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In liebevollem Gedenken an meinen Vater 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hier mein Geheimnis. Es ist ganz einfach: Man sieht nur mit dem Herzen gut. 

Das Wesentliche ist für die Augen unsichtbar. 

Antoine de Saint-Exupéry 

 

 

 

The pilary system is a perfect microcosmic structure. In this microcosmos we find 

birth, development, ageing and death, activity and rest, color formation and 

decolorification, greasiness and dryness, infection and sterilization, hypertrophy and 

atrophy, benign tumors and malignant ones. 

Stephen Rothman, 1958 
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1 INTRODUCTION 

Hair follicles (HFs) undergo life-long cycles of growth (anagen), regression (catagen) 

and relative quiescence (telogen), the so-called HF cycle. During anagen 

development, i.e. when a new hair shaft (HS) factory - the anagen hair bulb - is 

reconstructed, the HF recapitulates in part key morphological events of its own 

morphogenesis. This astounding phenomenon of cyclic organ regeneration during 

adult life is only possible because this miniorgan is richly endowed with epithelial 

stem cells (eSCs). While it has long been recognized that these are located in the so-

called bulge region of the HF’s outer root sheath (ORS), very little is known about the 

microenvironment in which the bulge eSCs are located in human HFs, i.e. their stem 

cell niche.  

 

Stem cell niches are now recognized to have a major impact on stem cell biology, 

namely on maintaining these cells in their undifferentiated state and for influencing 

stem cell fate decisions and when / how daughter cell populations (transient 

amplifying cells) are generated from these progenitor cells. Therefore, in the context 

of HF stem cell biology, it is of paramount importance to better characterize the 

human bulge eSC niche. Also, since these bulge eSCs offer themselves as ideal 

sources for autologous, cell-based somatic stem cell therapy in the context of 

regenerative medicine strategies (e.g. for improved skin defect management), it is 

crucial to better characterize the extracellular matrix (ECM) and adhesion protein / 

receptor milieu of human bulge eSCs so as to allow, in the future, the optimized 

culture of these cells under niche-simulating conditions. 

 

While considerable attempts have been made to generate a gene expression profile 

of mouse and human HF eSCs in situ, namely by microarray analysis and laser 

capture microdissection, much less is known about the protein products of these 

genes that are actually expressed in the human bulge region which may operate as 

key elements of the human HF eSC niche in situ. The aim of this study, therefore, 

was to contribute substantially towards defining the key molecular signatures of adult 
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eSCs and their niches in situ on the protein level. For this purpose, both routine and 

increased-sensitivity immunohistochemical staining techniques were employed, and 

the corresponding immunoreactivity (IR) patterns were evaluated by quantitative 

immunohistochemistry. In addition, we have attempted to define novel morphological 

criteria by which the human bulge region may be more easily identified in the future, 

without the need to use immunohistochemistry. 

 

Since high ß1 integrin expression had been claimed to be an essential feature of HF 

eSCs, we also focussed on validating this claim by immunohistology, and 

complemented this with functional studies of organ-cultured human anagen hair 

bulbs (which contain numerous transient amplifying cells derived from bulge eSCs) 

that were incubated in the presence / absence of ß1 integrin-modulatory antibodies 

and RGD peptides.  

 

In the following, after a short introduction into relevant essentials of HF biology, the 

current state of research on HF stem cells in general will briefly be summarized, and 

key open questions will be delineated. Subsequently, we critically discuss which HF 

stem cell markers have been proposed in the past, with emphasis on markers that 

may be relevant for the eSC niche of human HFs, and succinctly explain relevant 

background information on those markers that were selected for study in the current 

context. 

 

The experimental work for this thesis was performed in close collaboration with the 

Department of Dermatology (Prof. R. Paus), University of Lübeck, and the 

Department of Molecular Medicine (Prof. R. Fässler), Max-Planck-Institute for 

Biochemistry, Martinsried, and was firmly integrated into an ongoing, BMBF-funded 

collaborative research project that attempts to exploit human HF stem cells for skin 

defect repair. 
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1.1 Specific addressed questions 

1. Is it possible to define a novel morphological criterion by which the human bulge 

region can be more easily identified in the future? 

 

2. How do we evaluate published IR patterns of putative epithelial HF stem cells and 

stem cell niche markers? 

 

3. How can we identify key molecular signatures of adult eSCs and their niches  

in situ on the protein level? 

 

4. How does the IR of β1 integrin in the human pilosebaceous unit look like and does 

it change during HF cycling? 

 

5. Is there really an upregulation for β1 integrin in human epithelial HF stem cells of 

the HF bulge? 

 

6. Does ß1 integrin-mediated signalling via blocking or stimulating antibodies affect 

functions of the progeny of epithelial HF stem cells, i.e. hair bulb keratinocytes and 

the HS produced by them? 

 

7. Do ligand-mimicking RGD peptides promote the growth of microdissected,  

organ-cultured human scalp HFs in vitro? 
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2 LITERATURE 

2.1 Hair follicle biology: overview 

The skin and its appendages have many different tasks to fulfil. The HS which is the 

main product of the HF has got several functions, i.e. protection against 

environmental traumata, thermoregulation, social communication, mimicry and a 

container for sequestering and excreting unwanted compounds (PAUS and 

COTSARELIS 1999; STENN and PAUS 2001).  

The HF is one of the most complex microorgans of the human body. It is rhythmically 

transformed and regenerated, termed the HF cycle. The cycle length varies  

species-specific, e.g. it lasts years in humans and weeks in mice. But the 

developmental and cycle stages as well as the basic follicle transformations underlie 

the same pattern in human and murine skin (KLIGMAN 1959) (Fig. 2.1). 

 

 

Fig. 2.1: Comparison of human scalp and murine pelage anagen VI HFs 
Comparison of the structure of the hair bulb in human scalp (left) and murine pelage (right) anagen VI 
HFs. CTS: Connective tissue sheath, HS: Hair shaft, IRS: Inner root sheath, ORS: Outer root sheath 
(MILLAR 2002). 
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Fig. 2.2: Basic data on human HFs 
(PAUS et al. 2007) 
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2.1.1 Hair follicle morphogenesis 

HF morphogenesis is governed by a series of inductive events that the epidermal 

keratinocytes commit to HF specific differentiation and the mesenchymal cells, that 

form the dermal papilla (DP), send each other to achieve progression to the next 

developmental stage (HARDY 1992). These results in the construction of the hair 

bulb, in which keratinocytes rapidly proliferate and differentiate into six distinct cell 

compartments, forming the medulla, cortex and cuticle of the HS, as well as the 

cuticle and the Huxley and Henle layers of the inner root sheath (IRS). The latter 

separates the HS from the ORS, which forms the extermal concentric layer of 

epithelial cells in the HF (SENGEL 1976). HF morphogenesis can be divided into 

eight consecutive stages, each characterized by a unique expression pattern, which 

is governed by a plethora of growth factors, growth factor antagonists, adhesion 

molecules and intracellular signal transduction components (BOTCHKAREV and 

PAUS 2003). The different stages start with an accumulation of nuclei, the so-called 

pregerm (PINKUS 1958), which develops into a circumscribed epidermal thickening 

of enlarged keratinocytes in the basal layer of the epidermis, termed the hair peg 

(DRY 1926), forming a broad column, in which the epithelial keratinocytes become 

concentrically arranged around the follicular axis. 

 

At this time, the DP is recognizable as a condensation of fibroblasts at the proximal 

end of the column. The hair peg elongates and the IRS starts to develop as a  

cone-shaped structure, that in pigmented skin is visible by its melanin formation 

(PAUS et al. 1999b). By reaching the hypodermal muscle layer, the panniculus 

carnosus, the HF has its maximal length and its prominent HS emerges through the 

epidermis. This constitutes the end of morphogenesis and thereafter the onset of the 

first hair cycle. First recognizable cyclic changes of HF activity start when the HF 

enters a stage of physiological apoptosis-driven involution (catagen) (STRAILE et al. 

1961; DEPLEWSKI and ROSENFIELD 2000; STENN and PAUS 2001).  
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This developmentaI course can be observed in humans but also in sparsely and 

densely haired mammals, like pigs or mice (Fig. 2.3). The latter species are both 

often used as model for the human skin (MEYER 1986, 2009; PAUS et al. 1999b). 

The following figure shows the specific structural features of hair morphogenesis in 

more detail. 

 

 

 

 
 
Fig. 2.3: HF morphogenesis in mice 
Stage 0: Accumulation of nuclei (pre-germ), stage 1: Epidermal thickening (hair peg), stage 2: Forming 
of a broad column with concentrically arranged keratinocytes, stage 3: DP at the proximal end of the 
hair peg, stage 4: Henle’s layer of the IRS develops as a cone-shaped structure above the DP, stage 
5: Elongation of the IRS halfway up (hair cone), stage 6: HF reached the deep hypodermis (subcutis) 
and hair canal is visible, stage 7: the tip of the HS leaves the IRS and enters the hair canal, stage 8: 
HF acquires its maximal length and reaches the hypodermal muscle layer (panniculus carnosus) 
(PAUS et al. 1999b) 
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2.1.2  Functional anatomy of the human hair follicle 

Humans are carrying about 5 millions of hair fiber-forming HFs, of which about 

100.000 HFs are located on the scalp (PAUS and FOITZIK 2004; KRAUSE and 

FOITZIK 2006). There are three main tyes of HFs: lanugo, vellus and terminal. They 

exhibit structural and pigmentry differences, but they all have the same functional 

architecture in common (DAWBER 1997; PAUS and COTSARELIS 1999). The 

human scalp skin is basically covered with terminal HFs.  

 

The mature anagen scalp HF has the shape of an inverted wine glass into whose 

calyx an onion-like mesenchymal structure, the DP, has been placed. This basic 

design serves the HF’s key function as a fiber production machinery for durable, 

pigmented HSs of enormous tensile strength. These HSs must be guided to the skin 

surface without allowing them to intrude into the surrounding dermis because 

otherwise they would provoke infection. This is guaranteed by guiding structures and 

slippage planes. The hardened inner cylinder of terminally differentiated 

keratinocytes, the IRS, which guides and packages the central HS, moves outward 

with it, uses as a slippage plane the companion layer, which can either be seen as 

the innermost layer of the ORS or as a slippage plane itself (STENN and PAUS 

2001; LANGBEIN et al. 2002). 

 

The epithelial HF compartments consist of at least eight concentric cylinders: ORS, 

companion layer (ORS), Henle’s layer (IRS), Huxley’s layer (IRS), cuticle (IRS), as 

well as cuticle, cortex, and medulla of the HS (Fig. 2.4). All of these cylinders 

represent a distinct lineage of epithelial differentiation and display characteristic 

structural proteins (e.g. hair keratins, trichohyalin), adhesion and matrix molecules as 

well as enzyme activities (LANGBEIN et al. 1999; LANGBEIN et al. 2001).  
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Fig. 2.4: Terminal human HF in anagen VI 
A Overview, B Proximal HF (PAUS et al. 2007) 
 

ORS, IRS, hair matrix, and HS arise from the progeny of eSCs which are located in 

the bulge region of the HF. The bulge region in the ORS of human HFs, i.e. the area 

where the arrector pili muscle (APM) inserts into the ORS (Fig. 2.5 B and 4.1) below 

the insertion of the sebaceous gland (SG) duct, is now firmly established as at least 

one major site of epithelial HF stem cells (COTSARELIS et al. 1990; LYLE et al. 

1998; TUMBAR et al. 2004; COTSARELIS 2006a; OHYAMA et al. 2006; TIEDE et al. 

2007a, b). In contrast to mouse and fetal human HFs, the adult human anagen bulge 

is morphologically undistinctive because no major ORS protrusion is detectable 

(COTSARELIS 2006a). These eSCs, from which the ORS is generated by transient 

amplifying cells (COTSARELIS et al. 1990), remain in the bulge region throughout 

later life, while those transient amplifying cells that construct IRS, hair matrix and HS 
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have been postulated to arise from a second population of stem cells that have 

become deposited in the secondary hair germ (PANTELEYEV et al. 2001; 

BLANPAIN et al. 2004; CHRISTIANO 2004) (Fig. 2.5 A). However, convincing proof 

for the latter concept remains to be provided. In genetically engineered mice, bulge 

stem cells have been demonstrated to generate all epithelial cells lineages, including 

IRS, hair matrix, and HS (TAYLOR et al. 2000; OSHIMA et al. 2001; BLANPAIN et al. 

2004). 

 

 
Fig. 2.5: HF: Keratinocyte lineages and structure 
Keratinocyte lineages in the HF (A) (PAUS et al. 2007), structure of the human HF (B) (WHITING 2004) 
 

The anagen hair bulb constitutes the actual HS factory. This contains one of the most 

rapidly proliferating cell populations found in any mammalian tissue: the 

keratinocytes of the one-layered hair matrix. These cells initiate their terminal 

differentiation to trichocytes in the precortical hair matrix, above the DP, where they 
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receive melanosomes from the melanocytes of the HF pigmentary unit for HS 

pigmentation. During the process of differentiation into HS cuticle, cortex and 

medulla, these keratinocytes express a defined set of keratins (SLOMINSKI and 

PAUS 1993; SLOMINSKI et al. 1994; TOBIN and PAUS 2001). Matrix cells, medulla, 

cortex, IRS and ORS represent ectodermal derivatives, whereas the DP, the CTS 

and the hyaline membrane, separating the CTS from the ORS, are derivatives of the 

neural crest. 

The larger the volume of the DP is, the more specialized fibroblasts are contained in 

it and the greater is its secretory power for the release of ´papilla morphogens` 

(JAHODA and REYNOLDS 1996; PAUS et al. 1999a): The size of the anagen hair 

bulb is larger, possibly the duration of anagen is longer, and subsequently the 

diameter and the length of the HS produced by the hair bulb are larger as well (Fig. 

2.6).  

A destroyed DP can be fully reconstituted from the proximal connective tissue sheath 

(CTS) of the HF (JAHODA 1992; JAHODA and REYNOLDS 1996; REYNOLDS et al. 

1999), which harbours mSCs (LAKO et al. 2002; JAHODA 2003). There is also a 

substantial exchange of fibroblasts between these two key mesenchymal 

compartments of the HF: during each telogen-anagen-catagen transformation, there 

is a striking trafficking of fibroblasts between the DP and the proximal CTS of the HF,  

which results in substantial changes in DP volume and cell content (TOBIN et al. 

2003).  



 

 

 LITERATURE 

 27 

 
Fig. 2.6: Hair bulb and HS structure 
A: Schematic presentation of the onset of expression of special keratins in the hair bulb; B: Hair shaft 
structure (PAUS et al. 2007) 
 

The human HF has a complex innervation system which is responsible for the 

properties of the HF as a highly sensitive tactile organ. It registers even very subtle 

touch sensations generated by insects or wind and stroking, brought about by HS 
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movements. In addition, the follicular neural plexus may also have important trophic 

and regulatory functions by the release of neurotransmitters, neuropeptides and 

neurotrophins (BOTCHKAREV et al. 1997; PAUS et al. 1997; BOTCHKAREV et al. 

1998a; BOTCHKAREV et al. 1998b; BOTCHKAREV et al. 1999; PETERS et al. 

1999; PETERS et al. 2001; PETERS et al. 2002a). 

The HF also displays a rich, basket-like vasculature arising from the dermal and 

hypodermal vascular plexus. It is formed by arterioles, capillaries and venules with 

numerous shunts. This perfusion system sheathes the entire follicle, weaving through 

its CTS, and even inserts into the DP of terminal HFs (MECKLENBURG et al. 2000; 

YANO et al. 2001). 

The muscle is under adrenergic control, and thus involuntarily contracts in situations 

of sudden stress, anxiety or anger, making one’s hair ´stand-up`. But this has 

become of minor importance in the comparatively ´nude` human species. In human 

scalp skin, a single APM structure is shared by all the follicles within the so-called 

follicular unit, a defined group of 2–4 terminal and 1–2 vellus HFs (HEADINGTON 

1984), joining bulky cords of muscle fibers at one pole of the follicular unit at the 

upper isthmus level (POBLET et al. 2002). 
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Tab. 2.1: Glossary of anatomical terms frequently used in hair research 
(modified after MÜLLER-RÖVER et al. 2001) 
 

Bulb  Prominent onion-shaped thickening on the proximal end of 

the HF, relatively undifferentiated matrix cells, melanocytes 

and cells from the proximal ORS 

Bulge Convex extension of the distal part of the ORS, near the 

epidermis, location of epithelial HF stem cells and insertion 

of the APM 

Club hair Resting HS with a hollow brush of keratinized kertinocytes 

on the proximal end, thightly attached to the cortical cells of 

the hair cortex 

Connective tissue sheath 
(CTS) 
 

Part of the dermal connective tissue, tightly attached to the 

outer side of HF, composed of fibroblasts, macrophages 

and connective tissue 

Dermal papilla (DP) 
Syn. Follicular papilla 

Mesodermal part of the HF, closely packed mesenchymal 

cells, framed by the bulb matrix during anagen 

Epithelial strand  Column of epithelial cells beween the germ capsule and the 

compact DP, laterally demarcated by the thickened glassy 

membrane 

Secondary germ capsule 
Syn. Secondary hair germ 

Bag-like structure of glycogen-free cells of distal ORS, 

surrounding the club hair 

Hair shaft (HS) Terminally differentiated HF keratinocytes (trichocytes), the 

HS is divided into cuticle, cortex and medulla 

Hyaline membrane 
Syn. Vitreous membrane 
Syn. Glassy membrane 

Outermost noncellular part of the HF, basal lamina and two 

layers of orthogonally arranged collagen fibers, separates 

ORS from CTS 

Isthmus Middle portion of the HF extending from the sebaceous 

duct to the insertion of APM (bulge region) 

Inner root sheath (IRS) Multilayered structure composed of terminally differentiated 

HF keratinocytes surrounded by the ORS, surrounds the 

hair up to the hair canal 

Outer root sheath 
(ORS) 
 

Outermost sheath of HF keratinocytes, merges distally into 

the basal layer of the epidermis and proximally into the hair 

bulb 

Sebaceous gland (SG) Glandular structure close to the insertion of the APM with 

holocrine function, lipid-filled sebocytes 
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2.1.3 Hair follicle cycle 

The human scalp consists of long, thick, medullated and pigmented terminal HSs 

(eyebrows and lashes as well). The cycling of the HFs (Fig. 2.7) is divided into three 

distinct phases (growth, regression, rest) and is characterized by a life-long 

regression and proliferation activity. The length of the human scalp HFs is defined by 

the duration of the HF’s growth phase (anagen) which lasts for 2 to 6 years. 

Approximately 85% to 90% of all scalp HFs are within anagen stage. Catagen 

(regression phase) lasts only for a few weeks followed by the telogen phase (rest) 

which lasts 2 to 4 months. The usual growth of scalp HFs lies between 0.3 and 0.5  

mm per day and is dependent on proliferation and differentiation of the matrix 

keratinocytes (MKs) (DAWBER 1997; STENN and PAUS 2001; PAUS et al. 2007). 

 

Synchronized HF cycling in mammals prepares the hair coat if necessary for 

seasonal changes in habitant conditions as well as procreational activities (STENN 

and PAUS 2001). The purpose of HF cycling in humans, asynchronous follicle 

waves, is not as obvious, but may include cleaning of the skin surface of debris and 

parasites and excretion of chemicals by encapsulation within trichocytes (STENN 

and PAUS 2001). In addition, HF cycling might serve as a regulator of paracrine or 

even endocrine secretion of hormones and growth modulators produced within the 

follicle and secreted into the skin and / or circulation (PAUS and COTSARELIS 

1999). 

 

Anagen is the growth phase of the hair cycle and can be divided into 6 different 

stages (anagen I-VI) (Fig. 2.7) defined by specific morphologic criteria (MÜLLER-

RÖVER et al. 2001). This formation of the HF displays structural and molecular 

analogies to fetal HF morphogenesis (PAUS et al. 1999a). Anagen starts with the 

proliferation of secondary germ cells in the bulge region and is characterized by a 

massive proliferation and differentiation of keratinocytes of the hair matrix, as well as 

the remodelling of perifollicular innervation, the HF immune system and the 

pigmentation of the HS by follicular melanogenesis (PETERS et al. 2001).  
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Fig. 2.7: HF development and cycling 
(PAUS et al. 2007) 
 

Catagen is the regression phase (catagen I-VIII) (Fig. 2.7). The first sign of catagen 

is the termination of the melanin production in the hair bulb. Further, it is 

characterized by a programmed, apoptosis-driven involution of the lower part of the 

HF, the termination of follicular melanogenesis, formation of the club hair, 

condensation and upward movement of the DP (TOBIN et al. 1998).  
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Telogen is the resting phase (Fig. 2.7) and implicates the relative quiescence of the 

HF, since the epithelial remnants of the telogen HF (distal ORS, secondary hair 

germ, bulge) are engaged, e.g. in substantial biochemical activity and some degree 

of proliferation (PAUS and COTSARELIS 1999; MÜLLER-RÖVER et al. 2001). 

