 

example, activation of stem cells in the hair germ at the base of the bulge is induced by 

signals from the underlying dermal papilla (Greco et al., 2009), and the Gli1+, K15− upper 

bulge cells receive Sonic hedgehog (Shh) signaling from adjacent sensory neurons 

(Brownell et al., 2011). Thus spatially restricted signaling factors appear to contribute to the 

regionalization and regulation of hair follicle stem cells. Identifying additional localized 

components of the follicle stem cell niche will be important in furthering our understanding 

of how the microenvironment regulates tissue specific progenitors.

The perivascular microenvironment regulates many cellular and developmental processes 

including stem cell and progenitor cell specification. Stem cells preferentially reside 

adjacent to blood vessels in many tissues, including the bone marrow (Kiel et al., 2005), 

brain (Tavazoie et al., 2008), testes (Yoshida et al., 2007) and adipose tissue (Tang et al., 

2008). The epidermis and follicle epithelium are avascular, and depend on nutrients obtained 

via diffusion from closely associated dermal blood vessels. The dermal vasculature has been 

well characterized (Durward and Rudall, 1958), with anastomosing superficial and deep 

plexuses in the reticular dermis. Arising from these dermal arterioles and venules are 

arborizing capillary networks that richly envelope hair follicles. Interestingly, the superficial 

vascular plexus resides at the level of the hair follicle bulge, and an intrinsic relationship 

between dermal vessels and the hair follicle bulge has been suggested in studies 

demonstrating expression of a Nestin-GFP transgene in both tissues. (Amoh et al., 2007; 

Amoh et al., 2004). In addition to necessary trophic support of the skin, studies suggest that 

vasculature may regulate hair follicle cycling. Proper hair cycle progression is dependent on 

angiogenesis and remodeling of the cutaneous microvasculature (Mecklenburg et al., 2000). 

Moreover, chemotherapy drugs such as doxorubicin disrupt the hair-follicle-associated 

blood vessel network, and result in dystrophic hair follicles and alopecia (Amoh et al., 

2007). Although ischemia likely contributes to these phenotypes, impaired stem cell 

regulation may also be involved. Identifying a population of follicle stem cells that associate 

with the perivascular microenvironment would support this hypothesis.

The existence of multiple molecularly distinct populations of stem cells in the hair follicle 

bulge allowed us to assess progenitor subgroups for potential association with a perivascular 

niche. Using fluorescence immunostaining and 3D confocal imaging, a close spatial 

relationship was observed between blood vessels and the K15− stem cells in the upper bulge 

region. This association remained consistent throughout the hair cycle despite extensive 

vascular remodeling in the perifollicular adventitia. In contrast to the capillaries that 
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surrounded most of the follicle, the K15− bulge was typically wrapped with a solitary venule 

annulus. During development, forming vessels approached the nascent follicle as early as 

embryonic day 14.5 (E14.5) and the vascular annulus was fully established by birth. In adult 

mouse skin, the K15− upper bulge expressed Egfl6, a signaling factor known to promote 

angiogenesis and attract vascular endothelial cells. Although the vascular annulus was not 

sufficient to maintain the K15− phenotype in the upper bulge of surgically denervated 

mouse skin, reconstituted hair follicles spontaneously formed vascular loops around the 

upper bulge, recapitulating the pattern of normal hair bearing skin. These findings identify a 

population of perivascular stem cells in the upper bulge and suggest that a venous vascular 

annulus is instrumental in the establishment, regionalization and regulation of hair follicle 

stem cells.

RESULTS

K15− cells in the upper bulge of the hair follicle associate with a vascular annulus

To investigate the possible association of vasculature with follicle stem cells, we used CD31 

immunostaining of endothelial cells in thickly (20~80 μm) sectioned mouse skin to visualize 

the distribution of dermal blood vessels at multiple stages in development. Early in the 

developing dermis a capillary plexus forms via angiogenesis and continues to remodel 

throughout development. Nascent hair placodes at E14.5 lacked K15 expression, and blood 

vessels were observed extending up from the capillary plexus around the forming follicles 

(Figure 1a). By E16.5, vasculature was arranged circumferentially around the neck of the 

hair follicles (Supplemental Figure 1). In the growing follicle at E18.5, the upper hair peg 

uniformly expressed K15, and prominent blood vessels began to envelop the follicle neck in 

the developing upper bulge region (Figure 1b). By the day of birth a K15− domain had been 

specified in the upper bulge, and it was surrounded by a typical vascular annulus (Figure 

1c). Staining with Sox9 to mark the bulge in perinatal hair follicles (Nowak et al., 2008; 

Vidal et al., 2005) confirmed that the K15− region corresponded to the upper bulge 

(Supplemental Figure 1b). Thus the upper bulge forms in the context of a vascular 

microenvironment, and K15− upper bulge stem cells undergo specification around birth, 

when a mature vascular annulus is present.