 

In mice, the hair growth cycle occurs in a wave-like synchronous pattern starting from 

neck to tail. So, it is possible to find regions where all follicles have entered the next 

stage, in contrast to a more distant region on the back skin within a single mouse. In 

contrast to rodents, each follicle in the scalp of human skin behaves independently of 

its neighbours, thus it is a ´mosaic` pattern of hair replacement (CHASE 1954). Such 

pattern type is also observed in domesticated mammals kept under indoor conditions 

(MEYER et al. 1986, 2009). 

 

The HF transition between distinct stages of development and postnatal cyclic 

regeneration is governed by a bidirectional signal exchange between follicular 

keratinocytes and fibroblasts of the follicular DP. Obviously, many growth stimulators 

and inhibitors which are involved in the regulation of HF development also control the 

cyclic activity in postnatal HFs (Tab. 2.2). The DP is supposed to be the control 

centre of follicle growth, initiating and terminating anagen. The HF development is 

due to DP fibroblasts and its contact to hair MKs (JAHODA and REYNOLDS 1996), 

which signals act on the eSCs of the follicle to initiate anagen (bulge activation 

hypothesis). The stem cells are supposed to generate rapidly dividing transient 

amplifying cells, which migrate toward the DP for constructing a new hair bulb 

(LAVKER et al. 1993). The exact signalling of this mechanism remains to be 

elucidated. 
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Tab. 2.2: Some molecular mediators of HF growth 
(modified after STENN and PAUS 2001)  
 
 

Fibroblast growth factor (FGF),  

-receptor 

Terminates anagen (DU CROS 1995; 

ROSENQUIST and MARTIN 

1996)  

Transforming growth factor 

(TGF)-ß, -receptor 

Catagen 

development  

(LITTLE et al. 1994) 

Bone morphogenic protein (BMP) Suppresses hair 

growth 

(BOTCHKAREV 2003) 

Keratinocyte growth factor (KGF) Induces anagen (ROSENQUIST and MARTIN 

1996) 

Insulin-like growth factor (IGF)-I,  

-receptor, binding proteins 

Stimulates hair 

growth 

(PHILPOTT et al. 1994; 

HEMBREE et al. 1996) 

Epidermal growth factor (EGF) Stimulates cell 

growth in the ORS 

(MOORE et al. 1981) 

Hepatocyte growth factor (HGF),  

-receptor 

Epithelial-

mesenchymal 

interactions 

(LINDNER et al. 1997) 

Vitamin D receptor Mutation results in 

alopecia 

(REICHRATH et al. 1994) 

Noggin (antagonist to BMP) Accelerates hair 

growth 

(BOTCHKAREV et al. 2001) 

17-ß-estradiol Inhibits hair growth (OH and SMART 1996) 

Prolactin  Stimulates catagen 

development 

(PEARSON et al. 1999) 

Androgen receptor ´Paradoxical` site-

dependent 

(ITAMI et al. 1995) 

Aromatase cytochrome Steroidogenic 

enzyme located in 

the HF and SG 

(SAWAYA and PENNEYS 

1992) 

5α-reductase type I / II Steroidogenic 

enzyme located in 

the HF and SG  

(SAWAYA and PRICE 1997) 
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2.2 Stem cell biology: overview 

Accurate, reliable and selective stem cell characterization remains a major challenge 

for stem cell biology. One key problem in this ongoing attempt is to identify genes 

and gene products that control ´stem-ness` and prevent stem cells from 

differentiating into various lineages.  

 

This challenge is particularly important in HF and skin biology. Epidermis and HFs 

are self-renewing tissues that permanently generate new epithelial cells to replenish 

detached corneocytes of the stratum corneum including their precursor keratinocytes 

and to transform a relatively quiescent HF into a hugely productive factory for 

pigmented HSs (PAUS and COTSARELIS 1999; STENN and PAUS 2001). During 

HF development HF stem cells arise from less committed eSC populations in the 

fetal epidermis. How are they specified and committed? Massive amounts of new 

epithelial cells are needed to repair the skin after injury. How are they specified and 

committed? 

 

All these processes require the presence of eSCs as regeneration pools. While the 

melanocyte stem cells that feed the HF’s pigmentary unit get lost already in the third 

or fourth decade of human life, leading to graying (NISHIMURA et al. 2005; 

SLOMINSKI et al. 2005), the HF never loses its amazing regenerative capacity - 

unless this stem cell pool is destroyed (e.g. by autoaggressive immune responses). 

This implies that epithelial HF stem cells must be maintained in their undifferentiated 

state and this likely for the entire duration of the individual’s lifetime. 

2.2.1 Basic stem cell characteristics 

In general terms, stem cells are thought to be capable of dividing indefinitely and of 

giving rise to more differentiated progeny. Thus, stem cells share the defining 

characteristics of self-renewal which maintains or expands the stem cell pool. In 

addition, one daughter cell can undergo single- or multi-lineage differentiation.  
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Fig. 2.8: HF stem cell populations and their supposed location during the hair cycle 
Cyclical changes in HF growth are divided into different stages, referred to as anagen, catagen and 
telogen. HF epithelial and melanocyte stem cells localize to the bulge at the site of APM insertion (see 
blow-up). During anagen, rapidly proliferating progenitor cells in the bulb generate the HS and its 
surrounding IRS. The onset of catagen is marked by completion of proliferation as well as by 
apoptosis of the epithelial cells below the bulge. The mesenchymally-derived DP survives catagen and 
moves to the lowermost portion of the bulge during telogen, which then forms the secondary hair germ 
at its base as a pool for melanocyte stem cells, which are moved down from the bulge, and maybe for 
a second epithelial stem cell population (see blow-up). As the new HS grows in, the old hair is shed. 
Possible stem cell populations and their locations in the human HF are indicated in the anagen VI HF 
blow-up illustrations (TIEDE et al. 2007a). 
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This process usually starts from transient amplifying cells (i.e., relatively 

undifferentiated cells with exceptionally high proliferative potential, but with a limited 

number of cell cycles that can be traversed), the progeny of which then generates 

and regenerates tissues (Fig. 2.8 and 2.9).  

 

As a core element of their self-renewal feature, and counter-intuitive to what one 

might suspect at first glance, stem cells actually cycle very rarely (BICKENBACH 

1981; CHENG 2004). This important ´slow-cycling` property is utilized in pulse-chase 

experiments to identify the localization of stem cells in various tissues: All rapidly 

dividing cells of a tissue incorporate nucleotide analogs such as  

5’-bromo-2’-deoxyuridine or tritiated [3H] thymidine into newly synthesized DNA. 

When the label is chased, only those cells that divide rarely and still reside within the 

tissue over time will retain their label. It was this technique, which showed that the 

murine HF bulge is residence to about 95% of intracutaneous label-retaining cells 

(LRCs) (COTSARELIS et al. 1990; MORRIS and POTTEN 1999; TAYLOR et al. 

2000; COTSARELIS 2006b). 

 

Elements of the local environment that 

participate in regulating the system of 

stem cells are depicted. Stem cell 

function include the architectural niche, 

physical engagement of the cell mem-

brane with molecules on neighbouring 

cells, signalling interactions of stem 

cell and niche or descendent cells, 

endo-crine and paracrine signals, 

neural signals and metabolic products 

(TIEDE et al. 2007a). 

 

Fig. 2.9: Cellular metabolism and stem cell function 
 

Five terms are frequently used to define the differentiation potential of stem cells: 

totipotent, pluripotent, multipotent, oligopotent, and unipotent (WAGERS and 

WEISSMAN 2004). Cells from a zygote, in the first few days after fertilization, are 
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totipotent and can give rise to a fully functional organism. During the development of 

the embryo, the totipotent cells become specialized and are considered to be 

pluripotent, meaning they can give rise to every cell in the body but will not give rise 

to the placenta or supporting tissues necessary for fetal development. Pluripotent 

stem cells become increasingly restricted in their lineage potential and generate 

tissue-specific multipotent stem cells which can give rise to the cell types from the 

tissue they were derived. It is still a matter of debate whether all individual stem cell 

populations in and around the HF are committed to a specific differentiation (i.e. to a 

specific lineage) or whether given the right signal(s) all these stem cells are, at least 

in principle, multipotent (LAVKER and SUN 2000; COTSARELIS 2006a). Multipotent 

eSCs, such as HF bulge cells, have been shown to be capable of forming HF, 

epidermis and SG (OSHIMA et al. 2001; MORRIS 2004; BLANPAIN and FUCHS 

2006; COTSARELIS 2006a). 

But – at least in murine HFs – nestin-positive cells that apparently arise from the 

epithelial bulge, can also give rise to non-epithelial cells like neurons or Schwann 

cells (LI et al. 2003; AMOH et al. 2005a; AMOH et al. 2005b; HOFFMAN 2006) (Fig. 

2.8 and 2.9).  

 

The self-renewal and multi-lineage differentiation of stem cells, both from embryonic 

and adult sources, make these cells attractive for regenerative medicine, tissue 

repair and gene therapy. A key question is: which controls induce successive stages 

of stem cell commitment during skin and HF development and maintain, e.g., the  

´stem-ness` of HF eSCs during development (NGUYEN et al. 2006; RHEE et al. 

2006; TIEDE and PAUS 2006) (Fig. 2.10). 
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Fig. 2.10: Simplified hierarchy and interactions of eSC regulators 
Red color denotes a relative ´stem-ness`, green color indicates increasing commitment towards a HF-
type epithelial differentiation pathway. Abbreviations in common use: Lhx2, LIM homeobox protein 2 
(NM_010710); p63, tumor protein p73-like (TP73L, NM_003722); NFκB, nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor, epsilon (NFKBIE, NM_518507); Wnt, wingless-type 
MMTV integration site family (WNT, NM_003393); Tcf3, transcription factor 3 (Tcfe2a, NM_011548); 
Noggin, bone morphogenetic protein 4 (NOG, NM_130851); Bmp, bone morphogenetic protein 1 
(BMP1, NM_006129); Rac1, rasrelated C3 botulinum toxin substrate 1 (rho family, small GTP binding 
protein Rac1, AJ132695); Shh, sonic hedgehog homolog (SHH, NM_000193) (TIEDE and PAUS 
2006). 

2.2.2 Importance of the stem cell niche 

Stem cell populations exist in specific anatomic locations, or niches, which protect 

the cells from depletion and regulate their activities. Changes in a niche or its 

interactions with the stem cell might lead to disease. The dynamic nature of the niche 

makes it a possible therapeutic target for the treatment of diseases such as cancer 

(SCADDEN 2006). Adult stem cells interact dynamically with their environment at 

increasing levels of complexity. Within the tissue, the stem cell / niche unit is 

influenced by soluble factors that are, in turn, influenced by systemic immunological 

and neuroendocrine signals (Fig. 2.9 and 2.10). 
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Almost every tissue studied has shown age-related decrements in the rate and / or 

efficacy of normal cellular turnover and regeneration in response to injury  

(RANDO 2006). This strongly suggests an age-related decline in stem cell 

functionality, but it does not necessarily imply that there is intrinsic stem cell ageing. 

Stem cell function is regulated from cell-autonomous regulation to regulation by the 

local environment of the niche. Declining tissue homeostasis or repair could arise 

from age-related changes in the numbers or properties of stem cells, in the local 

environment or niche, in the systemic milieu of the organism that influences all cells 

or in any combination of these. Changes within the niche would include alterations in 

the amount and composition of the ECM, changes in the membrane proteins and 

lipids in cells that make direct contact with stem cells and changes in soluble 

paracrine and endocrine factors that constitute the systemic milieu. In certain 

circumstances, such as islet-cell proliferation, the BM may again provide regulatory 

information (NIKOLOVA et al. 2006).  

Since eSCs usually reside on the BM, a high level of expression of certain integrins, 

which mediate attachment to the ECM, is required to maintain their position in this 

niche (KAUR 2006) (Fig. 2.10). 

 

The well-recognized fact that even harsh laser epilation techniques do not easily stop 

a HF from producing ever new HSs, and routinely have to be applied several times 

until the HF regeneration potential has finally been exhausted, already suggests that 

at least the follicular eSCs reside in a relatively protected, damage-resistant niche 

(RIZVI and WONG 2005). Latest evidence from gene profiling analyses (MORRIS et 

al. 2004; TUMBAR et al. 2004; OHYAMA et al. 2006; ZHOU et al. 2006) and 

immunohistological analyses in our lab suggest that bulge region eSCs actually enjoy 

a relative immune privilege, characterized primarily by down-regulation of  

MHC class I molecules and the local upregulation of potent immunosuppressants 

such as α-MSH and CD200, similar to the immune privilege that characterizes the 

anagen hair matrix (PAUS et al. 2005) and the proximal nail matrix (ITO et al. 2005a; 

ITO et al. 2005d). 
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BLANPAIN et al. (2004) made a discovery regarding HF eSC niche architecture. In 

mouse pelage follicles, they identified two distinct subpopulations of stem cells within 

the niche (basal and suprabasal keratinocytes of the bulge). Both the basal and 

suprabasal bulge cells contain stem cells that are multipotent and differentiate into all 

the epidermal and HF lineages in vivo. The authors examined the expression profile 

of both basal and suprabasal subpopulations and identified two factors (FGF18 and 

BMP6) that maintain these stem cells in a quiescent state. 

 

Surrounding the bulge eSC niche is a specialized BM to which the basal niche cells 

remain attached and the APM is in direct contact with a small number of bulge cells 

(AKIYAMA et al. 1995). The distal end of the muscle resides in the upper dermis in 

close proximity to Merkel cells. Cell–cell contacts between bulge and APM could be a 

factor involved in maintaining bulge cells in their undifferentiated state (AKIYAMA et 

al. 1995). The HF bulge region is also cohabited by neural crest lineages, the 

melanocyte and the Merkel cell (NISHIMURA et al. 2002). The function of Merkel 

cells within the bulge niche is unknown. Since these cells have no connection to 

sensory nerve endings, it was suggested that the Merkel cells serve a stem cell 

maintenance function (NARISAWA et al. 1994b; SIEBER-BLUM et al. 2004b). 

 

However, eSC protection in this niche is not fail-safe: For example, while these cells 

are resistant to chemical damage (e.g. chemotherapy), they are extremely sensitive 

to ionizing irradiation (HENDRIX et al. 2005). Furthermore, while a collapse of the 

more proximally localized and more prominent HF immune privilege (e.g. during 

alopecia areata) usually does not destroy the HF’s regenerative capacity (PAUS et 

al. 2005), just the opposite is true for autoaggressive attacks on the bulge region. 

Even when the immunohistochemically detectable inflammatory cell infiltrate is 

comparatively mild, the damage to this epithelial HF compartment may rapidly and 

irreversibly abrogate the HF’s capacity to regenerate itself (PAUS and FOITZIK 

2004). 

 



 

 

 LITERATURE 

 41 

To overcome the difficulty of identifying individual stem cells and their surrounding 

components in situ, the exact mechanisms underlying stem cell regulation by the 

niche remain elusive. OSAWA et al. (2005) employed mesenchymal stem cells 

(mSCs), which allow the identification of individual stem cells in the niche and the 

lower permanent portion of the HF. They found a molecular expression profile 

distinguishing mSCs from other compartments. These investigators also observed a 

downregulation of melanogenic factors like Sox10, Mitf, Kit, and Lef1. These data 

suggest a role for the niche in regulating molecular expression at the transcriptional 

and translational level, by downregulation of various activation stimuli that promote 

growth and / or differentiation, and / or by inducing inhibitory factors against 

activating stimuli.  

 

Therefore, it is one of the key challenges of HF stem cell research to characterize 

their respective niches, to try to recreate them in vitro in order to maintain these cells 

in their ´stemness` for as long as possible. This knowledge is also required for the 

development of innovative therapeutic strategies for the rapid destruction of these 

niches where this is therapeutically desired (hirsutism), or towards protecting these 

niches much more effectively from damage (namely, from autoaggressive 

inflammation and from ionizing irradiation) (PAUS 2006). 

2.3  Hair follicle stem cells 

There is a veritable maze of epithelial, mesenchymal, melanocytic, neuronal and 

probably even less-committed stem cell populations located within and around the 

HF which have both, distinct and overlapping marker expression profiles. All these 

populations, in theory, may reside in distinct stem cell niches (whose exact location 

and nature remains unclear). Some of these initially distinct stem cell populations 

may substitute for each other (e.g., under conditions of skin and / or HF wounding)  

in situ, and several of these seem to be capable of giving rise to the same wide range 

of differentiation patterns after manipulation in vitro.  
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2.3.1 The hair follicle bulge: an epithelial stem cell repository 

HFs undergo periodical cycles of growth (anagen), apoptosis-driven involution 

(catagen), and relative quiescence (telogen) (STENN and PAUS 2001) (Fig. 2.8). In 

rodents, the ORS between the non-cycling and cycling segments contains a discrete 

projection, which has been identified to contain slow cycling LRCs. In mice, this bulge 

region is situated between the attachment site for the APM and marks the bottom of 

the permanent portion of the follicle during cycling (COTSARELIS et al. 1990; 

COTSARELIS 2006a,b). The boundary in which LRCs were found to be localized 

approximates the SG as the upper border and the APM insertion point as the lower 

border (Fig. 2.8). In contrast to fetal human HFs, the adult human anagen bulge 

usually does not possess easily distinguished morphological features (COTSARELIS 

2006a). However, we have recently identified a distinctive, ´trochanter-like` epithelial 

structure in this region of the ORS of adult human anagen VI scalp HFs, which may 

serve as a marker structure for a compartment rich in bulge eSCs (TIEDE et al. 

2007b). LYLE et al. (1998) demonstrated that the C8 / 144B monoclonal antibody, 

originally raised against a CD8 peptide sequence, immunostains cytokeratin 15 

(CK15) in follicular keratinocytes. They concluded that this antibody is a useful 

marker to highlight the bulge region in both mice (LYLE et al. 1998) and man (LYLE 

et al. 1999). In addition, OHYAMA et al. (2006) have shown CD200 positivity of this 

region as a useful prospective eSC marker in human HFs. 

 

The cells of the bulge region display the greatest in vitro growth capacity and 

clonogenicity compared to cells from other regions of the HF and epidermis. This 

suggests that these cells are multipotent. Cell fate experiments using pulse labelling 

of nucleotides revealed that the bulge cells give rise to lower follicles, including the 

ORS, hair matrix and hair medulla (TAYLOR et al. 2000; ITO et al. 2004a; TUMBAR 

et al. 2004).  

 

Fluorescent marking of bulge cells, employing the promoter activity of the CK15 

gene, revealed that ´bulge-derived` cells were found throughout all epithelial cell 
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types of the new lower HF and HS, and were also present in the epidermis and SG 

(LIU et al. 2003; MORRIS et al. 2004). Bulge cells isolated from transgenic mice 

containing a reporter gene and transplanted into non-marked mice can be detected in 

the epidermis, HFs and SGs (OSHIMA et al. 2001). ROH et al. (2005) have 

confirmed that the human HF bulge area contains keratinocyte stem cells, whereas 

the hair matrix represents a proliferating and differentiating transient amplifying cell 

compartment. LYLE et al. (1998) showed that human telogen and anagen follicles 

express CK15 and high levels of β1 integrin in the basal layer of cells surrounding the 

telogen club hair (secondary hair germ) and in the anagen bulge region, respectively. 

As the entire lower follicle epithelium, below the isthmus, has degenerated during the 

catagen phase of the hair cycle, the telogen follicles represent an enriched source of 

stem cells.  

 

The MKs located at the bottom of the anagen hair bulb represent the rapidly 

proliferating transient amplifying cells that differentiate into all the epithelial layers of 

the HF. These cells do not express CK15, and express lower levels of β1 integrin 

than the telogen bulge (LYLE et al. 1998); both populations form colonies. 

Interestingly, however, CK15-positive stem cells from telogen follicles formed a 

higher total number of colonies, and it remains unclear whether these cells originated 

from the bulge or the secondary hair germ. 

 

Based on the available data, it cannot be excluded with certainty that, under 

physiological conditions, hair matrix, IRS and HS cells arise from a second eSC 

population, which has emanated from the bulge during HF development, but then 

was deposited in the secondary hair germ with the onset of HF cycling, as first 

proposed by PANTELEYEV et al. (2001; see also (PANTELEYEV et al. 2001; 

KOPAN et al. 2002; LEGUE and NICOLAS 2005). 
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2.3.2 Stem cells and the generation of pigmented hair shafts 

The adult HF is portrayed as a microorgan that consists of an upper, a permanent 

portion, and a lower, constantly remodeled cycling portion, that generates the actual 

HS factory (anagen hair bulb), which produces pigmented hair fibers (Fig. 2.8). It is 

now clear that this is an over-simplification and that there is essentially no tissue 

compartment of the pilosebaceous unit that escapes at least some degree of 

remodelling during the massive organ transformations that characterize the HF cycle 

with its periodic selfrenewal at predetermined intervals (LINDNER et al. 1997; 

FOITZIK et al. 2000; STENN and PAUS 2001; PAUS and FOITZIK 2004). However, 

the regeneration of the anagen hair bulb is one of the most obvious of these cyclic 

remodelling events. 

 

This remodelling event requires the presence of fully functional eSC populations, 

which are capable of constructing all epithelial differentiation strata. Following a 

period of apoptosis-driven epithelial regression (catagen) and a subsequent period of 

relative quiescence (telogen), a new hair matrix, IRS and ORS, companion layer, and 

HS are generated from these eSCs. This occurs during each new anagen phase 

under the control of an inductive, specialized mesenchyme (COTSARELIS et al. 

1990; PAUS and COTSARELIS 1999; STENN and PAUS 2001; COTSARELIS 

2006a) (Fig. 2.8). 

 

However, during HF development, these eSCs also generate the epithelial 

components of HF associated specialized glands (i.e., the SG and, e.g. in human 

skin, the apocrine gland). While under physiological conditions, HF eSCs appear to 

be programmed to maintain and regenerate only the epithelium of the cycling HF, 

under conditions of trauma, wounding, and upon various inflammatory stimuli, they 

can also completely regenerate a lost epidermis, e.g. after burns (ITO et al. 2005a; 

ITO et al. 2005d). Thus, HF eSCs have at least a dual function: HF remodelling in 

daily life, and epidermal regeneration whenever skin integrity is severely 

compromised.  
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In the event of injury, eSCs from the HF bulge are recruited upwards to the epidermis 

and acquire an epidermal phenotype as part of a rapid response to wounding. The 

clearest example of this in the clinic is the observation that victims of burns in which 

the HF is left intact do not require skin grafting, while there is no epidermal re-growth 

in patients with deeper burns, where the HF epithelium has been destroyed (DEWAN 

et al. 1989; SINGER et al. 2000). 

 

Since, developmentally, the HF epithelium and its eSCs derive from the epidermis, 

and since the follicular ORS is continuous with and shows biochemical similarities to 

the basal layer of the epidermis, it is intriguing to note that the reverse does not 

happen spontaneously, at least not in human skin: Even though the basal layer of the 

interfollicular epidermis contains a small number of eSCs, which seem to be sufficient 

for maintaining epidermal renewal and normal homeostasis under physiological 

conditions, these do not regenerate lost HFs (e.g. during scarring alopecia) – unless 

they are experimentally manipulated to do so by appropriate mesenchymal stimuli 

(OSHIMA et al. 2001; FUCHS et al. 2004; ITO et al. 2004a; STENN and 

COTSARELIS 2005; COTSARELIS 2006a).  

 

Therefore, HF eSCs are programmed during HF development to undergo exclusively 

HF-type differentiation (SCHMIDT-ULLRICH et al. 2001; SCHMIDT-ULLRICH et al. 

2006), but they can be re-programmed to expand into essentially all pathways of 

epithelial differentiation (BLANPAIN et al. 2004; FLINIAUX et al. 2004; PEARTON et 

al. 2004; PEARTON et al. 2005). This re-programming should also be possible by 

nuclear transfer of differentiated somatic cells into undifferentiated embryonic cells 

(HOCHEDLINGER and JAENISCH 2006).  

 

HS production and HF cycling depend on stringently choreographed interactions with 

an underlying, specialized mesenchyme, which also undergoes substantial cyclic 

remodelling events. Cell proliferation and apoptosis in the HF mesenchyme, i.e., the 

CTS and the DP, are much less prominent, easily missed events, which occur during 
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narrow time windows in the course of HF cycling (TOBIN et al. 2003; PAUS and 

FOITZIK 2004). Therefore, mSCs have been largely ignored for a long-time.  

 

However, during each anagen development, CTS and DP are not only massively 

remodeled, but are also greatly expanded (TOBIN et al. 2003) (Fig. 2.8). This 

strongly suggests the presence of resident mesenchymal precursor cell populations. 

Moreover, the follicular CTS has aptly been called an `unsung hero in wound 

healing`, since it serves as a crucial cell pool for the formation of granulation tissue 

(which is formed by fibroblasts, endothelial cells, mast cells and macrophages) after 

substantial skin trauma (JAHODA and REYNOLDS 2001; JAHODA 2003; JAHODA 

et al. 2003; RICHARDSON et al. 2005). In addition, each anagen development is 

associated with significant angiogenesis (DETMAR 2000; MECKLENBURG et al. 

2000), which likely arises from mSCs residing in the CTS (JAHODA et al. 2003; 

RICHARDSON et al. 2005).  

 

Additional evidence for the existence of a mSC population is provided by the 

observation that CTS can generate mature mast cells from immature, resident 

precursor populations (KUMAMOTO et al. 2003), and can give rise to mesenchymal 

cells along all classical differentiation pathways of mSCs, including not only 

fibroblasts, but also adipocytes, chondrocytes, hematopoietic and neuronal 

precursors – both in vitro and in vivo (LAKO et al. 2002; JAHODA et al. 2003; 

RICHARDSON et al. 2005; HOFFMAN 2006; KRUSE et al. 2006; YU et al. 2006).  

 

Evidence for a separate population of stem cells comes from the production of 

pigmented HSs which requires intrafollicular melanogenesis. This is the specialized 

task of the HF pigmentary unit, which is made up by neural crest-derived HF 

melanocytes, which migrate into the HF epithelium in defined developmental waves 

and differentiation patterns via the epidermis (PETERS et al. 2001). Since most, if 

not all, of these likely terminally differentiated pigment cells are lost during each HF 

regression (catagen) (TOBIN et al. 1998; TOBIN and PAUS 2001; SLOMINSKI et al. 

2005), a new HF pigmentary unit must be cyclically regenerated during each anagen 
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I–III phase before full melanin synthesis can resume again during anagen IV–VI. This 

task is mastered by a distinct, neural crest-derived melanocyte stem cell population, 

which appears to be located primarily inside of the secondary hair germ 

(NISHIMURA et al. 2002; NISHIMURA et al. 2005), i.e. the tiny remnant of 

´germinative` epithelium, which is retained when most of the epithelium of the cycling 

portion of the HF undergoes apoptosis or terminal differentiation during catagen 

(STENN and PAUS 2001) (Fig. 2.8). The theory is that the melanocyte stem cells 

reside in the bulge region, which is close to the lowest portion of the HF during 

telogen. During early anagen the melanocyte stem cells are reactivated to supply 

amplifying progeny to the hair matrix, where most of them maturate into differentiated 

melanocytes (NISHIMURA et al. 2002; NISHIMURA et al. 2005). Intriguingly, the 

secondary hair germ has also been postulated to harbour a second, bulge-derived 

eSC population (PANTELEYEV et al. 2001), the interactions of which with HF 

melanocyte stem cells within the same stem cell niche remain to be dissected. 

 

Finally, at least in mice, not only the perifollicular vasculature, but also the HF 

innervation, including its glial component, undergoes prominent remodelling during 

each hair cycle (PETERS et al. 2001; PETERS et al. 2002b; PETERS et al. 2006). 

Even the number of neural crest-derived Merkel cells in specialized, epidermal 

structures associated with very large, ´sensory` HFs (Pinkus’ Haarscheiben), is 

strikingly hair cycle-dependent (MOLL et al. 1996). At least these hair cycle-

dependent changes in perifollicular glia and Merkel cell populations may reflect hair 

cycle-dependent maturational events of precursor cells arising from neural crest 

derived stem cell pools. In fact, it has offered particularly exciting prospects that the 

HF in man and / or mice (respectively its direct vicinity) has now indeed been 

uncovered as a rich source for nestin-positive (neuronal stem cell marker) cells as 

well as for other presumably neural crest-derived cell populations.  

 

Taken together, this introductory overview can be condensed into three key 

messages:  
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(1) Somatic (´adult`) stem cells of all lineages are vitally needed to cyclically 

generate pigmented HSs and to generate all cell populations that are required 

for normal function and remodelling of the HF, a prototypical  

neuroectodermal – mesodermal interaction system (PAUS and COTSARELIS 

1999; STENN and PAUS 2001; SCHMIDT-ULLRICH and PAUS 2005).  

 

(2) These somatic stem cells serve multiple additional purposes. Follicular eSCs 

have been termed ´the bone marrow of the skin` (BROUARD and BARRANDON 

2003), while HF eSCs have been demonstrated to be critical for  

re-epithelialization during wound healing in mouse skin.  

 

(3) Developmentally programmed commitment towards the production of a defined, 

HF-type or HF-related cellular progeny in vivo, suggests that HF stem cell 

populations can be experimentally re-programmed and dedifferentiated in vitro, 

and develop a much wider range of differentiation potential after  

wounding / trauma in vivo. Importantly, under physiological circumstances, all 

types of HF stem cells are geared towards generating only a limited kind of 

routinely produced progeny, and require special signals to divert from their 

restricted, lineage production activities. 

2.3.3 Mesenchymal hair follicle stem cells 

LAKO et al. (2002) showed that murine adult HF cells of the CTS and the DP, which 

are of mesenchymal origin, but not epidermal compartments, can generate 

hematopoietic colonies in vitro, and can contribute to all blood lineages in vivo. These 

data showed that cells derived from dermal structures of the HF have intriguing 

hematopoietic potential. This highlights the follicle dermis as a separate location for 

progenitor activity. In contrast to eSCs which contribute to epidermis and wound 

healing, dermal cells could play the equivalent role in replacing dermal cells in dermal 

repair (JAHODA and REYNOLDS 2001). JAHODA et al. (2003) followed the sporadic 

appearance of muscle, lipid and bone-type cells in isolated follicle DP and CTS 
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primary cultures and demonstrated that these cells could be directed to lipid and 

bone differentiation. They showed that both DP and CTS cells could be directed to 

undergo adipogenic and osteogenic differentiation. Molecular analysis of expression 

markers for mSCs showed that only the lymphocyte enhancer factor-1 (Lef), which 

forms part of the canonical Wnt / βcatenin pathway (DASGUPTA and FUCHS 1999), 

was expressed in all clones.  

 

Based on these foregone observations, RICHARDSON et al. (2005) addressed the 

implications of the mSC potential of HF dermal cells for tissue engineering purposes. 

Beside the hematopoietic stem cell activity (LAKO et al. 2002) and the  

adipocyte / osteocyte phenotype of dermal sheath cell lines (JAHODA et al. 2003), 

RICHARDSON et al. (2005) showed that these cells, grown in the presence of 

fibroblast growth factor (FGF)-2 on a laminin substrate, gave rise to cells displaying a 

neuronal structure. Immunohistochemistry identified an increase in the pan-

neurological markers bIII-tubulin and NF200. In support to this neuronal 

differentiation, FERNANDES et al. (2004) characterized a population of cells capable 

of both neural and mesodermal differentiation. These cells have been identified 

within the dermis and were termed ´skin-derived precursors`. In the HF, skin-derived 

precursors are located in the area comprising the DP and express proteins like 

versican and nexin (RICHARDSON et al. 2005). Also human DP and CTS cell 

cultures could be directed toward adipogenesis or osteogenesis (RICHARDSON et 

al. 2005). 

 

Most recently, HOOGDUIJN et al. (2006) compared the growth and differentiation 

characteristics of rat HF-derived dermal stem cells with those of bone marrow mSCs. 

Follicular dermal cells and bone marrow mSCs were isolated. The adherent HF 

dermal cells showed a fibroblastic morphology in serum containing culture medium 

and were CD44-, CD73- and CD90-positive. CD34-positive mSCs isolated from the 

bone marrow showed a similar morphology and expressed the same cell surface 

markers. Following exposure to appropriate induction stimuli, both cell populations 

had the capacity to differentiate into various mesenchymal lineages, such as 
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osteoblasts, adipocytes, chondrocytes and myocytes and expressed neuroprogenitor 

cell markers. In ex vivo analyses, the authors identified the presence of putative 

dermal stem cells in the CTS and DP of the HF. 

2.3.3.1 Nestin-positive neural crest stem cells around the hair 

follicle 

Using nestin promoter-driven GFP transgenic mice, AMOH et al. (2004) reported that 

GFP-positive cells are abundantly present in the murine hair bulge. These were 

found to differentiate in vitro and / or in vivo into neurons, glial cells, keratinocytes 

and smooth muscle cells (HOFFMAN 2006). GFP-expressing, nestin-positive cells 

were implanted into the gap region of a severed sciatic nerve in mice, and managed 

to rejoin the sciatic nerve after having differentiated in vivo mainly into Schwann cells. 

Electrical stimulation resulted in contraction of the gastrocnemius muscle and the 

mice recovered the ability to walk almost normally (HOFFMAN 2006). 

 

Even though it is now appreciated that nestin is not only a marker for neuronal stem 

cells, but is also expressed by several other precursor cell populations such as  

skin-derived precursors, angiogenic endothelial cells, cardiac progenitor cells, 

pancreatic endothelial cells, oval cells of the liver and muscle cells (TOMA et al. 

2001; LARDON et al. 2002; QUAINI et al. 2002; GLEIBERMAN et al. 2005; 

SCHULTZ and LUCAS 2006), nestin is at least one marker expressed by pluripotent 

neuronal crest stem cells (CRANE and TRAINOR 2006). These give rise to, among 

other cell types, melanocyte progenitors and possibly even Merkel cells (SIEBER-

BLUM et al. 2004a, b). Both cell populations are found in the bulge region of human 

HFs (NARISAWA and KOHDA 1996; PAUS et al. 1997; SIEBER-BLUM and GRIM 

2004; SIEBER-BLUM et al. 2004a; SIEBER-BLUM et al. 2004b; NISHIMURA et al. 

2005; YU et al. 2006). However, the distribution of nestin-positive cells in human 

scalp skin appears to differ from that in mice, since nestin-positive cells have not 

been identified within the epithelium of the human HF bulge, but in its immediate 
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mesenchymal vicinity, as well as in other locations around the epithelium of skin 

appendages (KRUSE et al. 2006; WANG et al. 2006; GINGRAS et al. 2007). 

2.3.3.2 Melanocyte stem cells in the hair follicle 

Since most differentiated, melanin-producing HF melanocytes of the HF pigmentary 

unit are deleted by apoptosis during each HF involution (catagen) (TOBIN et al. 

1998; TOBIN and PAUS 2001), it is intuitive that a new HF pigmentary unit is 

reconstructed during each anagen phase from resident precursor cells committed to 

the melanocyte lineage. NISHIMURA et al. (2002) have recently identified such 

melanocyte stem cells within the bulge and the secondary hair germ in mice and 

humans. The unpigmented melanoblasts were found in the ORS, preferentially 

around the bulge. These cells have been suggested to be a reservoir for 

differentiated melanocytes and exhibit very similar morphology to mSCs in mice 

(NISHIMURA et al. 2002, 2005) (Fig. 2.8). 

 

Hair graying, the most obvious sign of aging in humans, is caused by defective self-

maintenance of melanocyte stem cells, demonstrated by melanocyte-tagged 

transgenic mice and aging human HFs. This selective apoptosis of melanocyte stem 

cells is due to a Bcl2 deficiency, which has no effect on differentiated melanocytes. 

Additionally, mutations of the melanocyte transcriptional regulator Mitf result in 

physiologic aging of melanocyte stem cell within their niche (ectopic pigmentation or 

differentiation) (NISHIMURA et al. 2005). 

 

These findings show, that graying in humans is likely a more complex phenomenon 

and cannot be explained by stem cell depletion alone (TOBIN and PAUS 2001; 

SLOMINSKI et al. 2005). Some HF melanocytes are clearly lost during this process 

(COMMO et al. 2004). Therefore, it appears likely that hair graying, at least in part, 

results from incomplete melanocyte stem cell maintenance in their HF niche(s), 

induced, e.g., by a melanocyte differentiation promoting signalling imbalance. 
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2.3.3.3 Other hair follicle-associated stem cell populations 

One aspect of cell fate experiments was that tagged epithelial cells were found in 

multiple tissues after transplantation to blastocysts, indicating that there are cells that 

could be used to reconstitute tissues beyond those of hair and skin (LIANG and 

BICKENBACH 2002). Although melanocyte stem cells have been identified in murine 

and human HFs (NISHIMURA et al. 2002; NISHIMURA et al. 2005), their restricted 

differentiation potential could not account for the generation of neural, glial and 

smooth muscle cell derivatives. Certainly, HF-associated nestin-positive cells have a 

much greater differentiation potential (HOFFMAN 2005; KRUSE et al. 2006), and 

may have accounted in part for these phenomena. However, there are additional 

insufficiently characterized non-eSC populations, whose association with HFs and 

their stem cell equation is unclear. 

For example, TOMA et al. (2005) have identified skin-derived precursors, which 

could differentiate into both neural and mesodermal progeny. Like their rodent 

counterparts, human skin-derived precursors grew in the presence of FGF2 and 

epidermal growth factor and expressed nestin, fibronectin, vimentin, and 

characteristic embryonic transcription factors, like p75NTR (neurotropin receptor, 

embryonic neural crest stem cell marker). Human skin-derived precursors could be 

maintained in culture for long periods of time and were still able to differentiate into 

neurons, glia and smooth muscle cells, including cells with the phenotype of 

peripheral neurons and Schwann cells. MCKENZIE et al. (2006) used the skin as a 

source of neural crest precursors. When the authors treated rodent and human skin-

derived precursors with forskolin and neuregulin-1b, some of the cells differentiated 

into Schwann cells. The authors then co-cultured rodent skin-derived precursor-

derived Schwann cells, genetically labeled with yellow fluorescent protein (YFP), with 

dorsal root ganglion neurons from Shiverer mice that lack myelin basic protein 

(MBP). After 3 weeks in vitro, most of the tagged Schwann cells were associated with 

axons, many took on a myelinating phenotype, and some proliferated, apparently in 

response to axon-derived cues. YFP-labelled, skin-derived precursor-derived 

Schwann cells, transplanted into the sciatic nerve or brain of Shiverer mice, also 
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successfully myelinated axons. Significantly, naive human skin-derived precursors 

transplanted into injured peripheral nerve or neonatal mouse brain to neonatal 

Shiverer mouse brains differentiated in vivo and formed compact myelin. 

Thus, neonatal skin-derived precursors generate functional neuronal progeny in 

response to appropriate neural crest cues and, in doing so, provide a highly 

accessible source of myelinating cells for treatment of nervous system injury, 

congenital leukodystrophies, and dysmyelinating disorders (TOMA et al. 2005; 

FERNANDES et al. 2006; MCKENZIE et al. 2006).  

Mouse epidermal neural crest stem cells represent another novel type of multipotent 

adult stem cells that originates from the embryonic neural crest and resides in the 

murine bulge. SIEBER-BLUM et al. (2004a) reported that bulge explants from adult 

mouse whisker follicles contain pluripotent epidermal neural crest stem cells, which 

may explain the unexpected plasticity of bulge-derived cells. HU et al. (2006) then 

performed comparative gene profiling of mRNA derived from epidermal neural crest 

stem cells, embryonic neural crest stem cells and in vitro-differentiated embryonic 

neural crest progeny. This allowed to identify important differentially expressed 

genes, like those encoding neuron-specific β-III tubulin, the GABAergic marker 

glutamate decarboxylase 67 (GAD67), the oligodendrocyte marker RIP, or MBP. 

These data indicate that intraspinal epidermal neural crest stem cells exhibit 

characteristics that may allow local neural replacement and remyelination (HU et al. 

2006; SIEBER-BLUM et al. 2006). Intriguingly, epidermal neural crest stem cells 

have characteristics that combine advantages of embryonic and adult stem cells, like 

the potential to differentiate into the oligodendrocytic but not the astrocytic cell 

lineage, similar to embryonic stem cell-derived glial precursors, neural stem  

cell-derived oligodendrocyte precursor cells, and endogenous tissue near grafted 

neurotrophin-expressing fibroblasts (SIEBER-BLUM et al. 2006). Similar to other 

types of adult stem cells, epidermal neural crest stem cells are readily accessible by 

minimal invasive procedure. 

Around human HFs, the recently identified nestin-positive cells come closest to this 

population of multipotent stem cells that are distinctively different from known 

epithelial or melanocytic stem cells, since they do not express keratinocyte or 
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melanocyte markers, but express neural crest and neuronal stem cell markers 

(including nestin) as well as the ´embryonic` stem cell transcription factors Nanog 

and Oct4 (YU et al. 2006).  