In postnatal mouse skin, follicles in all stages of the hair cycle were examined for their 

relationships to vessels. Despite the extensive angiogenesis and vascular remodeling that 

accompanies follicular growth and regression during the hair cycle (Mecklenburg et al., 

2000), a prominent vascular annulus remained associated with the K15− upper bulge 

throughout the cycle (Figure 1d-f, Supplemental Figure 1c). 3D imaging and whole-mount 

staining showed a vascular annulus around the upper bulge of the hair follicle (Figure 1h). 

To confirm that upper bulge cells are preferentially positioned in close proximity to blood 

vessels, the distance between the closest CD31+ blood vessel and follicle cells in the 

midpoint of the K15− region was measured in 3D reconstituted images (n=55, Figure 1g). 

The distance between K15− cells and the nearest blood vessel was significantly shorter than 

that of midpoint cells of the infundibulum or K15+ bulge (p<0.05).
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Taken together, these data demonstrate a consistent spatial relationship between K15− 

follicle stem cells residing in the upper bulge and a vascular annulus associated with each 

follicle.

The K15− upper bulge expresses Egfl6

Egfl6 is a member of the EGF repeat superfamily that can induce angiogenesis and promotes 

migration of endothelial cells (Chim et al., 2011). Because previous studies showed focal 

Egfl6 expression within the hair follicle (Fujiwara et al., 2011), we speculated that Egfl6 

might be expressed by the upper bulge to mediate its association with the vascular annulus. 

Indeed, immunostaining revealed that Egfl6 was expressed specifically by the K15− stem 

cells in the upper bulge where it appeared to be preferentially deposited on the exterior 

surface of the telogen follicle (Figure 1i), consistent with its localization to basement 

membranes. The expression pattern and known functions of Egfl6 suggest that it may signal 

to, and regulate, the adjacent vascular annulus.

The vascular annulus is composed of venules

There are three major types of blood vessels in the dermis: arterioles, capillaries and 

venules. These vessel types vary in size, structure, function, and biomarker expression. As 

the vascular annulus was too large in diameter to be a capillary, we wanted to know if the 

annulus was an arteriole or venule. In adult tissues, ephrinB2 is a genetic marker of arterial 

smooth muscle and endothelial cells (Shin et al., 2001; Wang et al., 1998). Using 

immunostaining for CD31 and beta-galactosidase in skin from ephrinB2-tau-lacZ transgenic 

mice, we were able to identify dermal arterioles. Whereas arterioles in the superficial and 

deep vascular plexuses co-stained with the two markers, the vascular annulus surrounding 

the upper bulge was consistently negative for ephrinB2 (Figure 2a), suggesting it is a venule. 

Consistent with prior reports, parts of the upper follicle also stained for ephrinB2 (Egawa et 

al., 2009). To confirm the venous nature of the annulus, we used an antibody to EphB1 that 

stains venous endothelial cells in the skin (W.L. and Y.M., personal observation to be 

described elsewhere; Supplemental Figure 2). In wild type mouse skin the vascular annulus 

consistently stained for EphB1 (Figure 2b). These results indicate that the blood vessel 

annulus surrounding the upper bulge is composed of venules, and that K15− follicle stem 

cells exist in a perivenous microenvironment.

The vascular annulus associates with perineural upper bulge stem cells

Prior studies have shown that the Gli1+ K15− phenotype in the upper bulge is dependent on 

contact with sensory nerves, and these stem cells become Gli1− K15+ after surgical 

denervation in Gli1LacZ/+ mice (Brownell et al., 2011). As circumferential nerve endings 

wrapped hair follicles in the same region as the vascular annulus (Figure 3a), we sought to 

test if denervation might also alter the perivascular niche. As was expected, CD31 

immunostaining identified a close relationship between upper bulge Gli1+ K15− cells and 

the vascular annulus in Gli1LacZ/+ telogen mouse skin (Figure 3b). We performed unilateral 

surgical ablation of the dorsal cutaneous nerves in 6 week old Gli1LacZ/+ mice, and collected 

back skin 2 weeks after denervation. In control skin, the vascular annulus was associated 

with the Gli1+ K15− upper bulge (Figure 3b). In denervated skin, upper bulge Gli1 
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expression was absent and K15 was now expressed, however the vascular annulus was 

unperturbed (Figure 3c). The same result, including a persistent vascular annulus and lack of 

follicle innervation, was seen in skin analyzed 7 months after denervation (data not shown). 