2.3.4 Hair follicle stem cells as targets for regenerative 

medicine 

The ability to purify and culture autologous, adult epithelial, mesenchymal and / or 

neuronal HF stem cells from a patient’s own HFs offers fascinating therapeutic 

perspectives. For example, these may be exploited: (1) for the preparation of skin 

equivalents to treat burn victims, (2) for promoting the healing of large, chronic leg 

ulcers, (3) for the de novo generation of new human HFs and / or (4) for gene 

therapy strategies, where, e.g. inherited structural or enzymatic skin defects are to be 

lastingly corrected with genetically engineered, fully functional autologous HF stem 

cells, which then gradually replace the defective tissue (GHAZIZADEH and 

TAICHMAN 2001; STENN and PAUS 2001; LU and GHAZIZADEH 2005; 

RICHARDSON et al. 2005; PAUS 2006). 

 

Isolated HF stem cells could be used for generating new follicles in alopecic scalp 

(REYNOLDS et al. 1999; STENN and PAUS 2001) for the principle feasibility of HF 

neogenesis in human skin, even though the practical usefulness of this approach in 

the management of common hair growth disorders probably is widely over-estimated 

(PAUS 2006). Isolated murine HF bulge epithelial cells induce de novo HF formation 

after injection into immunodeficient mice, when combined with neonatal dermal cells 

(BLANPAIN et al. 2004; MORRIS 2004). Assembly of an appropriate epithelial 

platform seems to be a key prerequisite for HF neogenesis (ZHENG et al. 2005). 

 

HF melanocyte stem cells, furthermore, may become exploitable to prevent or revert 

hair graying and / or to treat disfiguring epidermal pigmentary disorders such as 

vitiligo (since lost epidermal melanocytes can be replenished by amelanotic follicular 

melanocytes). In addition, nestin-positive HF-associated cells (AMOH et al. 2005a; 
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AMOH et al. 2005b; HOFFMAN 2006), which now can also be isolated and cultured 

from human skin and HFs (KRUSE et al. 2006; YU et al. 2006), hold enormous 

promise as a regenerative pool for innovative, cell-based treatment of 

neurodegenerative disorders and nerve lesions by autologous adult stem cells.  

 

Unwanted hair growth in areas where this is cosmetically undesired (i.e. hirsutism, 

hypertrichosis) could be countered by destroying the eSC-based, regenerative 

capacity of the HFs (PAUS 2006). In contrast, the progression of various forms of 

scarring alopecia (e.g. in patients with lichen planopilaris or chronic discoid lupus 

erythematosus), which are largely based on autoaggressive inflammatory insults to 

the bulge region, that ultimately destroy the HF’s regenerative capacity, could best be 

halted by better protection of eSCs (PAUS and FOITZIK 2004; PAUS 2006). 

2.3.5 Molecular controls of epithelial stem cell fate decisions 

and maintenance in the hair follicle 

HF and epidermis are self-renewing tissues, which permanently generate new 

epithelial cells to replenish detached corneocytes of the stratum corneum, including 

their precursor keratinocytes and HS trichocytes, i.e. precursor cells of the hair cortex 

and medulla. In addition, large amounts of new epithelial cells are needed to repair 

the skin after injury, and whenever a relatively quiescent HF is transformed into a 

productive factory for pigmented HSs (PAUS and COTSARELIS 1999; STENN and 

PAUS 2001). All these processes require the presence of eSCs as a source for 

regeneration. As stem cells from the bulge replace the transient epithelial cells 

following hair cycle completion or during wound repair, what mechanisms operate to 

maintain a long lasting supply of stem cells in the bulge? While the melanocyte stem 

cells that feed the HF’s pigmentary unit get lost already in the third or fourth decade 

of human life, leading to graying (NISHIMURA et al. 2005; SLOMINSKI et al. 2005), 

the HF never loses its regenerative capacity, unless this stem cell pool is destroyed 

(e.g. by autoaggressive immune responses). This implies that eSCs must be 
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maintained in their undifferentiated state and this likely for the entire duration of the 

individual’s lifetime. 

Therefore, the transduction of certain intercellular signals, which result in growth and 

/ or differentiation of bulge cells, must be regulated, since too few stem cells in the 

niche may cause failure to replenish mature skin tissue or loss of hair. On the other 

hand, an excess of these cells may lead to excess progenitors and susceptibility to 

cancer. Clues to the mechanism by which the HF bulge maintains a growth inhibitory 

environment are obtained by transcriptional profiling of human and mouse HF bulge 

cells (Figs. 2.9 and 2.10).  

 

Most obvious transcripts, which are over-represented in the human HF bulge, encode 

the Wnt inhibitors; WIF1 (Wnt inhibitory factor) and DKK3 (Dickkopf). Transcripts 

encoding the Wnt-inhibitors, DKK3, Dab2 (Disabled-2) and Sfrp1 (secreted frizzled-

related protein) are over-represented in the mouse HF bulge. Wnt proteins are 

involved in organism patterning during development, as well as stem cell lineage 

determination and homeostasis in the adult. The Wnt / β-catenin-Lef / Tcf pathway is 

activated following the binding of a soluble Wnt protein to cell surface receptors of 

the Frizzled family causing activation of the cytoplasmic protein dishevelled (DSH). 

Activated DSH prevents β-catenin degradation, allowing it to accumulate, migrate to 

the nucleus, and bind to lymphoid enhancer factor / T-cell factor receptors which 

activate target genes that promote growth and differentiation (LOGAN and NUSSE 

2004; REYA and CLEVERS 2005). Overexpression of Lef-1 or β-catenin in 

transgenic mice leads to ectopic formation of abnormal HFs in interfollicular and oral 

epithelium, while genetic ablation of Lef-1 leads to arrested follicle development and 

hairlessness (VAN GENDEREN et al. 1994; GAT et al. 1998). Similarly, when the  

β-catenin gene is ablated in mice, or when Wnt signalling is inhibited by ectopic 

expression of DKK1, formation of precursors of mature hair, termed hair placode, 

does not take place during embryogenesis (HUELSKEN et al. 2001; ANDL et al. 

2002).  

 



 

 

 LITERATURE 

 57 

This suggests that the Wnt signalling pathway plays an important role in HF 

morphogenesis and cycling (O'SHAUGHNESSY et al. 2004b). Thus the upregulation 

of transcripts involved in the inhibition of the Wnt pathways is consistent with the 

anticipated quiescent state of HF bulge stem cells (ALONSO and FUCHS 2003). 

Recent findings demonstrate that upon Tcf3 activation, committed epidermal cells 

induce genes associated with an undifferentiated, Wnt-inhibited state and Tcf3 

promotes a transcriptional program shared by embryonic and postnatal stem cells. 

These findings suggest that in the absence of Wnt signals, Tcf3 may function in skin 

stem cells to maintain an undifferentiated state and, through Wnt signalling, directs 

these cells along the hair lineage (Fig. 2.10) (NGUYEN et al. 2006). 

 

In support of a quiescent SC phenotype, transforming growth factor-β2 (TGF-β2) or 

pathway members were also found to be over-expressed in mouse and human bulge 

cells (OHYAMA et al. 2006; OHYAMA 2007). However, TGF-β2 is a pleiotropic 

protein with known positive regulatory effects on epithelial cell proliferation (FOWLIS 

et al. 1996; SOMA et al. 2002; HIBINO and NISHIYAMA 2004). TGF-β family 

members include bone morphogenetic proteins and activins. Both the production of 

the HS in anagen and the initiation of a new hair cycle at telogen, are the result of 

reciprocal interactions between the DP and the overlying epithelial cells. Secreted 

factors, such as those of the bone morphogenetic protein family, play a crucial role in 

moderating these interactions (O'SHAUGHNESSY et al. 2004a). The  

activin / bone morphogenetic protein signalling antagonist follistatin was also 

selectively over-represented in the bulge ORS. The blockade of activin signalling by 

follistatin may also promote maintenance of stem cell quiescence. 

 

Similarly, mouse cells contained higher levels of Cktsf1b1 mRNA, a gene that 

encodes the bone morphogenetic protein inhibitor Gremlin. Amongst genes 

regulating cell proliferation that were found to be underrepresented were those 

encoding CDC2, VAV3, PRC1, GPC4 and SDC2 in the human bulge cells and 

PCNA, Ki-67, cyclins D2, B1, B2 and A2 in the mouse bulge cells. Conversely, p27, 

an inhibitor of cyclin E- Cdk2, was upregulated in the bulge, as were several 
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members of the IGFBP family, which bind and sequester insulin growth factor, a 

potent stimulant of epidermal proliferation (COTSARELIS 2006b; OHYAMA et al. 

2006). 

As noggin and sonic hedgehog (Shh) were recently shown to be required for early 

chick ventral skin formation, and able to trigger skin and feather formation from chick 

amnion, FLINIAUX et al. (2004) associated cells engineered to produce those two 

factors with mouse amnion. They obtained hair buds connected to a pluri-stratified 

epithelium. In contrast to earlier experiments, none of their control amnion specimens 

autonomously transformed into skin and HFs, indicating that specific influences are 

necessary for follicle formation from the mouse amnion. The ability to turn amnion 

into skin and its appendages has practical potential for the tissue engineering of 

replacement skin, and related biotechnological approaches. 

 

Two genes involved in regulating proliferation and differentiation are the 

protooncogene c-Myc and the gene encoding the transcription factor p63. Both 

genes have been shown to be deregulated / mutated in several human diseases. 

There is evidence that c-Myc also diverts stem cells to an epidermal and SG fate at 

the expense of the HF fate (HONEYCUTT et al. 2004). c-Myc appears to be involved 

in the conversion of stem cells to transient amplifying cells. Over-expression of c-Myc 

in transgenic mice resulted in an apparent depletion of the multipotent bulge cells, as 

determined by impaired wound healing and a reduction in LRCs influenced by the  

c-Myc negative regulator Rac1, which acts between eSCs and their committed 

progeny (ARNOLD and WATT 2001; WAIKEL et al. 2001; BRAUN et al. 2003; FRYE 

et al. 2003). 

 

p63, a transcription factor involved in the production of transient amplifying progeny, 

is a homolog of p53. This transcription factor is highly expressed in keratinocytes that 

produce holoclones and greatly reduced in transient amplifying keratinocytes 

(PELLEGRINI et al. 2001). Functionally, the expression of p63 is required for proper 

development of stratified epithelia, such as the epidermis. In the absence of p63, 

epithelia remain single-layered (KÖSTER and ROOP 2004; KÖSTER et al. 2005). 
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Mice harboring a targeted deletion at the p63 gene locus have a profound defect in 

epidermal development with defects in the stratification of the epithelium (KÖSTER 

and ROOP 2004; CARROLL et al. 2006). 

RHEE et al. (2006) identified Lhx2 as a transcription factor positioned downstream of 

signals necessary to specify mouse HF stem cells, but upstream from signals 

required to drive activated stem cells to differentiate. Using gain- and loss-of-function 

studies, they uncovered a role for Lhx2 in maintaining the growth and undifferentiated 

properties of HF progenitors. They suggest that Lhx2 functions in specifying the 

embryonic HF progenitor cells that then persist as bulge stem cells in adult follicles. 

This important result identifies Lhx2 as a key regulator for achieving stemness, 

during embryonic and adult development (Fig. 2.10) (TIEDE and PAUS 2006). 

2.3.6 Bulge epithelial stem cells in mice and their distinctive 

gene expression profile 

MORRIS et al. (2004) and TUMBAR et al. (2004) have isolated putative eSCs from 

the mouse HF bulge and have carried out expression arrays to identify putative 

genes that might control stem cell fates. Both groups compared the mRNAs of their 

isolated stem cells to those of non-label-retaining transient amplifying cells, such as 

basal keratinocytes in the ORS, SG and interfollicular epidermis. Although both 

author groups used different approaches to isolate eSCs, they found that  

CK15-positive cells and LRCs have a similar gene expression profile but they are not 

populations of the same origin.  

 

Upregulated skin LRC mRNAs included stem cell markers like kit-ligand, Dab2, 

ephrin tyrosine kinase receptors, tenascin-C, interleukin-11 receptor, Id binding 

protein- 2, LIM domains, CD34, S100A6 and growth arrest specific proteins. 

Additionally, many known bulge markers such as S100A4, Barx2 and Tcf3 are 

upregulated in LRC transcripts (TUMBAR et al. 2004). Expression of ´inhibitor of 

DNA binding` genes (idb2, Idb4, Bsn, Gas1, tenascin-C, Cxc112, Emb and S100a) 

has been associated with quiescent and undifferentiated cells. Additionally, 
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upregulated transcripts also encoded inhibitory members of the Wnt pathway, 

essential for follicle morphogenesis and hair cycle activation (HUELSKEN et al. 2001; 

ALONSO and FUCHS 2003; LOWRY et al. 2005), like the inhibitors Srfp1, Dab2, 

Dkk3, Ctbp2 and the Wnt receptors Fzd3, Fzd7 and Fzd2. Many upregulated LRC 

mRNAs encode ECM and cytoskeletal proteins such as Col6a1, tenascin-C and 

CK6a, suggesting that LRCs are able to organize the structure of their niche.  

 

Key signalling genes known to be important for hair growth, were down-regulated in 

the quiescent stem cell populations, e.g. those encoding Wnt3a and Wnt10a.  

Down-regulated transcripts also encoded many proliferation-associated proteins like 

Ki-67, Cdc25C and N-Myc.  

 

Interestingly, several genes found to be upregulated, were also highly expressed in 

the hematopoietic stem cell system (e.g. S100A4, CD34), while other upregulated 

genes encode known inhibitors of HF differentiation, such as components of the 

TGF-β (e.g. LTBP1) and Wnt signalling pathways (e.g. Tcf3; NGUYEN et al. 2006). 

An overlap to other stem cell populations, like murine hematopoietic and embryonic 

stem cells, neuronal and retinal progenitor cells is observed for Tcf3 (IVANOVA et al. 

2002; FORTUNEL et al. 2003) and α6β4 integrin (IVANOVA et al. 2002;  

RAMALHO-SANTOS et al. 2002; FORTUNEL et al. 2003). The latter is a marker for 

a basal keratinocyte subpopulation that co-expresses β1 integrin, a typical marker of 

human interfollicular eSCs (BRAUN et al. 2003).  

 

Transcriptional profiling of human bulge cells revealed a number of cell surface 

proteins that were specifically upregulated in the bulge cell compartment and which 

could potentially serve as stem cell markers (OHYAMA et al. 2006). These include 

the Wnt receptor FZD1, DIO2, GPM6B, DCT, CD59 and CD200. Due to the 

unavailability of appropriate antibodies at the time of the study, only CD59 and 

CD200 could be investigated further. CD59 had limited utility since it was not specific 

for bulge cells. CD200, on the other hand, appears to be a promising marker for the 

selection of eSCs. Its expression was largely restricted to the bulge area of which 
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15–20% of cells were positive according to flow cytometry. Furthermore,  

CD200 high-expressing cells also expressed high levels of α6 integrin. Microarray 

analysis also revealed CD antigens CD24, CD34, and CD71 as surface proteins that 

were over-expressed in non-bulge regions of the human ORS. By 

immunohistochemistry and flow cytometry, these markers were demonstrated to be 

useful as negative markers for human bulge cells, and therefore could be used as a 

´bulge negative cocktail` to remove contaminating non-bulge cells. Indeed, using a 

combination of CD200 with ´bulge negative cocktail`, cells were isolated from the 

midfollicle region cell suspension and analysed for their colony-forming efficiency. A 

two-fold increase in colony formation compared to unpurified mid-follicle cells was 

observed, demonstrating an enrichment of eSCs (OHYAMA et al. 2006). 

 

In summary, it seems that there are only a few proteins, which differ in their 

expression between human and murine HF bulge cells, such as the mouse bulge 

marker CD34, which is not represented in the human bulge. However, inhibitors of 

the Wnt and TGF-β signalling pathways seem to be upregulated in both the human 

and mouse system. Nevertheless, it is necessary to point out that the presented data 

are mainly result from studies with rodent HFs, but there are great differences in 

rodent and human HF growth and cycling (COTSARELIS 2006b). 

2.4 Hair follicle stem cell markers: critical discussion 

This table is a pragmatic approach to identify and distinguish distinct HF stem cell 

populations and their progeny.  
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Tab. 2.3: HF stem cell markers 
ES: Embryonic stem cell; HF: Hair follicle; ORS: Outer root sheath; SC: Stem cell; TA: Transient 
amplifying cell; 
Usefulness: +++  most usable positive marker; --- most usable negative marker (TIEDE et al. 2007a). 
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  outermost ORS 

 

 

- marker for putative SCs of the skin 

- CD34 expression is low or absent in human   

  bulge ORS cells 

- upregulated in bulge cells compared with  

  non-bulge cells 

- CD200-positive cells demonstrated high  

  colony-forming efficiency 

- epithelial cells (progenitor cells) 

 

 

 

 

 

- limited to the outermost ORS  

- neural SC niche marker 

 

 

- overexpression of telomerase's TERT  

  subunit promo epidermal SC  

  mobilization and proliferation 

- TERT overexpression promotes this  

  developmental transition by causing  

  proliferation of quiescent, 

  multipotent SCs in the HF bulge region               

- marker for epithelial SC maintenance 

  (HF bulge progenitor cells) 

- negative ES marker for epidermal SCs 

 

- negative SC marker  

- expressed in proliferating, unspecified  

  embryonic epidermal progenitors 

- transient amplifying epidermal cells 

- distinguishes human keratinocyte SCs 

  from their TA progeny 

- surface protein represented in non-bulge ORS 
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RHEE et al. 2006 
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CD34 

- marker for putative SCs, TAs and  

  differentiating compartment in human adult      

  skin 

 

 

 

 

 

- distributed in the outer layer of the epithelial  

  sac, which has been identified as the SC 

  region of the pelage follicle 

- as bulge cells form the secondary germ cells  

  at the end of catagen, they lose  

  expression of S100A6 

- restricted to the ORS and the hair SC  

  compartment (bulge) in mice 

- Sox1, Sox2 and Sox3 are required for SC 

  maintenance in the central nervous system 

 

 

 

- neural and mesodermal potential 

 

- breast epithelial cells with SC  

  phenotype 

- HF derived dermal SCs (in rat) 

- in both human and mouse embryonic SCs,  

  GDF-3, is specifically expressed in the 

  pluripotent state 

- early marker for melanocyte lineage 

- bulge region expressed regulators of  

  melanocyte SCs 

- melanocyte SC maintenance and   

  differentiation                          

 

- regulates the balance between melanocyte    

  SC maintenance and differentiation 

 

- neural and mesodermal potential 

 

 

- differentiate into neural and mesodermal cell   

  types (including neurons, glia, smooth  

  muscle cells and adipocytes) 
- Schwann cell differentiation 
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VIDAL et al 2005 
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AMOH et al. 2005  

KRUSE et al. 2006 

CHANG 2006 

 

HOOGDUIJN et al. 2006 

LEVIN and BRIVANLOU 

2006 

 

NISHIMURA et al. 2002 

SOMMER 2005 

 

STEINGRIMSSON et al. 

2005 

 

STEINGRIMSSON et al. 

2005 

 

LI et al. 2003 

TOMA et al. 2005 

KRUSE et al. 2006 

TOMA et al. 2005 

 

 

HOFFMANN et al. 2005 

 

OHYAMA et al. 2006 
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2.5 Selected putative stem cell / niche markers 

From the many potential human epithelial HF stem cell and / or bulge niche markers 

that have been discussed in the literature (COTSARELIS 2006a; OHYAMA 2007; 

TIEDE et al. 2007a, b), we have selected the antigens listed in Table 3.1. These are 

the ones we had access to, and for most of them published reports on human HFs 

were available for comparison.  

 

Among these antigens there are different CKs, surface molecules, a transcription 

factor, ECM molecules, components of the basement membrane (BM) and integrins. 

For all those antigens different roles in stem cell biology have been reported and 

discussed in the literature. Most of them are functionally important components of 

stem cell niches. 

2.5.1 Keratins 

Keratins belong to the family of intermediate filament proteins that are specifically 

expressed in epithelia. They have an extraordinary ability to polymerize into 10 nm 

filaments without the participation of supporting proteins (COULOMBE and FUCHS 

1990; HATZFELD and WEBER 1990; STEINERT and LIEM 1990). They compromise 

a total of about 30 genes and are grouped into two types (WASEEM et al. 1999). 

Type I keratins are smaller (40-57 kDa), acidic and include CK9-20. Type II keratins 

are larger (53-67 kDa), basic or neutral and include CK1-8. Although any  

type I keratin can form heterotypic complexes with any type II keratin in vitro 

(HATZFELD and FRANKE 1985; WASEEM et al. 1996; HOFMANN and FRANKE 

1997), keratins are often expressed in specific pairs in an epithelial tissue that are 

unique to that differentiation pathway (MOLL et al. 1982; QUINLAN et al. 1985). The 

keratinocytes in the mitotically active basal layer always express CK5 and CK14 

(NELSON and SUN 1983), and upon commitment of differentiation the basal 

keratinocytes exit from the cell-cycle and move into the suprabasal compartment 
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(FUCHS 1993). These changes in keratinocytes are accompanied by a switch of 

keratin gene expression, so that in cornified epithelia the differentiating keratinocytes 

express CK1 and CK10 (LEIGH et al. 1993). 

 

The human keratin family comprises 54 members: 28 type I members and 26 type II 

members (Tab. 2.4). Out of the 28 type I keratins, 17 are epithelial and 11 are hair 

keratins. Similarly, the 26 type II members comprise 20 epithelial and 6 hair keratins.  

As, however, 9 out of the 37 epithelial keratins are specifically expressed in the HF, 

the total number of HF-specific keratins (WINTER et al. 1998a; ROGERS et al. 2000) 

almost equals that of those expressed in the various forms of epithelia (WINTER et 

al. 1998a).  

 

 

Tab. 2.4: Numbers of human keratin genes  
  (SCHWEIZER et al. 2007) 
 

Human keratin genes         Total        Type I       Type II 

            numbers        genes       genes 

             

Total keratin genes    67   33  34 

Functional keratin genes   54   28  26 

Pseudogenes     13     5    8 

Epithelial keratin genes   37   17  20 

Hair keratin genes    17   11    6 

Hair follicle-specific epithelial           9     4    5 

 keratin genes 

Hair follicle-specific keratin genes  26   15  11 

 (hair + epithelial keratin)    

             

Selective numbering of the hair keratin genes and the epithelial keratin genes as well as the  
hair follicle-specific epithelial keratin genes. 
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Up to now, more than half of the HF-specific keratins have been found to be involved 

in inherited diseases, with mutated type I and type II members being roughly equally 

causal. In contrast, out of the 26 HF-specific keratins only 5 have been associated, at 

present, with inherited hair disorders. In addition, all HF-specific keratins involved in 

pathologies are type II keratins. This may partially be due to the fact that the four type 

I IRS keratins have only recently been discovered (ROGERS et al. 2004; LANGBEIN 

et al. 2006). 

 

Analysis of the distribution of CK6, a 56 kDa keratin, in human epithelia (WEISS et al. 

1984), along with its molecular cloning (TYNER et al. 1985; TYNER and FUCHS 

1986; TADA and HASHIMOTO 1997), sealed the identity of CK6 as a keratin that 

normally occurs in specific cell types within epithelial appendages. In addition, CK6 

was found to be strongly inducible in several complex epithelia, including epidermis, 

upon acute or chronic challenges, such as injury, infections, and diseases such as 

psoriasis and carcinomas (MCGOWAN and COULOMBE 1998). 

 

In human skin, the type II CK6, to specify K6hf, has been described as being 

specifically expressed in the companion layer of the human HF (WINTER et al. 

1998b; WANG et al. 2003) as well as in the ORS of the HF (STARK et al. 1987; 

HEID et al. 1988). The companion layer compartment consists of a single layer of 

flattened cells located at the interface between the ORS and the IRS (ROTHNAGEL 

and ROOP 1995; WINTER et al. 1998b; LANGBEIN et al. 2002). WOJCIK et al 

(2001) discovered the mouse ortholog while characterizing a mouse strain carrying a 

null mutation for both CK6α (to specify mK6α) and CK6β (to specify mK6β), which 

encode ´conventional` CK6 proteins. Depending upon the genetic strain background, 

CK6α / CK6β null mice die within 5-10 d after birth owing to massive blistering within 

the oral mucosa, revealing a crucial scaffolding function for CK6α / CK6β in the 

epithelium of the dorsal tongue and upper palate (WONG et al. 2000; WOJCIK et al. 

2001). Based upon their results, WOJCIK et al (2001) proposed that K6hf may 

account for the surprising lack of hair and nail involvement in the subset of CK6α / 

CK6β null mice able to survive in the mixed genetic background they utilized in their 
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study. In striking contrast, indeed, marked dystrophy of the nail, along with alterations 

in several other epithelial appendages, are cardinal features of pachyonychia 

congenita, a dominantly inherited condition resulting from mutations in either human 

CK6α or CK6β (BOWDEN et al. 1995; SMITH et al. 1998).  

 

CK15 is a type I keratin and is about 48 kDa large. In 1998, LYLE et al. demonstrated 

that the C8 / 144B monoclonal antibody, originally raised against a CD8 peptide 

sequence, also stains CK15. They concluded that this antibody is a useful marker to 

highlight the bulge region in both mice (LYLE et al. 1998; LIU et al. 2003) and men 

(LYLE et al. 1999). Further, their data suggest that both CK15 and CK19 are markers 

of relatively undifferentiated keratinocytes in the human HF bulge, however CK15 

appears restricted to the permanent portion of the follicle containing β1 integrin bright 

LRCs, while CK19 is present in more differentiated transient amplifying cells in the 

lower follicle as well. The loss of CK15 expression may be one of the earliest signs of 

the transition from stem to transient amplifying cells, and that  

CK15-negative / CK19-positive cells may be an indication that these cells are ´early` 

transient amplifying cells. 

2.5.2 CD34 

CD34 is 110 kDa large, heavily glycosylated, and a type I transmembrane protein 

(POBLET et al. 2006), which is used as part of the selection process to obtain stem 

cells for autologous bone marrow transplants (BROWN et al. 1991; KRAUSE et al. 

1994; YOUNG et al. 1995). It is encoded by a gene located on chromosome 1q 

(KRAUSE et al. 1996). Experiments on its function indicated that CD34 expressed on 

endothelial cells may play a role in leukocyte adhesion and ´homing` during the 

inflammatory process, and it has been hypothesized that CD34 also plays a role in 

stem / progenitor cell localization / adhesion in the BM (FINA et al. 1990; FACKLER 

et al. 1992; SUTHERLAND and KEATING 1992; BAUMHETER et al. 1993; DELIA et 

al. 1993; BAUMHUETER et al. 1994; KRAUSE et al. 1994; MAJDIC et al. 1994). 
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CD34 is considered as a defining characteristic of hematopoietic stem and progenitor 

cells. It is believed to act as a stage specific antigen, because its expression is 

progressively lost during cell maturation (WATT et al. 1987; BERENSON et al. 1991; 

SIMMONS et al. 1992; POBLET et al. 1994). Next to its expression on 

haematopoietic stem cells, it is expressed on vascular endothelial cells, embryonic 

fibroblasts and fibroblast-like dendritic cells in CTSs (KRAUSE et al. 1996). 

Moreover, CD34 glycoprotein has been demonstrated in several other non 

hematopoietic tissues, including satellite cells of skeletal muscles (BEAUCHAMP et 

al. 2000; LEE et al. 2000) interstitial cells in the gastrointestinal tract 

(VANDERWINDEN et al. 2000), vascular endothelium (FINA et al. 1990), neuronal 

bodies of the brain (BROWN et al. 1991), dermal dendritic cells (NARVAEZ et al. 

1996) and numerous neoplasias such as angiosarcoma, solitary fibrous tumours, 

epithelioid sarcomas, spindle cell lipomas, myofibroblastomas, dermatofibrosarcoma 

protuberans and stromal spindle-shaped cells in Kaposi’s sarcoma (RAMANI et al. 

1990; NICKOLOFF 1991; SIRGI et al. 1993; NATKUNAM et al. 2000). In diagnostic 

pathology, CD34 is used as a marker of vascular and spindle cell tumours, such as 

Kaposi’s sarcoma and dermatofibrosarcoma protuberans. In the skin, CD34 is 

expressed in a variety of mesenchymal derived cells such as vascular endothelial 

cells, dermal dendritic ⁄ spindle-shaped cells, and perifollicular cells (NICKOLOFF 

1991). 

 

TREMPUS et al. 2003 used an anti-CD34 antibody in combination with an antibody 

against α6 integrin and FACS: (i) to isolate live bulge keratinocytes, (ii) to confirm 

their quiescent nature, and (iii) to demonstrate their proliferative potential using an  

in vitro colony forming assay. Due to the localization of CD34 expression in hair HF 

bulge cells, this work represented the first use of a bulge-specific cell surface marker 

for the physical enrichment of keratinocytes having stem and progenitor cell 

characteristics. CD34 expression in mouse keratinocytes of the HF bulge coincides 

with LRCs and CK15 expression, both supposed in vivo markers of bulge 

keratinocytes (TREMPUS et al. 2003). 
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OHYAMA et al. 2006 have recently characterized the gene-expression profile and 

cell-surface markers of the bulge region of human HFs, confirming that CD34 

expression is low or absent in human bulge cells with stem cell-characteristics. 

These authors have shown that human bulge cells with stem cell properties have a 

CD200-high and CD34-low surface phenotype. So divergent CD34 expression has 

been noted on murine and human hematopoietic stem cells, with high levels 

expressed on human stem cells and barely detectable levels present on murine 

hematopoietic stem cells (OSAWA et al. 1996; TREMPUS et al. 2003; TUMBAR et 

al. 2004). These findings suggest that important structural and / or biological 

differences between human and mouse bulge ORS may exist. 

2.5.3 CD200 

CD200 is a type-1 transmembrane cell surface glycoprotein, which was formerly 

known as OX-2. It is expressed in a diversity of tissues on cells of both hemopoietic 

and non-hemopoietic origin, including thymocytes, neurons of the central nervous 

system and the retina, cells of the glomeruli, cells of degenerating ovarian follicles, 

vascular endothelium, some T cells, B cells and dendritic cells in both peripheral 

blood and lymphoid tissue (BUKOVSKY et al. 1983; CLARK et al. 1985; BARCLAY 

et al. 1986; BARCLAY et al. 2002; CLARK et al. 2003). This pattern of CD200 

expression is largely conserved in mice, rats and humans (WRIGHT et al. 2001). 

 

CD200 acts as a ligand and it binds to a structurally similar CD200 cell surface 

receptor (CD200R) and induces intracellular signalling within receptor bearing cells 

(WRIGHT et al. 2000). The human CD200R gene family consists of CD200R and a 

closely related CD200R-like gene hCD200La (WRIGHT et al. 2003), but different 

protein isoforms may be generated by alternative splicing (VIEITES et al. 2003). 

CD200 delivers a negative immunoregulatory signal though the CD200R (WRIGHT 

et al. 2000; WRIGHT et al. 2003) and the resulting CD200-CD200R interaction is 

thought to play a role in restricting tissue-specific autoimmunity (BARCLAY et al. 

2002). 
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The expression of CD200 has previously been shown in the mouse HF. CD200 was 

predominantly detected in the outermost layer of ORS throughout the length of the 

mouse HF and did not localize in the bulge area. Microarray analysis of mouse bulge 

cells suggested the upregulation of CD200 at the mRNA level. Further, these studies 

revealed that CD200 was preferentially expressed on CK14-expressing keratinocytes 

that compromised the ORS of the HF. When CD200 – / – mouse skin was grafted 

onto wild type mice, dense inflammation developed around the grafted HFs and led 

to hair loss, suggesting that CD200 may be involved in maintaining immune tolerance 

or regulating some other aspect of inflammation (ROSENBLUM et al. 2004; 

TUMBAR et al. 2004).  

 

CD200, in humans, appears to be a promising marker for the selection of eSCs. Its 

expression was largely restricted to the bulge area of which 15–20% of cells were 

positive according to flow cytometry. CD200-positive cells were isolated from the  

mid-follicle region cell suspension and analysed for their colony-forming efficiency. A 

two-fold increase in colony formation compared to unpurified mid-follicle cells was 

observed, demonstrating an enrichment of eSCs.  

CD200 mRNA has also been detected in human foreskin epidermis, but the presence 

of the CD200 protein has not been demonstrated (ROSENBLUM et al. 2004). 

2.5.4 Lhx2 

Early hair germs may reflect HF stem cells and regulate key steps in progenitor cell 

differentiation. Transcription factors are known to govern developmental cell fate 

specification in tissues and organs (TIEDE and PAUS 2006).  

 

The LIM-homeodomain transcription factor Lhx2 was identified by RHEE et al. (2006) 

and colleagues and is positioned downstream of signals necessary to specify mouse 

HF stem cells, but upstream from signals required to drive activated stem cells to 

differentiate. They used gain and loss-of-function studies to uncover the role for Lhx2 

in maintaining the growth and undifferentiated properties of HF progenitors. 



 

 

 LITERATURE 

 71 

When hair differentiation began, these authors found that Lhx2 was concentrated in 

the upper ORS at the presumptive site (bulge) of the developing postnatal follicle 

stem cell compartment. In adult mice HFs, Lhx2 was concentrated in the bulge, and 

as the new hair cycle began, Lhx2 extended to the emerging secondary hair germs 

(RHEE et al. 2006). 

 

Lhx2 null mutant animals die during embryogenesis and show defects in patterning 

and cell fate determination during brain development (PORTER et al. 1997; 

BULCHAND et al. 2001; HIROTA and MOMBAERTS 2004). In addition, they lack 

erythropoeisis and conversely, hematopoetic progenitor cells can be maintained  

in vitro by forced expression of Lhx2 (PINTO DO et al. 2002). 

2.5.5 Tenascin-C 

The first member of the tenascin family, tenascin-C, was discovered independently 

by several laboratories investigating different aspects of cell, developmental and 

tumor biology. Accordingly, it was given a number of names including  

tenascin-cytotactin (GRUMET et al. 1985; HOFFMAN et al. 1988),  

glial / mesenchymal ECM protein (GMEM) (BOURDON et al. 1983; MCCOMB et al. 

1987), myotendinous antigen (CHIQUET and FAMBROUGH 1984a,b), hexabrachion 

(ERICKSON and INGLESIAS 1984; LIGHTNER et al. 1989), brachionectin and 

neuronectin (RETTIG et al. 1989). Four other proteins [tenascin-R (restrictin, J1 

(FUSS et al. 1991; RATHJEN et al. 1991; NORENBERG et al. 1995), J1-160/180, 

janusin, tenascin-W, tenascin-X (human gene X, tenascin-like gene, flexillin) and 

tenascin-Y] of the tenascin family have the same consecutive arrangement of 

domains that are found in tenascin-C. They represent large multimeric six-armed 

ECM proteins each of them consisting of identical subunits built from variable 

numbers of repeated domains. These include heptad repeats, epidermal growth 

factor-like repeats, fibronectin type III domains and a C-terminal globular domain 

shared with fibrinogens (CHIQUET-EHRISMANN 1999). Tenascin-C was the first 
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tenascin discovered, partly because of its overexpression in tumours (ERICKSON 

1993; CHIQUET-EHRISMANN 1995; HAGIOS et al. 1996; WEBER et al. 1998). 

 

Tenasin-R is an ECM component of the nervous system, whereas tenascin-X and 

tenascin-Y are prominently expressed in muscle CTS. Tenascin-C is present in a 

large number of developing tissues including the nervous system. In adult tissues it is 

abundant in ligaments and tendons, in smooth muscles and very little in epithelial 

organs but is absent from skeletal muscle and heart muscle. It was shown to be 

present in human skin, HFs and some adnexal structures (LIGHTNER et al. 1989; 

SCHALKWIJK et al. 1991a; SCHALKWIJK et al. 1991b; VAN BAAR et al. 1991; 

SHIKATA et al. 1994). Tenascin-C is a disulfide-linked oligomer having subunits that 

range between 190 and 300 kDa, and is visualized in rotary shadowing images as a 

striking, highly symmetrical structure called a hexabrachion (ERICKSON and 

INGLESIAS 1984). Different subunit variants (TNCfn5 and TNCfn6) are generated by 

alternative splicing of one common primary transcript (SPRING et al. 1989). 

Tenascin-C plays a morphoregulatory role during development, tissue remodelling 

and in disease by regulating the cell adhesive and signalling properties of neural and 

non-neural cells (JONES and JONES 2000).  

 

A common feature of tenascin-C, tenascin-X and tenascin-Y is their binding to 

heparin, which in the case of tenascin-C has been demonstrated to be mediated by 

the fibrinogen globe. Tenascin-C has been shown to be anti-adhesive for many cells 

and to promote cell rounding, and it is able, moreover, to promote neurite outgrowth. 

These activities depend on the concerted action of different types of domains of 

tenascin-C (FISCHER et al. 1997). Growth promotion, hemagglutination, 

immunosuppression of T-cells, and the promotion of angiogenesis and 

chondrogenesis are other reported effects of tenascin-C. These activities are 

assumed to be mediated by the binding of tenascin-C to the different types of cellular 

receptors, e.g. integrin receptors α2β1, αVβ3, α8β1, α9β1 (BOURDON and 

RUOSLAHTI 1989; WATT 2002). 
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Transgenic mice lacking tenascin-C have no obvious phenotype (SAGA et al. 1992), 

but certain deficiencies in these mice have been reported (FUKAMAUCHI et al. 1997; 

NAKAO et al. 1998; OHTA et al. 1998). 

2.5.6 Fibrillins 

It seems that fibrillins define the continuous elastic network of the skin, and are 

present as microfibril bundles devoid of measurable elastin extending from the 

dermal-epidermal junction and as components of thick elastic fibres in the deep 

dermis (KIELTY and SHUTTLEWORTH 1997; MEYER et al. 1994, MEYER 2005). 

While dermal fibroblasts are responsible for the deposition the latter type of elastin, 

the cellular origin of the microfibril bundles (fibrillin-1 and fibrillin-2) that extrude from 

the BM of the epidermis may be synthesized by keratinocytes that assemble beaded 

microfibrils concurrently with the expression of BM collagen (HAYNES et al. 1997). 

Fibrillins are ECM glycoproteins, which are major constituents of CTS microfibrils 

found in elastic and non elastic tissues (SAKAI et al. 1986; ZHANG et al. 1994). 

Fibrillin-1 together with fibrillin-2 and fibrillin-3 constitute a family of large (350kDa) 

calcium binding ECM proteins which form the back of the 10-12-nm-diameter 

microfibrils (SAKAI et al. 1986; ZHANG et al. 1994; NAGASE et al. 2001). Fibrillin-1 

and fibrillin-2 as the majority of the fibrillin molecules share a conserved multidomain 

structure with a high degree of amino acid sequence homology (CORSON et al. 

1993; PEREIRA et al. 1993; ZHANG et al. 1994). They are composed of  

43 calcium-binding epidermal growth factor-like domains, interrupted by seven 8-

cysteine containing modules, which are also found in latent transforming growth 

factor binding proteins (LTBPs). The major structural difference between fibrillin-1 

and fibrillin-2 is a small proline-rich domain in fibrillin-1 that is replaced by a glycine-

rich domain in fibrillin-2. However, the functional relevance of these domains in 

matrix assembly is not known. Each fibrillin protein is encoded by a specific gene, 

FBN1 or FBN2, located in humans on chromosome 15 and on chromosome 5, 

respectively (LEE et al. 1991; MAGENIS et al. 1991). 
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Fibrillins have a broad spectrum of physiological functions. It is believed that they 

serve as a scaffold for the deposition of elastin (e.g., in elastic tissues like blood 

vessles, lung and skin) and, thus, for the correct formation of elastic fibers (MECHAM 

and DAVIS 1994). In the eye, microfibrils are the major component of the ciliary 

zonules holding the lens in the correct position. Microfibrils are also suggested to 

play a role in the regulation of morphogenic substances like transforming TGF-β 

through the interaction of fibrillin-1 with latent TGF-β binding proteins (ISOGAI et al. 

2003). It was demonstrated that both fibrillin-1 and fibrillin-2 have adhesive properties 

for a variety of cells. They interact via RGD motifs located in  

8-cysteine modules with integrins in particular with the αvβ3 integrin (PFAFF et al. 

1996; SAKAMOTO et al. 1996). Mutations in fibrillins give rise to a number of 

heritable CTS disorders summarized as fibrillinopathies (HUBMACHER et al. 2006). 