These results demonstrate that K15− upper bulge stem cells reside in both a perineural and a 

perivascular microenvironment. Moreover, they demonstrate that despite altering the 

molecular signature of the upper bulge, denervation of the follicle leaves the perivascular 

niche and long-term maintenance of hair follicles undisturbed.

Vascular annulus reforms in regenerated hair follicles in reconstituted mouse skin

The invariant association of upper bulge stem cells and the vascular annulus suggests a 

follicular dependence on the perivascular niche. To determine if the upper bulge associates 

with a perivascular niche in follicles that form in a context other than normal development, 

we examined the vasculature around follicles that were generated de novo in adult skin. New 

follicles in reconstituted mouse skin were created by mixing primary keratinocytes and 

dermal fibroblasts from neonatal mouse skin in a silicon-grafting chamber implanted into 

the back skin of an athymic nude mouse (Weinberg et al., 1993). The reconstituted follicles 

lack the regular orientation and patterning of normal mouse skin. Nonetheless, by three 

weeks after grafting, the vasculature associated with the reconstituted follicles recapitulated 

a typical vascular annulus in the upper bulge region (Figure 4a, b). Consistent with a role in 

establishing associations with vasculature, Egfl6 was expressed in the upper bulge region of 

the newly reconstituted follicles at the location of the vascular annulus (Figure 4c, d). Of 

note, reconstituted follicles in the center of the graft were not innervated, whereas those on 

the margin of the graft had associated nerves (Supplemental Figure 3). In innervated 

follicles near the graft margin, the upper bulge had specified a K15− region that coincided 

with the placement of the vascular annulus (Figure 4a). In the non-innervated center of the 

graft, follicles lacked a K15− domain. Nonetheless a vascular annulus formed adjacent to 

Egfl6-expressing cells in the upper bulge region (data not shown). The recreation of this 

association in de novo follicles strongly suggests a requirement for the perivascular 

microenvironment in the generation and maintenance of upper bulge stem cells.

DISCUSSION

Stem cell fate, function and maintenance are highly influenced by signals from their local 

microenvironment. In many tissues a perivascular stem cell niche is well defined. We 

systematically examined the patterning of the dermal vasculature during skin development 

and hair cycle homeostasis, and identified a characteristic perivascular niche associated with 

a subset of hair follicle stem cells residing in the K15− upper bulge (Figure 5). Importantly, 

we found that upper bulge stem cells are specified in close association with vessels, they 

remain associated with a venule annulus throughout the postnatal hair cycle and after skin 

denervation, and the vascular annulus is recapitulated around the upper bulge of de novo 

reconstituted hair follicles. The consistent and persistent nature of this association in 

different contexts strongly suggests a necessary regulatory relationship between the 

perivascular microenvironment and upper bulge stem cells. Intriguingly, the upper bulge 

specifically expresses Egfl6, a signaling molecule with angiogenic properties that can 

influence endothelial cell migration. This suggests a reciprocal mechanism whereby a 
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molecularly distinct subset of bulge cells may create a microenvironment that influences 

dermal vasculature, thus maintaining the perivascular stem cell niche.

Upper bulge stem cells in the perivascular niche are also regulated by a perineural 

microenvironment (Brownell et al., 2011). Nerves induce Gli1 expression in the upper bulge 

by Shh signaling, and are required to maintain the unique ability of upper bulge cells to 

become epidermal stem cells after being recruited into healing skin wounds. Interestingly, 

nerves appear to be dispensable for continued follicle regeneration in the hair cycle. Thus 

the upper bulge is specified and is maintained in a neurovascular microenvironment, but 

follicle stem cell properties continue to manifest after denervation, in the perivascular 

environment alone. Moreover, the upper bulge that forms in de novo reconstituted follicles 

expresses Egfl6 and recruits a vascular niche in the absence of follicle innervation. Together 

these observations suggest a critical need for the perivascular microenvironment for the 

specification and maintenance of upper bulge stem cells.

Vasculature is also necessary to supply oxygen and nutrients to cells in the skin, and 

disruption of vasculature results in ischemic necrosis. It has been speculated that stem cells 

may preferentially associate with vasculature in order to insure their access to essential 

nutrients. However, the vascular annulus associated with the upper bulge is a venous vessel, 

suggesting it would carry blood with lower oxygen and nutrient contents than arterioles or 

capillaries. The venous nature of the vessels that associate with the stem cell niche could 

imply that relative hypoxia and low nutrients are part of the regulatory microenvironment. 