 

In addition, genetic evidence in humans (HOLLISTER et al. 1990; DIETZ et al. 1991) 

and mice (PEREIRA et al. 1997; PEREIRA et al. 1999) has confirmed that fibrillin-1 

performs a significant role in the maintenance of microfibrils and elastic fibers. The 

contribution of fibrillin-2, however, in contrast to fibrillin-1, is temporally and spatially 

restricted. In situ hybridization studies in mice indicated that expression of the FBN2 

gene is most prominent in the early developing fetus (ZHANG et al. 1995). Genetic 

evidence in humans (LEE et al. 1991; PUTNAM et al. 1995) suggests that fibrillin-2 

plays a more restricted role in the maintenance of microfibrils and elastic fibers in 

postnatal CTS. The latest immunolocalization studies demonstrate an ubiquitous 

early distribution of fibrillin-2 in fetal tissues followed by a restricted distribution in 

postnatal tissues (CHARBONNEAU et al. 2003). Fibrillin-2 null mice revealed an 

unexpected role for fibrillin-2 in limb patterning, because the mutant animals display 

syndactyly (ARTEAGA-SOLIS et al. 2001). 

2.5.7 Nidogen 

Nidogen (also known as entactin) is an integral and ubiquitous component of the BM. 

The amino acid sequences of the mouse and human molecules have been 
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determined and exhibit 85% sequence identity. The molecule is organized into three 

structural domains, an N-terminal globule (I) is linked to a smaller C-terminal globule 

(III) by a rigid stalk (II) largely consisting of cysteine-rich epidermal growth factor-like 

homology repeats and a cysteine-rich thyroglobulin homology repeat. The molecule 

binds calcium ions and supports cell adhesion. 

 

The nidogen family, representing multivalent matrix binding proteins, consists in 

mammals of two members, nidogen-1 and nidogen-2 (CARLIN et al. 1981; TIMPL et 

al. 1983; KIMURA et al. 1998). Both are ubiquitous BM proteins, nidogen-1 being 

more abundant, whereas nidogen-2 displays distinct expression patterns throughout 

development and in adulthood (SALMIVIRTA et al. 2002). BMs are highly specialized 

ECMs underlying epithelia and endothelia as well as enveloping several 

mesenchymal cell types. In skin, the BM forms the dermal–epidermal junction, 

separating the epidermis from the dermis, and providing an adhesive and dynamic 

interface. Therefore, the BM is crucial for structural and functional integrity of skin. 

Beside these skin-specific features, all BMs contain at least one representative of the 

laminin, nidogen, collagen IV, and proteoglycan families (TIMPL and BROWN 1996; 

AUMAILLEY and ROUSSELLE 1999; MINER and YURCHENCO 2004). 

 

Interactions of nidogen with other BM components have been demonstrated in vitro, 

in particular with laminins and collagen IV, implying an essential integrating role for 

BM assembly (FOX et al. 1991; AUMAILLEY et al. 1993). The binding between 

nidogen-1 and the III4- module in the laminin γ1 short arm has been extensively 

studied both in vitro and in vivo (MAYER et al. 1993; PÖSCHL et al. 1996; WILLEM 

et al. 2002). Inhibition of this interaction resulted in defects in BM formation in organ 

or coculture systems (EKBLOM et al. 1994; KADOYA et al. 1997; TUNGGAL et al. 

2003; BREITKREUTZ et al. 2004). 

 

In mice, the genetic deletion of either nidogen alone did not reveal alterations in BM 

architecture (MURSHED et al. 2000; DONG et al. 2002; SCHYMEINSKY et al. 2002), 

and, together with redistribution and upregulation of nidogen-2 in nidogen-1-deficient 
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mice, suggested partial redundancy (MURSHED et al. 2000; MIOSGE et al. 2002). 

Mice lacking both nidogens die shortly after birth from lung and heart anomalies, 

directly correlated to BM defects (BADER et al. 2005). However, most other BMs 

appear ultrastructurally normal, implying a tissue related requirement for nidogens. 

2.5.8 Fibronectin 

Fibronectins are high molecular weight glycoproteins (235-270 kDa) (MOSHER 1989; 

HYNES 1990), which are expressed by a wide variety of cell types and tissues. They 

are found in ECMs, in association with BMs, in interstitial CTS and in blood plasma. 

Fibronectins promote cell adhesion and spreading of many cell types by binding to 

several different integrin receptors (HYNES 1992; CLARK and BRUGGE 1995; 

SCHWARTZ et al. 1995), like α5β1 integrin, the fibronectin receptor (ADAMS and 

WATT 1990, 1991). They affect cell morphology, migration and differentiation and 

cytoskeletal organization.  

 

Each subunit of a fibronectin is made up of a series of repeating units which in turn 

form structural and functional domains specialized for binding to cell surface integrin 

receptors or other ECM molecules (HYNES 1999). Three-dimensional structures 

have been reported for the tenth type III repeat, containing the RGD site for integrin 

binding (MAIN et al. 1992; DICKINSON et al. 1994), and for a set of four repeats 

ending with the tenth (LEAHY et al. 1996). Different fibronectin isoforms arise by 

alternative splicing of the transcript of a single gene. The splicing patterns are cell-

type specific and regulated during development and physiological processes. 

Fibronectin levels are elevated during wound healing and fibrosis, and the pattern of 

alternative splicing is often altered in pathological situations (MOSHER 1989; HYNES 

1990; FFRENCH-CONSTANT 1995; KORNBLIHTT et al. 1996).  

 

The development of mouse strains with null mutations in the fibronectin gene 

(GEORGE et al. 1993; GEORGES-LABOUESSE et al. 1996b) demonstrate 

conclusively the importance of fibronectin for completion of development, since 
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homozygous null embryos die early in gestation without forming somites and with 

defects in their vasculature. 

2.5.9 LTBP 

LTBPs are glycoproteins of 125-205 kDa and members of a family of homologous 

molecules together with fibrillins. They contain multiple calcium binding epidermal 

growth factor-like modules interspersed by a domain module (the 8-cysteine), also 

contained by fibrillin-1 and fibrillin-2. LTBP-1 (MIYAZONO et al. 1988; KANZAKI et al. 

1990), LTBP-2 (MOREN et al. 1994), LTBP-3 (YIN et al. 1995) and LTBP-4 (GILTAY 

et al. 1997; SAHARINEN et al. 1998) are each smaller than the fibrillins and variable 

in size. In tissue culture, LTBP-1 colocalizes with both fibronectin and fibrillin-1 

(TAIPALE et al. 1996; DALLAS et al. 2000). Further, LTBP-1 has been 

immunolocalized to fibrillin-containing microfibrils in the skin (RAGHUNATH et al. 

1998) and bone (DALLAS et al. 1995; DALLAS et al. 2000) and to microfibrillar 

structures in the heart (NAKAJIMA et al. 1997). LTBPs are also observed as a free 

form in human platelets and certain cultured cells (MIYAZONO et al. 1988; 

MIYAZONO et al. 1991; OLOFSSON et al. 1992).  

 

LTBPs posses separate roles in vivo as structural proteins of the ECM and as TGF-β 

targeting molecules (TAIPALE et al. 1994; DALLAS et al. 1995). They regulate the 

secretion and the activation of TGF-β isoforms (SAHARINEN et al. 1999). LTBP-1 

forms a complex with latent TGF-β and targets it to the ECM (MIYAZONO et al. 

1988). Latent TGF-β consists of the mature growth factor plus the TGF- β propeptide, 

also known as the latency associated peptide (LAP). LAP binds to TGF-β by 

noncovalent interactions, and the association of LAP with TGF-β prevents the growth 

factor from binding to its receptor. During the secretory process, CR3, the second  

8-cysteine module, in LTBP-1 becomes disulfide-linked to the LAP of TGF-β 

(GLEIZES et al. 1996; SAHARINEN et al. 1996). The processed TGF-β remains 

noncovalently bound within this complex of LAP and LTBP-1. LTBP-3 and LTBP-4, 

but not LTBP-2, also interact with LAP (SAHARINEN and KESKI-OJA 2000). The 



 

 

LITERATURE  

 78 

interaction of LTBP-1 and fibrillin-1 seems to be important for the stabilization of 

latent TGF-β complexes in ECM (NG et al. 2004). 

2.5.10 Integrins 

Integrins represent a large group of transmembrane glycoproteins, which consists of 

18 different α and 8 different β subunits that assemble at least 24 different non-

covalently linked integrin heterodimers (Fig. 2.11). Both subunits are  

type I transmembrane proteins, containing large extracellular domains and mostly 

short cytoplasmic domains (SPRINGER and WANG 2004; ARNAOUT et al. 2005). 

Each of those heterodimers binds to special ligands, whereby cell growth, survival, 

differentiation, junction formation, polarity and biological processes (WATT 2002; 

GEBHARDT et al. 2006; LEE et al. 2006; MARCONI et al. 2007), e.g. development, 

wound healing, coagulation, and tumour metastasis (BRAKEBUSCH and FÄSSLER 

2005; MICHON et al. 2007), are executed by cell-cell interactions and / or cell-ECM 

interactions (AYAD et al. 1998; KREIS and VALE 1999).  

 

If special ligands (e.g. fibronectin, vitronectin, tenascin-C, fibrillins) link via the  

Arg-Gly-Asp (RGD) tripeptide binding motif (RUOSLAHTI 1996) to the extracellular 

side, the cytoplasmatic part of the integrin complex connects with the actin 

cytoskeleton (Fig. 2.11). This conformation change recruits signalling molecules and 

thereby regulates cell polarity, cell motility, cell growth and survival (BRAKEBUSCH 

et al. 2002; BRAKEBUSCH and FÄSSLER 2003, 2005). But it is known, that the 

function of integrins in regulating these pathways varied among different cell types 

(ELICES and HEMLER 1989; LANGUINO et al. 1989). 
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Fig. 2.11: Integrins at a glance 
Integrins are one of the major families of cell adhesion receptors. All integrins are non-covalently 
linked, heterodimeric molecules containing an α and a β subunit (HUMPHRIES et al. 2006). 
 

In skin and its appendages, integrins play a crucial role during development, 

postnatal physiology and wound healing (WATT 2002; BRAKEBUSCH and 

FÄSSLER 2005; PARKS 2007). β1 integrins are prominently localized at the 

basolateral pole of basal layer keratinocytes of the human epidermis, an epithelial 

cell population that expresses a wide variety of integrin family receptors, including 

e.g. α5β1 (the fibronectin receptor) (ADAMS and WATT 1990,1991), α2β1 (receptor 

for collagen and laminin) (CARTER et al. 1990a; CARTER et al. 1990b; STAQUET et 

al. 1990; ADAMS and WATT 1991), α3β1 (receptor for laminin) (CARTER et al. 

1990a; CARTER et al. 1990b; ADAMS and WATT 1991), and α9β1 (receptor for 

tenascin-C) (WATT 2002). During the progression of terminal differentiation of 

keratinocytes to the upper layers of the epidermis, integrin levels decrease gradually 

because the intracellular transport of newly synthesized integrins is inhibited and 
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mature receptors dissolve from the cell surface (HOTCHIN et al. 1995; GIANCOTTI 

and RUOSLAHTI 1999).  

 

Human dermal fibroblasts are responsible for structural and mechanical integrity of 

the dermis, which is mediated by interaction of these cells with ECM proteins (e.g. 

collagens, fibronectin, tenascin-C, laminins) (CHIQUET et al. 2003; ECKES et al. 

2006; FUJIMURA et al. 2007). α1β1 and α2β1 integrins are receptors for regulating 

ECM remodelling by controlling the expression of collagens and matrix 

metalloproteinase-1 (LANGHOLZ et al. 1995; RIIKONEN et al. 1995). If α2 and  

β1 integrin are blocked in vivo a significant increase in dermal thickness and a 

marked loss of elastic properties caused by discontinued interactions between 

fibroblasts and ECM can be observed (FUJIMURA et al. 2007). Inhibiting β1 integrin 

translation also blocks caveolar endocytosis and the glycosphingolipid-mediated 

signalling in human skin fibroblasts (SINGH et al. 2007).  

 

In β1 integrin knockout mice, the loss of intraepithelial β1 integrin leads to extensive 

skin blistering, wound healing defects and a severely abnormal hair phenotype 

(BRAKEBUSCH et al. 2000; GROSE et al. 2002; BRAKEBUSCH and FÄSSLER 

2005). The latter includes, e.g., a shortened HF length and a complete loss of 

transient amplifying cells in the hair matrix (BRAKEBUSCH et al. 2000; 

BRAKEBUSCH and FÄSSLER 2005). However, there are some conflicting reports 

on the consequences of intraepithelial β1 integrin deletion in murine skin, and it has 

been difficult to distinguish primary from secondary consequences of β1 integrin loss. 

A recent study has highlighted that the β1 integrin gene deletion is highly context-

dependent (e.g., deletion in fetal versus adult skin), and is also greatly influenced by 

the relative impact of intracutaneous inflammation induced by the deletion (LOPEZ-

ROVIRA et al. 2005). 

 

In any case, a crucial role for β1 integrin-mediated signalling in the biology of 

mammalian skin and its appendages has been clearly documented (BRAKEBUSCH 

et al. 2000; GROSE et al. 2002; CONTI et al. 2003; CZUCHRA et al. 2006).  



 

 

 LITERATURE 

 81 

The α6 chain is found in only two heterodimeric combinations. α6β1 and α6β4. The 

α6β1 integrin (also knwon as VLA-6) binds laminins-1, laminins-2 and laminins-4 

(and fibronectin), while α6β4 binds laminin-1 and, with higher affinity, laminin-5. The 

α6 subunit has two splice variants, α6A and α6B (HOGERVORST et al. 1991), each 

with a unique cytoplasmic domain but no difference in laminin specificity. The  

α6β4 integrin is found mainly in hemidesmosomes, and the large of the β4 intergin 

(HOGERVORST et al. 1990) is important in the integrity of these structures. Mice 

lacking either α6 (GEORGES-LABOUESSE et al. 1996a) or β4 (VAN DER NEUT et 

al. 1996) genes display perinatal lethality and have pronounced skin blisters 

(STEPHENS et al. 1995). In humans, mutations in α6 or β4 are associated with 

epidermolysis bullosa (PULKKINEN and UITTO 1999). 

 

α6 integrin is highly expressed on both keratinocytes stem cells and transient 

amplifying cells isolated from human neonatal foreskin. However, postmitotic basal 

cells already exhibiting differentiation characteristics demonstrated lower levels of  

α6 integrin, presumably in preparation for migration into the suprabasal layer (LI et al. 

1998). TANI et al. 2000 proposed the view that α6 integrin is a putative marker for 

keratinocyte stem cells, which was confirmed by OHYAMA et al. 2006 who could 

show that CD200-positive cells (putative eSCs) from the middle portion of human 

HFs express high levels of α6 integrin.  

2.5.11 Connexin 43 

The connexins (Cxs) comprise a family of gap junction structural proteins. Hexameric 

assemblies of these proteins in plasma membranes of adjacent cells interact to form 

intercellular channels. Six Cxs form a hemichannel (connexon), and two connexons 

(one from each cell) interact in the extracellular space to form the complete 

intercellular channel, the gap junction channel. Gap junctions mediate direct 

communication between adjacent cells by means of the exchange of small molecules 

(<1 kDa), including metabolites and second messengers (SAEZ et al. 1989). Known 

second messengers are e.g. cAMP, cGMP and IP3.  



 

 

LITERATURE  

 82 

Connexons as well as gap junction channels can be both homomeric and 

heteromeric, i.e. contain one or more different Cxs. The composition of gap junction 

channels is important for their selectivity with regard to passaging molecules and, as 

a result, communication between the cells (BRISSETTE et al. 1994; ELFGANG et al. 

1995; KUMAR and GILULA 1996; VEENSTRA 1996; FALK et al. 1997; RICHARD 

2000). Specific Cxs may exhibit relatively broad (e.g. Cx32, Cx43) or relatively 

restricted distributions (e.g. Cx50, Cx33). Cxs play an essential role in the 

coordination of contraction in smooth and cardiac muscles and compose electrical 

synapses which couple many neurons. In addition, signalling through gap junctions 

critically regulates processes as diverse as myocardial patterning, ovarian follicular 

development and myelination of peripheral nerves (PAUL 1999).  

 

Gap junctions have been shown to play important roles in the proliferation, migration, 

and differentiation of keratinocytes (PITTS et al. 1986; BRISSETTE et al. 1994; 

RISEK et al. 1994; RISEK et al. 1998; LUCKE et al. 1999). There are more than  

20 Cx subtypes and more than 10 Cx subtypes have been identified in human skin 

(DI et al. 2001). The major Cx subtypes in human skin are Cx26 and Cx43 and have 

been studied in detail (SALOMON et al. 1994). The distribution of Cxs in rodent and 

human interfollicular epidermis is not identical, e.g., in the case of rodents Cx43 is 

mainly found in the stratum basale and the (lower) stratum spinosum while it is 

present in all viable layers of the human epidermis, showing the lowest intensity in 

stratum basale and the highest in the upper stratum spinosum (WILGENBUS et al. 

1992; SALOMON et al. 1994; GOLIGER and PAUL 1995; MASGRAU-PEYA et al. 

1997; SAITOH et al. 1997; TADA and HASHIMOTO 1997; RICHARD 2000; 

COUTINHO et al. 2003). Consequently, there might exist differences in  

Cx distribution between rodent and human wound healing (BRANDNER et al. 2004). 

Cx43-deficient mice as well as mice which had been topically treated with  

Cx43-antisense gel demonstrated accelerated wound healing (KRETZ et al. 2003; 

QIU et al. 2003). 
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In rat skin, the expression of four different gap junction gene products (Cx43, Cx32, 

Cx26 and Cx31) was found during skin development and the hair cycle growth 

(RISEK et al. 1992). Further experiments demonstrated that in mouse pelage and 

vibrissae HFs most of the slowly cycling cells, detected as LRCs, do not express 

Cx43. ARITA et al. 2004 showed that Cx43 is highly expressed in the inner part of 

the human HF ORS and in a subset of cells in the bulge region during human fetal 

HF development. This allows intercellular communication between adjacent cells, 

which is thought to play a key role in the regulation of HF cell proliferation and 

differentiation. 

2.5.12 Nestin 

Identified in 1985 (HOCKFIELD and MCKAY 1985), nestin is a large protein (more 

than 1600 amino acids) and is structurally similar to other intermediate filaments, with 

a highly conserved α-helical core domain of 300-330 amino acids flanked by amino- 

and carboxy-terminal domains (MICHALCZYK and ZIMAN 2005). The deduced 

human nestin protein is shorter than the rat and mouse proteins by 187 and 203 

amino acids, respectively (DAHLSTRAND et al. 1992b; YANG et al. 2001). 

 

Intermediate filaments, of which nestin is a member, comprise more than  

40 individual proteins that can be divided into six main classes (I-VI) based on their 

molecular structure (LENDAHL et al. 1990; STEINERT and LIEM 1990). Basic and 

acidic keratins, desmin, peripherin, α-internexin, vimentin and others belong to the 

first five classes. Nestin comprises a novel class VI on its own (LENDAHL et al. 

1990) and forms intermediate filaments by assembly with a variety of intermediate 

filament proteins, particularly type III vimentin and type IV α-internexin (MARVIN et 

al. 1998; ELIASSON et al. 1999; STEINERT et al. 1999). 

 

Nestin is an intermediate filament protein expressed predominantly in rapidly dividing 

progenitor cells of developing and regenerating tissues (MICHALCZYK and ZIMAN 

2005). These processes of extensive remodelling are orchestrated by components of 
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the cytoskeleton, a composite of microtubules (20 nm in diameter), intermediate 

filaments (8-12 nm in diameter) and actin microfilaments (6 nm in diameter) 

(GEISLER et al. 1989; KLYMKOWSKY 1996; KU et al. 1996; FUCHS and 

CLEVELAND 1998; GOLDMAN et al. 1999). Nestin is predominantly expressed in 

the majority of mitotically active central nervous system and peripheral nervous 

system progenitors that give rise to both neurons and glia cells (CATTANEO and 

MCKAY 1990; LENDAHL et al. 1990; LENDAHL 1997; MUJTABA et al. 1998). Nestin 

is downregulated in all cells upon differentiation (ZIMMERMAN et al. 1994; LOTHIAN 

and LENDAHL 1997), but reappears transiently after injury to muscle or the central 

nervous system, where it has been found in reactive astroglia of the brain and in 

ependymal cells of the rat spinal cord after injury (LENDAHL 1997; KRUM and 

ROSENSTEIN 1999; NAMIKI and TATOR 1999; PEKNY et al. 1999; VAITTINEN et 

al. 2001). 

 

Nestin is also found in myogenic precursors of skeletal muscle and heart (LENDAHL 

et al. 1990; SEJERSEN and LENDAHL 1993; KACHINSKY et al. 1994,1995), in the 

endothelial cells of some blood vessels (DAHLSTRAND et al. 1992a; FRISÉN et al. 

1995), as well as in the developing tooth bud (TERLING et al. 1995; ABOUT et al. 

2000), testis (FRÖJDMAN et al. 1997) and HF sheath progenitor cells of the skin in 

mice (LI et al. 2003) and humans (KRUSE et al. 2006). In most of these tissues, 

nestin is generally expressed early in development and is downregulated in the 

mature tissues (SEJERSEN and LENDAHL 1993; FRÖJDMAN et al. 1997). 

However, recent publications suggest that it may actually represent a more general 

marker for adult stem cells (WIESE et al. 2004; GLEIBERMAN et al. 2005; UENO et 

al. 2005; SCHULTZ et al. 2006). In murine HFs, nestin-positive cells that apparently 

arise from the epithelial bulge, can also give rise to non-epithelial cells like neurons 

or Schwann cells (LI et al. 2003; AMOH et al. 2005a; AMOH et al. 2005b; HOFFMAN 

2006) 
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2.6 Aims of this study 

Since eSCs in the bulge region of mouse HFs are known and equivalent cells in 

human HFs were identified, important research has developed to define useful 

markers for human epithelial HF stem cells and their local niche. The aim of this 

study, therefore, was to contribute towards defining the key molecular signatures of 

adult human eSCs and their niches in situ on the protein level.  

 

Specifically, the following questions were addressed: 

 

1. Is it possible to define a novel morphological criterion by which the human bulge 

region can be more easily identified in the future? 

 

2. How do we evaluate published IR patterns of putative epithelial HF stem cells and 

stem cell niche markers? 

 

3. How can we identify key molecular signatures of adult eSCs and their niches  

in situ on the protein level? 

 

4. How does the IR of β1 integrin in the human pilosebaceous unit look like and 

does it change during HF cycling? 

 

5. Is there really an upregulation for β1 integrin in human epithelial HF stem cells of 

the HF bulge? 

 

6. Does ß1 integrin-mediated signalling via blocking or stimulating antibodies affect 

functions of the progeny of epithelial HF stem cells, i.e. hair bulb keratinocytes 

and the HS produced by them? 

 

7. Do ligand-mimicking RGD peptides promote the growth of microdissected,  

organ-cultured human scalp HFs in vitro? 
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2.7 Experimental design 

For this purpose, human uninflamed scalp skin was randomly collected from a total of 

18 different patients during routine face-lift surgery. Both routine and increased-

sensitivity immunohistochemical staining techniques were employed, and the 

corresponding IR patterns were evaluated by quantitative immunohistochemistry.  

 

Since ß1 integrin expression has been claimed to be an essential characteristic of HF 

eSCs, we also focussed on validating this claim by immunohistochemistry. Further 

this was complemented by functional studies of organ-cultured human anagen HFs 

that were incubated with ß1 integrin-modulatory antibodies and RGD peptides.  

 

As routine internal positive controls the reproduction of published follicular IR 

patterns was chosen. Only specific IR patterns that were well reproducible between 

at least 5 different individuals were photodocumented and are reported here. 
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3 MATERIALS AND METHODS 

3.1  Human tissue collection 

Human temporal and occipital uninflamed scalp skin was obtained from a total of 18 

different patients. HF donors were selected randomly and were 39 to 66 years old 

(mean: 54 years). With informed consent tissue was collected during routine face-lift 

surgery following Helsinki guidelines.  

 

Scalp specimens were transported to the laboratory in William’s E serum-free 

medium supplemented with 2.5-fold concentrated penicillin (250 U/ml), streptomycin 

(250mg/ml) and fungazone (12.5mg/ml amphotericin B) at 4°C (all cell culture 

reagents were obtained from Gibco BRL, Paisley, Scotland). 

 

The skin was cut into thin strips approximately 5 mm x 10 mm (Fig. 3.1), embedded 

in Shandon Cryomatrix (Pittsburgh, PA, USA) and snap-frozen in liquid nitrogen and 

stored at -80 °C until use.  

 

The samples were cut into 6-8 µm thick cryosections and then processed for 

immunohistochemistry. Traditionally, the common way of processing cutaneous 

tissue is by using vertically oriented sections of the skin, showing the epidermis at 

one pole and the hypodermis at the other. Vertically oriented sections of the skin 

mostly result in a deficient and incomplete vision of the HFs because the slanting of 

the HFs very rarely matches the slanting of the cut section. As a consequence, the 

observation of a complete longitudinal section of the HF from the bulb to the 

epidermis occurs very rarely, and the HFs almost always appear incomplete. 

 

Per antigen, scalp skin cryosections derived from at least 5 different individuals and 

were examined (3-10 cryosections per patient).  
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Fig. 3.1: Human scalp skin 
A vertically oriented section of a human scalp specimen on the scale of 5 mm x 10 mm. 

3.2  Hair follicle isolation 

Human anagen VI HFs were isolated by microdissection from temporal and occipital 

uninflamed human scalp skin taken from donors undergoing facelift surgery as 

previously described (PHILPOTT et al. 1990; MAGERL et al. 2002; MAGERL et al. 

2004)  

 

Anagen HFs of variable caliber were isolated in isolation medium (Williams E 

medium (Biochrom, Cambridge, UK) with 1% antibiotic / antimycotic mixture (100x, 

Gibco, Germany, Karlsruhe) containing penicillin G, streptomycin and amphotericin 

B) under a binocular dissecting microscope. In thin skin strips of approximately 5 mm 

x 10mm, isolation of HFs was achieved by using a scalpel blade to cut through the 

skin at the dermo-hypodermal fat interface to reveal the mid-to-lower portions of HFs 

embedded in the adipose tissue. The intact HF bulb was removed from the 

hypodermal fat using two different kinds of forceps. The sides of the fat tissue were 

pressed carefully with blunt forceps to partially extrude the upper portion of the HFs 
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from the hypodermis. At the same time the ORS of the follicle was gently gripped 

with watchmakers' forceps and the HF was pulled from the hypodermal fat (Fig. 3.2). 

The result is the isolation of intact HF bulbs without sustaining any visible damage, a 

factor that is essential if successful maintenance of HFs wants to be achieved. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2: Isolation of human HFs 
Isolation of human HFs. A) Cut through the skin at the dermo-subcutaneous fat interface. B) Parts of 
the dermis are removed. C) Compress the skin so that the HF steps out. D) Grip the ORS of the 
follicle in the forceps and pull it out. 

3.3  Hair follicle organ culture 

Isolated HFs were maintained in serum free Williams E medium (Biochrom, 

Cambridge, UK) supplemented with 2 mmol/L L-glutamine (Invitrogen, Paisley, UK), 

10 ng/ml hydrocortisone (Sigma-Aldrich, Taufkirchen, Germany), 10 µg/ml insulin 

(Sigma-Aldrich), and 1% antibiotic / antimycotic mixture (100x, Gibco, Germany, 

Karlsruhe). HFs were placed in a 24-well plate (Fig. 3.3) with 500 µl complete 

medium (PHILPOTT et al. 1989; PHILPOTT et al. 1990). Follicles were maintained 
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free-floating in the wells at 37°C in an atmosphere of 5% CO2 and  

95% air. This permits detailed measurements to be made on the length of individual 

HFs. 

 

 

 
Fig. 3.3: HFs in a 24-well plate 

 

 

Four independent HF cultures (~3 follicles / well) (Fig. 3.4) were treated for 9 days 

with either vehicle or monoclonal anti-β1 integrin antibodies [12G10 (+) activating 

antibody, 10 µg/ml; TS2/16 (+) activating antibody, 10 µg/ml; mAb13 (-) inhibiting 

antibody, 10 µg/ml] or RGD peptides, 1 or 10 µg/ml (Sigma-Aldrich). Lyophilised 

antibodies were diluted in sterile water and stored at –20°C until use. After 9 days, 

follicles were shock frozen and processed for immunohistochemistry.  

 



 

 

 MATERIALS AND METHODS 

 91 

 
Fig. 3.4: HFs in organ culture 
3 HFs are free-floating in a well filled with with 500 µl supplemented Williams E medium. 
Magnification: 400x. 

3.4 Hematoxylin - Eosin staining 

This staining method involves the application of the basic dye hematoxylin and the 

alcohol-based acidic dye eosin. It is the most widely used staining method in medical 

diagnosis. The basophilic structures colour purple-blue (nucleic acids, such as the 

ribosomes and the chromatin-rich cell nucleus) and eosinophilic structures colour 

bright pink (most of the cytoplasm is eosinophilic, intracellular and extracellular 

proteins). 

 

Cryosections (stored at -80°C) were fixed in acetone for 10 min at -20°C. The slides 

were then air dried for 30 min at room temperature and were washed two times in tris 

buffered saline (TBS) and 10 min in distilled water. 
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To make TBS 6.1 g tris-base and 8.8 g sodium chloride (NaCl) were diluted in 800 ml 

distilled water. The pH had to be adjusted with 1N hydrochloric acid (HCl) to 7.6, and 

finally the solution had to be dropped up to 1000 ml with distilled water. 

 

The sections were stained in Mayer’s hemalaun (Merck, Darmstadt, Germany) for  

10 min and rinsed under tap water approximately 15 min. The counterstaining was 

performed using 0.1% eosin (Sigma, Saint Louis, USA) at most 1 min. The final 

differentiation is as follows: one time in 70% ethanol, two times in 96% ethanol, two 

times in 100% ethanol and two times in xylene (Merck, Darmstadt, Germany), all 

steps with dipping carefully 10 to 15 times. The slides were mounted with synthetic 

resin (Eukitt, O. Kindler GmbH & Co., Freiburg, Germany). 

3.5  Immunohistochemistry 

3.5.1 Primary antibodies 

Tab. 3.1: Primary antibodies and secondary detection systems 
Antibodies used for immunohistological stainings are listed and described in detail. ABC-AP: Avidin-
biotin complex, alkaline phosphatase, FITC: Fluorescein isothiocyanate, IF: Immunofluorescence, Ig: 
Immuoglobulin, NA: Not applicable, Rh: Rhodamine, TSA: Tyramide signal amplification conjugated. 
 

Primary 
antibody 

Origin Clone References Ig class Dilution Vendor Secondary 

detection 

system 

α1 integrin mouse SR84 (KISHIMOTO 
et al. 1998) 

IgG1 1:500 BD 
Pharmingen,
Heidelberg, 
Germany 

ABC-AP 

α2 integrin mouse AK-7 (HEMLER 
1990) 

IgG1 1:500 BD 
Pharmingen, 
Heidelberg, 
Germany 

ABC-AP 

α3 integrin mouse C3 II.1 (PIGOTT and 
POWER 1993) 

IgG1 1:500 BD 
Pharmingen, 
Heidelberg, 
Germany 

ABC-AP 

α4 integrin mouse 9F10 (SOPPER et 
al. 1997) 

IgG1 1:500 BD 
Pharmingen, 
Heidelberg, 
Germany 

ABC-AP 
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α5 integrin mouse VC5 (TRAN VAN 
NHIEU and 

ISBERG 1993) 

IgG1 1:500 BD 
Pharmingen, 
Heidelberg, 
Germany 

ABC-AP 

α6 integrin mouse 4F10 (TERAUCHI et 
al. 2003; 

TIEDE et al. 
2007b) 

IgG2b 1:400 Chemicon, 
Billerica, USA 

ABC-AP, 

EnVision® 

β1 integrin mouse 12G10 (MOULD et al. 
1995; MOULD 

et al. 1998; 
MENG et al. 

2005) 

IgG1 1:500 Martin 
Humphries, 
University of 
Manchester, 
UK 

ABC-AP 

β1 integrin rat mAb 13 (TAKADA and 
PUZON 1993; 
MOULD et al. 
1996; MOULD 

et al. 1998) 

IgG2a 1:500 K. Yamada, 
Washington, 
USA 

ABC-AP, IF-

FITC/Rh 

β1 integrin mouse TS2/16 (HEMLER et 
al. 1984; 

TAKADA and 
PUZON 1993) 

IgG1 1:500 F. Sanchez, 
Hospital de la 
Princesa, 
Spain 

ABC-AP 

CD34 mouse QBEND 
10 

(POBLET et 
al. 1994; 

POBLET et al. 
2006; 

RAPOSIO et 
al. 2007) 

IgG1 1:500 Acris,Hidden-
hausen, 
Germany 

EnVision® 
IF-FITC/Rh 

CD200 mouse MRC OX 
104 

(OHYAMA et 
al. 2006; 

TIEDE et al. 
2007b) 

IgG1 1:250 Serotec, 
Oxford, UK 

TSA 

Connexin 
43 

mouse 4E6.2 (ARITA et al. 
2004) 

IgG1 1:100 Chemicon, 
Billerica, USA 

IF-FITC/Rh 

Cytokeratin 
6 

mouse Ks6.KA12 (DEMIRKESE
N et al. 1995) 

IgG1 1:10 Chemicon, 
Billerica, USA 

IF-FITC/Rh 

Cytokeratin 
15 

mouse LHK15 (WASEEM et 
al. 1999; 

GHALI et al. 
2004; 

ORRINGER et 
al. 2006) 

IgG2a 1:400 Chemicon, 
Billerica, USA 

TSA, 
EnVision® 

Cytokeratin 
19 

mouse Ks 19.1 (LYLE et al. 
1998; 

COMMO et al. 
2000; TIEDE 
et al. 2007b) 

IgG2a 1:10 Progen, 
Heidelberg, 
Germany 

IF-FITC/Rh 

Fibrillin-1 rabbit polyclonal (TIEDEMANN 
et al. 2001) 

NA 1:500 D. P. 
Reinhardt, 
McGill 
University, 
Canada 

IF-FITC/Rh 

Fibrillin-2 rabbit polyclonal (REINHARDT 

et al. 1996) 

NA 1:500 D. P. 
Reinhardt, 
McGill 
University, 

IF-FITC/Rh 
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Canada 
Fibronectin mous P1H11 (WAYNER et 

al. 1993) 
IgG1 1:600 Chemicon, 

Billerica, USA 
IF-FITC/Rh 

Lhx2 rabbit polyclonal 

 

NA NA 1:200 Chemicon, 
Billerica, USA 

IF-FITC/Rh 

LTBP-1 mouse 35409 (MIYAZONO 
et al. 1991) 

IgG1 1:500 R & D 
Systems, 
Minneapolis, 
USA 

IF-FITC/Rh 

Nestin mouse 10C2 (KRUSE et al. 
2006) 

IgG1 1:1000 Chemicon, 
Billerica, USA 

TSA 

Nidogen rabbit polyclonal (SMITH and 
OCKLEFORD 

1994) 

NA 1:800 Calbiochem, 
San Diego, 
USA 

IF-FITC/Rh 

Tenascin-C mouse DB7 (KOLJONEN 
et al. 2006; 
TIEDE et al. 

2007b) 

IgG1 1:200 Biomol, 
Plymouth 
Meeting, 
USA 

IF-FITC/Rh 

3.5.2 Avidin Biotin Complex-Alkaline phosphatase 

Cryosections (6-8 µm thick) which have been stored at -80°C were first air dried for 

10 min, fixed in acetone at -20°C for 10 min and then air dried again for 10 min. The 

slides were washed three times for 5 min in TBS (for preparation see 3.5) and were 

then preincubated with goat normal serum 10% (DAKO, Glostrup, Denmark) in TBS 

for 20 min. The application of the different primary antibodies (see Tab. 3.1) followed 

in their appropriate dilution in TBS overnight at 4 ˚C.  

 

After washing three times for 5 min in TBS, sections were stained either with  

goat anti-mouse or goat anti-rabbit (1:200 in TBS, Jackson ImmunoResearch, 

Cambridgeshire, UK) or with goat anti-rat (1:200 in TBS, Beckman Coulter, Marseille, 

France) biotinylated secondary antibodies. After 45 min incubation at room 

temperature, slides were washed three times for 5 min in TBS. A 30 min application 

of ABC-AP solution (avidin-biotin complex, alkaline phosphatase conjugated, Vector 

Laboratories, Burlingame, CA, USA) followed at room temperature.  

 

The sections were labelled with the AP-chromogen Fast Red (Sigma, Saint Louis, 

USA) for 3 min, and then were counterstained with Mayer’s hemalaun (Merck, 
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Darmstadt, Germany) using washing steps in between. Finally the slides were 

mounted with DAKO Faramount (DAKO, Glostrup, Denmark). 

 

As negative controls, the primary antibodies were omitted, performing the same 

staining steps as described before. 

 

Indirect immunostaining of cultured, embedded human HFs were performed on  

6-8 µm thick, acetone fixed (10 min, -20 °C) cryostat sections. Slides treated with 

12G10 (+) and TS2/16 (+) (mouse anti-human β1 integrin) antibodies were incubated 

with EnVision® solution (alkaline phosphatase, Rabbit / Mouse, DAKO, Glostrup, 

Denmark; 30 min), while mAb13 (-) (rat anti-human β1 integrin) treated follicles were 

incubated with a secondary goat anti-rat biotinylated antibody (1:200 in TBS, 

Beckman Coulter, Marseille, France; 45 min) followed by a 30 min application of 

ABC-AP solution (avidin-biotin complex, alkaline phosphatase conjugated, Vector 

Laboratories, Burlingame, CA, USA). All steps performed at room temperature.  

Fast Red (Sigma, Saint Louis, USA) was employed to visualize the immunosignals, 

then the sections were counterstained with Mayer’s hemalaun (Merck, Darmstadt, 

Germany) and finally mounted with DAKO Faramount (DAKO, Glostrup, Denmark). 

 

As negative controls non-treated follicles were used, performing all staining steps 

described before. 

3.5.3 EnVision®-Alkaline phosphatase 

Slides with 6-8 µm thick cryosections which have been stored at -80°C were first air 

dried for 10 min, fixed in acetone at -20°C for 10 min and then air dried again for  

10 min. The slides were washed three times for 5 min in TBS (as described before, 

see 3.5) and were then preincubated with goat normal serum 10% (DAKO, Glostrup, 

Denmark) in TBS for 20 min. The application of the primary antibodies (see Tab. 3.1) 

followed in their fitting dilution in TBS overnight at 4 ˚C.  
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Then the cryosections were incubated with EnVision® solution (alkaline 

phosphatase, anti rabbit / mouse, IgG-labelled polymer, DAKO, Glostrup, Denmark) 

for 30 min (washing steps with TBS in-between). Afterwards Fast Red AP-

chromogen (Sigma, Saint Louis, USA) was employed for 3 min to visualize the 

immunosignals and finally sections were counterstained with Mayer’s hemalaun 

(Merck, Darmstadt, Germany) and mounted with DAKO Faramount (DAKO, Glostrup, 

Denmark). 

3.5.4 Immunofluorescence 

To identify the IR in the bulge region of human HFs via immunofluorescence staining, 

we used primary antibodies (see Tab. 3.1) and the secondary antibodies goat anti-

mouse, anti-rat or anti-rabbit IgG conjugated with fluorescein isothiocyanate (FITC) 

or rhodamine (1:200 in TBS, Jackson ImmunoResearch, Cambridgeshire, UK).  

 

Cryosections (6-8 µm thick) stored at -80°C were first air dried for 10 min, fixed in 

acetone at -20°C for 10 min and then air dried again for 10 min. TBS (produced as 

described before, see 3.5) was used to wash the slides three times for 5 min.  

A preincubation for 20 min with goat normal serum 10% (DAKO, Glostrup, Denmark) 

in TBS followed. Then the primary antibodies (see Tab. 3.1) in their appropriate 

dilution in TBS were directly applied, and followed by an incubation overnight at 4 ˚C. 

After washing three times for 5 min in TBS, sections were stained with their suitable 

secondary antibody. After 45 min incubation at room temperature, slides were 

washed three times for 5 min in TBS again. Next, the cryosections were 

counterstained with DAPI (4’,6-diamidin-2’-phenylindol-dihydrochlorid, Boehringer 

Mannheim, Germany) for 1 min and mounted with Fluoromount-G (Southern 

Biotechnologies, Birmingham, USA).  

The fluorescent dye DAPI binds selectively to DNA (deoxyribonucleic acid) and forms 

strongly fluorescent DNA-DAPI complexes with high specificity. By adding DAPI to 

the tissue it is rapidly taken up into cellular DNA yielding highly fluorescent nuclei and 

no detectable cytoplasmatic fluorescence. 
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3.5.5 Tyramide signal amplification 

After standard fixation, the cryosections were washed three times for 5 min using 

TNT buffer (0.1 mol/l Tris-HCl, pH 7.5; containing 0.15 mol/l NaCl and 0.05 %  

Tween 20). Then endogenous horseradish peroxidase was blocked by washing with  

3% H2O2 in PBS (phosphate buffered saline) for 15 min.  

 

To make PBS, 1.8 g NaH2PO4 x H2O sodium dihydrophosphate monohydrate and  

8.0 g sodium chloride (NaCl) were diluted in 800 ml distilled water. The pH had to be 

adjusted to 7.2 with 1N sodium hydroxide (NaOH). At the end the solution had to be 

ped up to 1000 ml with distilled water. 