Alternatively, molecules specifically generated by venules could regulate the follicle stem 

cells. While angiocrine factors have been found to regulate adult stem cells (Butler et al., 

2010; Sugiyama et al., 2006) and cancer stem cells (Beck et al., 2011), it is not clear if the 

signals originate from arterioles, venules, or both. Moreover, it is not known if the 

perivascular stem cells observed in other organs also associate exclusively with venules. 

Having demonstrated that venules associate with a subpopulation of hair follicle stem cells, 

it will be interesting to learn if this is consistent across other perivascular niches, or if 

arteriolar signals may regulate stem cells in other tissues.

Our observations reveal that the developing hair follicle bulge is surrounded by vasculature 

from its earliest stages. Moreover, by E16.5 the developing bulge region is enveloped by 

both vessels and neuronal processes (Supplemental Figure 1a’). Thus, hair follicle stem cells 

form and ultimately reside in a neurovascular microenvironment. During the same period of 

development, myelinated sensory nerves in the deeper dermis direct vascular remodeling 

and arterial differentiation so that arterioles and small arteries align with nerve branches 

(Mukouyama et al., 2002). In contrast, nerve endings at the developing bulge associate with 

a capillary network that remodels to form a venule annulus. Either the nerves and vessels 

independently localize to the developing bulge via environmental patterning signals, or 

follicle-associated nerve endings direct venous remodeling and differentiation. Considering 

that a vascular annulus forms around the bulge of de novo regenerated follicles in the 

absence of nerves, patterning by a common ontology seems more likely. Investigating these 

alternatives, along with any role the vascular annulus may play in nerve maintenance at the 

bulge, will require additional study.
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There is growing evidence that the bulge contains multiple distinct subpopulations of hair 

follicle stem cells. Mechanisms must exist to establish and maintain stem cell domains 

within the bulge. Signals from adjacent structures such as the dermal papilla, sensory nerves, 

and the arrector pili muscle have been posited to be involved in establishing stem cell 

domains within the bulge (Greco and Guo, 2010). Now the vascular annulus must also be 

considered as a potential regionalizing influence. There are multiple reasons why the upper 

bulge would need spatial regulation. First, the upper bulge lies on a functional border. The 

upper bulge contains stem cells that are quiescent during telogen and are recruited to 

regenerate the follicle during anagen. Immediately above the upper bulge is the isthmus that 

contains proliferative progenitor cells that do not normally contribute to the adult follicle. 

Signals from the vascular annulus may help maintain the disparate characteristics of these 

two adjacent keratinocyte populations. Furthermore, fate mapping of Gli1 and Lgr5 follicle 

stem cells show preferential retention of the long-term stem cells in the upper bulge region 

(Brownell et al., 2011; Jaks et al., 2008). Thus the vascular annulus is positioned 

appropriately to provide a niche that regulates the long-term maintenance of self-renewing 

follicle stem cells.

Based on these data, we propose that a venous vascular annulus forms around the upper 

bulge of follicles in mouse skin and participates in the establishment and maintenance of a 

specialized stem cell population. We also observe that Egfl6 is specifically expressed by the 

upper bulge stem cells found in the perivascular niche and is a candidate for sustaining the 

vascular microenvironment. Future studies will hopefully identify the essential angiocrine 

factors that regulate follicle stem cell behavior. Understanding the requisite components of 

the stem cell niche will have far reaching implications on tissue engineering and developing 

stem cell based therapies.

MATERIALS AND METHODS

Animals

Normal fetal and postnatal FVB mice were obtained after overnight mating. 3 embryos were 

analyzed for each time point. E0.5 was regarded as noon on the first day after the mating. P0 

was the morning of the day of birth. FVB, Gli1LacZ/+ mice (Bai et al., 2002), and EphrinB2-

tau-LacZ mice (Wang et al., 1998) were bred and housed in a pathogen-free facility at the 

NCI, Bethesda, MD, and used in experiments in accordance with institutional guidelines.

Immunofluorescent staining and image analysis

Skin was fixed in 4% paraformaldehyde over-night at 4 °C and then cryoprotected over-

night in 30% sucrose, embedded in OCT and frozen. 12 μm to 80 μm sections were 

obtained. Sections were fixed in 4% paraformaldehyde for 15 min before incubation in 10% 

serum in 0.1% PBT for 1 hour, then in primary antibody overnight at 4 °C. Alexa Fluor 

conjugated secondary antibodies (1:2000, Invitrogen, California, US) were used to detect the 

signals. The primary antibodies used are as following: rat anti CD31 (BD Pharmingen™, 

California, US), rabbit anti CD31, chicken anti K15, rabbit anti K14 (Covance, Virginia, 

US), goat anti EphB1, rabbit anti sox9 (Santa Cruz, California, US), rabbit anti beta-

galactosidase (ebioscience, California, US), rabbit anti Egfl6 (a kind gift from Dr. Fiona 
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Watt (Fujiwara et al., 2011)). Confocal images were acquired with Zeiss LSM 710 Confocal 

system (Carl Zeiss Inc, Thornwood, NY). Whole mount staining followed the online 

protocol as described before (Li and Mukouyama, 2011).

Surgical denervation of cutaneous nerves

Dorsal cutaneous nerves were severed by microsurgery as described (Maurer et al., 1998). 

The denervated right dorsal skin and the sham treated left dorsal skin was separated by a 

midline incision.

Hair reconstitution assay

This was performed as per published protocols (Lichti et al., 2008; Woo et al., 2012). 

Briefly, primary mouse keratinocytes (7× 106 to 10 × 106) and primary mouse dermal cells 

(1 × 106) were isolated from 0-2 day postnatal pups skin, they were combined and 

transferred to a silicon grafting chamber implanted onto the back skin of an athymic nude 

mouse. After 3 weeks, the grafts were removed for analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Upper bulge stem cells are associated with a vascular annulus
CD31 and K15 immunostaining of vascular endothelial cells in mouse skin sections (40-80 

μm thickness) at (a) E14.5, (b) E18.5 and (c) P0. CD31 and K15 co-stained adult skin with 

hair follicles in (d) anagen, (e) catagen, and (f) telogen. (g) Mean distance (μm, n=55) to 

nearest CD31 stained cell from keratinocytes in the mid K15− upper bulge, mid-

infundibulum and mid K15+ bulge in telogen skin. (h) Whole mount CD31 immunostaining 

and autofluorescent hair shafts in adult ear skin viewed en face. (i) Egfl6 immunostaining in 

K15− upper bulge in telogen hair follicle. Arrowhead = follicle associated blood vessel. 

Error bars represent SD. * p<0.05 (F-test). Scale bar = 50 μm.
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Figure 2. The vascular annulus is composed of venules
(a) Telogen follicles in back skin from ephrinB2-tau-lacZ mice immunostained for CD31 

and β-galactosidase. Arterioles label for both markers (arrow), whereas the vascular annulus 

only labels for CD31 (arrowhead). EphrinB2 also stains the follicle (*). (b) Wild type 

telogen follicles immunostained for CD31 and EphB1. Venules, including the vascular 

annulus, label for both markers (arrow), whereas arterial vessels only label with CD31+ 

(arrowhead). Scale bar = 50 μm.
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Figure 3. The vascular annulus persists in denervated skin
Immunostaining in telogen skin, (a) the K15− upper bulge associates with both CD31 

marked blood vessels and neurofilament marked nerves. (b) In Gli1lacZ/+ mouse hair 

follicles, Gli1+ K15− upper bulge stem cells associate with the CD31+ vascular annulus. (c) 

In surgically denervated skin from the same mouse, 2 weeks post denervation, the vascular 

annulus remains present although the upper bulge has become Gli1− and K15+. Scale bar = 

50 μm.
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Figure 4. The vascular annulus forms around reconstituted hair follicles
Reconstituted mouse skin was generated on the back of adult nude mice. Vasculature 

(CD31) and K15 expression were examined three weeks after transplantation. (a, b) A 

vascular annulus was consistently associated with the upper bulge region of the reconstituted 

follicles (arrowheads). At the periphery of the graft (a), the vascular annulus coincided with 

K15− upper bulge (arrows). (c) Egfl6 immunostaining in upper bulge of reconstituted hair 

follicle. Scale bar = 50 μm.
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Figure 5. A schematic model of perivascular hair follicle stem cells
In adult mouse skin a venous vascular annulus remains associated with Gli1+ K15− stem 

cells in the upper bulge throughout the hair cycle, despite dramatic remodeling of other 

perifollicular vasculature. Upper bulge stem cells are known to be spatially, molecularly and 

functionally distinct from other follicle stem cells, and formation of the vascular annulus 

appears to coincide with specification and regionalization of the upper bulge. The unique 

expression of the angiogenic factor Egfl6 by the upper bulge further suggests a specialized 

association with a perivascular microenvironment for these stem cells. SG = sebaceous 

gland. DP = dermal papilla.
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