 

Preincubation was performed with the incubation of avidin and biotin for 15 min and 

5% goat normal serum (DAKO, Glostrup, Denmark) in TNT for 30 min, with washing 

steps in-between (three times for 5 min in TNT). Primary antibodies (see Tab. 3.1) 

were diluted in TNT and incubated overnight at 4˚C followed by a biotinylated 

secondary antibody goat anti-mouse (1:200 in TNT, Jackson ImmunoResearch, 

Cambridgeshire, UK) for 45 min at room temperature. Next, streptavidin horseradish 

peroxidase (TSA kit; Perkin-Elmer, Boston, USA) was administrated (1:100 in TNT) 

for 30 min at room temperature. The reaction was amplified by 

tetramethylrhodamine- or FITC-tyramide amplification reagent at room temperature 

for 5 min (1:50 in amplification diluent provided with the TSA kit). The cryosections 

were counterstained with DAPI (Boehringer Mannheim, Germany) for 1 min and 

mounted with Fluoromount-G (Southern Biotechnologies, Birmingham, USA).  

For all immunostaining assays, primary antibodies were omitted as negative control.  

3.5.6 Ki-67 / TUNEL 

To evaluate apoptotic cells in co-localization with the proliferation marker Ki-67,  

a Ki-67 / TUNEL (terminal dUTP nickendlabelling) double-staining method was used.  
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The Ki-67 antigen is a nuclear protein, which is identified by its reactivity with 

monoclonal antibody from Ki-67 clone (GERDES et al. 1984); two isoforms of 345 

and 395 kDa have been identified (GERDES et al. 1991). The Ki-67 antigen is 

preferentially expressed during all active phases of the cell cycle (G1, S, G2 and M-

phase), but it is absent in resting cells (G0-phase) (GERDES et al. 1984). During 

interphase, the antigen can be exclusively detected within the nucleus, whereas in 

mitosis most of the protein is relocated to the surface of the chromosomes. The 

antigen is rapidly degraded as the cell enters the non-proliferative state (SCHOLZEN 

and GERDES 2000), and there appears to be no expression of Ki-67 during DNA 

repair process (KEY et al. 1994). 

 

Apoptosis is a form of cell death that eliminates compromised or superfluous cells. 

During this process, the DNA is cut into fragments via endonuclease activity. The 

DNA strand breaks are detected by enzymatically labelling the free 3’-OH termini with 

modified nucleotides. These nucleotides are enzymatically added to the DNA by the 

terminal deoxynucleotidyltransferase (TdT), catalysing a template-independent 

addition of nucleotide triphosphates to the 3’-OH ends of double-stranded or single-

stranded DNA. DNA fragments which have been labelled with the  

digoxigenin-nucleotide are then allowed to bind an anti-digoxigenin antibody that is 

conjugated to FITC. 

 

Cryostat sections of treated [with 12G10 (+), TS2/16 (+) and mAb13 (-) β1 integrin 

antibodies] and untreated cultured HFs were fixed in paraformaldehyde (10 min, 

room temperature) and ethanol-acetic acid (2:1; 5 min, -20°C), using washing steps 

with PBS in-between (three times for 5 min). Then the slides were labelled with a 

digoxigenin-deoxyUTP (ApopTag Fluorescein In Situ Apoptosis detection kit; 

Intergen, Purchase, USA) in the presence of TdT (60 min, 37°C), followed by 

incubation with a mouse anti-Ki-67 antiserum (DAKO, Glostrup, Denmark) overnight 

at 4°C.  
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Using washing steps with PBS, TUNEL-positive cells were visualized by an  

anti-digoxigenin FITC-conjugated antibody (ApopTag kit) (30 min, room 

temperature), whereas Ki-67 was detected by a rhodamine-labelled goat anti-mouse 

antibody (Jackson ImmunoResearch, West Grove, USA) (45 min, room temperature). 

Finally the cryosections were counterstained with DAPI (Boehringer Mannheim, 

Germany) for 1 min and mounted with Fluoromount-G (Southern Biotechnologies, 

Birmingham, USA).  

 

Negative controls were performed by omitting TdT and the Ki-67 antibody. 

3.6 Histomorphometry 

3.6.1 Assessment of hair follicle length 

Length measurements were performed on individual HFs of the four independent HF 

cultures using a Nikon Diaphot inverted binocular microscope with an eyepiece 

measuring graticule. The length of the follicle was defined as the distance between 

the base of the bulb and the cut end of the HS (PHILPOTT et al. 1990). Elongation 

was measured in every two days and growth ratio was calculated.  

3.6.2 Assessment of hair cycle stages 

In order to observe spontaneous or induced catagen development, immunostained 

HF slides were used for HF cycle staging according to previously well-defined 

morphological criteria (MÜLLER-RÖVER et al. 2001; STENN and PAUS 2001), and 

the percentage of HFs in anagen and catagen were determined. 
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3.7 Quantitative immunohistochemistry 

3.7.1 Assessment of proliferating matrix keratinocytes 

Cryosections of organ-cultured HFs treated with the β1 integrin antibodies  

12G10 (+), TS2/16 (+) and mAb13 (-) were stained for Ki-67 / TUNEL and 

investigated at 400x magnification. All Ki-67-positive (red) cells below the Auber’s 

line (AUBER 1952) were counted as well as the total number of keratinocytes, 

stained with DAPI (blue) (Fig. 3.5). The amount of Ki-67-positive cells relating to 

DAPI-positive cells was given in per cent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5: Auber’s line marked in the human HF 
The Auber’s line runs through the widest part of the hair bulb at the level of the maximal diameter of 
the dermal papilla; dotted white line: Auber’s line (AUBER 1952). 
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3.7.2 Assessment of apoptotic cells 

Organ-cultured HF cryosections [treated with the two activating antibodies 12G10 (+) 

and TS2/16 (+) and the inhibitory antibody mAb13 (-)] were stained with the ApopTag 

Fluorescein In Situ Apoptosis detection kit (Ki-67 / TUNEL staining) and investigated 

at 400x magnification under the fluorescence microscope. All TUNEL-positive (green) 

cells below the Auber’s line (AUBER 1952) were counted as well as the total number 

of DAPI-positive (blue) keratinocytes below that line (Fig. 3.5). The number of 

TUNEL-positive cells relating to DAPI-positive cells was given in per cent. 

3.7.3 Assessment of immunostaining intensity 

The immunostaining intensity for selected examined antigens was compared by 

quantitative immunohistochemistry as previously described (ITO et al. 2004b; ITO et 

al. 2005b; ITO et al. 2005c), using NIH image software (NIH, Bethesda, Maryland). 

Two reference areas were defined: (1) insertion point of the APM and (2) middle of 

the isthmus, and analysed deriving from 3-7 different individuals.  

3.7.4 Assessment of mitotic cells 

Mitosis is the process by which a cell duplicates the chromosomes in its nucleus, in 

order to generate two identical daughter nuclei. This technique was used to provide 

additional evidence to the Ki-67 / TUNEL double staining aforementioned that MKs 

do proliferate. 

 

Organ-cultured HF cryosections (treated with the two activating antibodies 12G10 (+) 

and TS2/16 (+) and the inhibitory antibody mAb13 (-) were stained with hematoxylin-

eosin. At large, the number of mitotic cells in the different HF bulbs was counted at 

600x magnification (Fig. 3.6). The mitotic phases (prophase, metaphase, anaphase, 

telophase) were not differentiated. 
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Fig. 3.6: Mitotic phases 
Examples for mitotic phases in hematoxylin & eosin stained HF bulbs. Magnification: 600x. 
 
 

3.8 Microscopical equipment 

For fluorescence microscopy, a Zeiss Axiovert 200M microscope with a GFP filter set 

(AHF Analysentechnik AG, Tübingen, Germany) was used. The slides were 

photographed using a Zeiss AxioCam MRm Rev.3 Fire Wire (D) with the Zeiss 

AxioVision Rel. 4.5 software.  

 

For light microscopy, an Olympus BH-2 microscope (Olympus Optical Co., Hamburg, 

Germany) was used. Photos were taken using an Olympus ColorView12 camera and 

the analySIS® software (Soft Imaging System GmbH, Münster, Germany). 

3.9  Statistical analysis 

For the evaluation of statistical significance, the data from the experiments were 

pooled and the mean and the standard error mean calculated. With the statistical 

analysis software SPSS (SPSS Inc., Chicago, USA) p values (*p<0.05) were 

assessed using the Mann-Whitney-U-Test for unpaired samples.  

 

The immunostaining intensity for CK15, CK19, CD200, tenascin-C and β1 integrin 

(Fig. 4.14) was compared by quantitative immunohistochemistry using NIH image 
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software. The first reference area is the insertion point of the APM, and the second 

was situated in the middle of the isthmus (Fig. 2.5). N=3-7, *p<0.05, mean ± SEM,  

p values were calculated with the Mann-Whitney-U-Test for unpaired samples. 

 

The immunostaining intensity for β1 integrin (Fig. 4.37) was also analysed by 

quantitative immunohistochemistry using NIH image software. Again, the first 

reference area was the insertion point of the APM and the second was situated in the 

middle of the isthmus (Fig. 2.5). N=5, *p<0.05, mean ± SEM, p value was calculated 

with the Mann-Whitney-U-Test for unpaired samples. 

 

Influence of β1 integrin antibodies (12G10, TS2/16 and mAb13) on HS elongation 

after 9 days in vitro was calculated (Fig. 4.42). N=65-82 follicles / group,  

3 experiments pooled, *p<0.05, mean ± SEM, p value was calculated with the Mann-

Whitney-U-Test for unpaired samples. 

 

HS elongation of cultured human HFs after treatment with β1 integrin antibodies 

(12G10, TS2/16 and mAb13) at day 9 compared to the control (100%) was analysed 

(Fig. 4.42). N=16-18 follicles / group, one representative experiment, *p<0.01,  

mean ± SEM, p value was calculated with the Mann-Whitney-U-Test for unpaired 

samples.  

 

The total number (%) of HFs in the different hair cycle stages treated with the β1 

integrin activating antibody 12G10 compared to the control is shown (Fig. 4.43).  

N=8-12 follicles / group, one representative experiment, p value was calculated with 

the Mann-Whitney-U-Test for unpaired samples. 

 

Ki-67 / TUNEL-staining demonstrates the influence of β1 integrin antibodies (12G10, 

TS2/16 and mAb13) on hair MK proliferation (Fig. 4.44). N=10-12 follicles / group, 

*p<0.05, mean ± SEM, p value was calculated with the Mann-Whitney-U-Test for 

unpaired samples. 
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The number of mitotic cells of HF bulbs treated with ß1 integrin antibodies (12G10, 

TS2/16 and mAb13) in hematoxylin-eosin stained cryosections has been counted 

(Fig. 4.46). N=4-11 follicles / group, *p<0.05, mean ± SEM, p value was calculated 

with the Mann-Whitney-U-Test for unpaired samples. 

 

Ligand-mimicking RGD peptides promote human hair growth in vitro (Fig. 4.47). 

N=21 HFs from 21 different patients, *p<0.02, mean ± SEM, p value was calculated 

with the Mann-Whitney-U-Test for unpaired samples. 
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4 RESULTS 

4.1 The follicular trochanter 

Among the first 144 normal human scalp HFs examined from 12 different individuals 

of both sexes above 40 years of age, mean 52.5 years, we noted a stringently 

localized ORS protuberance, in contrast to the normal structure of the human bulge 

region (Fig. 4.1), at the site of APM insertion in 8% of the randomly sectioned HFs. 

This protuberance was provisionally termed a ´follicular trochanter` (FT).  

 

 
Fig. 4.1: Structure of the bulge in human anagen VI HFs 
Predominant structure of the bulge region of anagen VI HFs from normal (uninflamed) adult human 
scalp skin longitudinal frozen tissue sections. Note the standard appearance of the SG, the APM, the 
ORS and CTS of regular bulge regions of most anagen VI terminal HFs in normal adult human scalp 
skin (hematoxylin-eosin stained). APM: Arrector pili muscle, CTS: Connective tissue sheath, HS: Hair 
shaft, ORS: Outer root sheath, SG: Sebaceous gland. Bar: 100 µm. 
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This ORS protrusion was seen in the area of the APM insertion of human anagen VI 

HFs. In longitudinal cryosections immunostained with various markers, this structure 

formed a prominent protuberance of the ORS into the CTS of the human HF and its 

surrounding mesenchyme. It was found exclusively in the area of the APM insertion 

belonging to the proximal isthmus region. This structure did not represent a 

disintegrated IRS and was not caused by trichilemmal keratin, which lines the upper 

isthmus, extending to the entry of the sebaceous duct at the base of the infundibulum 

(see also WU et al. 2003). 

 

In honour of its ossuary ´look-alike` in the femur, the term ´follicular trochanter` may 

be appropriate for this intriguing ORS protrusion at the point of APM insertion. The 

FT structure is surrounded by the BM which separates the ORS from the CTS as 

shown by the staining of nidogen, which is a major component of the BM (Fig. 4.2).  

Fig. 4.2: FT stained for nidogen 
Immunofluorescence staining of a FT on a human anagen VI HF for nidogen (green). APM: Arrector 
pili muscle, FT: Follicular trochanter. Bar: 100 µm.  
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The expression of α6 integrin was present throughout the whole length of the HF and 

showed no changes at the basal pole of ORS cells adherent to the BM in the FT 

structure (Fig. 4.3). The interior part of the FT demonstrated more densely clutched 

keratinocytes, as visualized by hematoxylin-eosin staining. The attachment of the 

APM was speculated by NARISAWA et al. (1994c), however, we underline this 

hypothesis by immunostaining and immunofluorescence. It seemed that APM fibres 

exploited the FT-like structure as a point of insertion and fixation to the HF 

epithelium, but this observation will have to be confirmed ultrastructurally.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3: FT stained for α6 integrin 
Immunostaining for α6 integrin (red) and hematoxylin (blue) of the bulge region presenting a FT. The 
α6 integrin-stained BM is indicated by a dotted line. BM: Basement membrane, FT: Follicular 
trochanter. Bar: 10 µm.  
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We found upregulated ECM proteins such as tenascin-C, nidogen and fibrillin-2 in the 

proximal and distal CTS and basal ORS layer surrounding the FT structure. 

Tenascin-C showed a high expression throughout the postulated bulge region of the 

human HF (Fig. 4.4 A and B).  

Fig. 4.4: FT stained for tenascin-C 
A, B: Immunofluorescence for tenascin-C (red) of a FT (A). A higher magnification of the FT shows 
tenascin-C upregulation in the bulge region and the APM (B). APM: Arrector pili muscle, FT: Follicular 
trochanter. Bars: A 50 µm, B 100 µm. 
 

Fibrillin-2 was also upregulated in the proximal and distal CTS and in the basal ORS 

layer surrounding the FT structure. Fibrillin-2 showed a high expression throughout 

the postulated bulge region of the human HF (Fig. 4.5). 

 

CD200, used as a marker for stem cells or immature progenitor cells in the human 

HF epithelium, was prominently expressed in the proximal FT (Fig. 4.6 A and B) 

(OHYAMA et al. 2006). The CD200 IR was slightly stronger here than in the rest of 

the bulge (Fig. 4.6 A).  
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Fig. 4.5: FT stained for fibrillin-2 
Immunostaining for fibrillin-2 (red) and haematoxylin staining (blue) of a HF which presents a FT. 
APM: Arrector pili muscle, FT: Follicular trochanter, SG: Sebaceous gland. Bar: 100 µm. 
 

 
Fig. 4.6: FT stained for CD200 
A, B: Immunostaining for CD200 (red) of a FT and immunofluorescence staining for CD200 of a FT. 
(green). APM: Arrector pili muscle, FT: Follicular trochanter. Bars: A 50 µm, B 10 µm.  
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We have stained the FT with the human HF-specific ORS cell marker CK6 (Fig. 4.7) 

and additionally with CK19 (Fig. 4.8). CK6 shows a clear staining of cells originating 

in the ORS ingrowing towards the FT (Fig. 4.7). The upregulation of the in vitro 

sebocyte differentiation marker CK19 demonstrates a prominent intra-FT staining 

(Fig. 4.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: FT stained for CK6 
Immunofluorescence for CK6 (red) of a FT. FT: Follicular trochanter. Bar: 100 µm. 
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Fig. 4.8: FT stained for CK19 
Immunofluorescence for CK19 (red) of a FT. FT: Follicular trochanter. Bar: 100 µm. 
 

 

 

 

 

Another marker, the expression of which was upregulated in the outermost layer of 

the ORS and appears to identify epithelial human HF progenitor cells, including bulge 

eSCs, was CK15. Strong CK15 IR was seen around and inside that part of the ORS 

which formed the FT. Interestingly, CK 15 IR increased towards the point of the APM 

anchorage on the central ORS (Fig. 4.9 A and B).  
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Fig. 4.9: FT stained for CK15 
A, B: Immunostaining for CK 15 (red) of a FT (A) and immunofluorescence staining for CK 15 (red) of 
a FT (B). APM: Arrector pili muscle, FT: Follicular trochanter. Bars: A and B 10 µm.  
 

 

Ki-67 / TUNEL staining of the FT showed a proliferating cell in the middle of the FT. 

No TUNEL-positive cells could be detected (Fig. 4.10). 

 

 

 

 

 

 

 

 

Fig. 4.10: FT stained for Ki-67 / 
TUNEL 
Immunofluorescence for Ki-67 (cell 
proliferation marker, red) and 
TUNEL (apoptotic cell marker, 
green) of a FT. FT: Follicular 
trochanter. Bar: 50 µm. 
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The proposed developmental scenario (Fig. 4.11) is based on individual histological 

´snapshots` of the FT as individual, rapid-sequence sequential photographs of 

hypothetical developmental events.  

 
Fig. 4.11: Hypothetical developmental dynamics of the FT 
1. Starting outgrowth of the FT from the ORS, 2. Increasing protuberance of the FT from the ORS,  
3. Starting constriction of the FT from the ORS, 4. Proceeding constriction of the FT from the ORS.  
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4.2  Demonstration of cytokeratin 15, cytokeratin 19 and CD200 

Staining for CK15 by either EnVision®- or TSA-immunohistochemistry showed 

homogeneous IR in the outermost layer of the ORS (Fig. 4.12 A, 4.13), not only in 

the bulge region, but also in the proximal part of the isthmus of human HFs, and was 

significantly upregulated (Fig. 4.14). As marker structure for the bulge, the ´follicular 

trochanter` showed positive IR as well (not shown, for documentation see (TIEDE et 

al. 2007b). Importantly, CK15 IR was also found in the outermost layer of the 

proximal ORS (Fig. 4.12 B, 4.13) and in human sweat glands (SWs) (not shown).  

 

 

Fig. 4.12: IR is upregulated in the human bulge region for CK15 
A, B: CK15 shows homogeneous IR in the outermost layer of the ORS not only in the bulge region, but 
also in the proximal part of the isthmus of human HFs (A) and in the outermost layer of the proximal 
ORS (B) (red). APM: Arrector pili muscle, IRS: Inner root sheath, ORS: Outer root sheath; Bars (A, B): 
50µm. 
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Fig. 4.13: Schematic drawing 
of CK15 IR pattern 
Schematic drawing of the CK15 
IR pattern of the employed 
antibody in the pilosebaceous 
unit and in the epidermis. APM: 
Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; BM: 
Basement membrane; CL: 
Companion layer; CTS: 
Connective tissue sheath, DP: 
Dermal papilla, E: Epidermis, 
HS: Hair shaft, IRS: Inner root 
sheath, ORS: Outer root sheath, 
SG: Sebaceous gland; IR: 
Immunoreactivity. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 
4.14: Relative of IR of epithelial / stem cell niche markers 
The immunostaining intensity for CK15, CK19, CD200, tenascin-C and β1 integrin was compared by 
quantitative immunohistochemistry using NIH image software. The first reference area is the insertion 
point of the APM and the second was situated in the middle of the isthmus. N=3-7, *p<0.05, mean ± 
SEM, p values were calculated by Mann-Whitney-U-Test for unpaired samples. 
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CK19 IR was found in the outermost layer of the ORS in the bulge region of normal 

human anagen VI scalp HFs, including in the ´follicular trochanter` (TIEDE et al. 

2007b), but again was not restricted to it (Fig. 4.15, 4.16 ) but upregulated (Fig. 

4.14). The detected IR pattern for CK19 in the bulge and distal to it (i.e. in the 

proximal part of the isthmus) was heterogeneous, with some cells displaying stronger 

CK19 IR than their neighbours, and sometimes only isolated cells in the ORS being 

brightly CK19-positive (Fig. 4.15, 4.16). Occasionally, isolated CK19-positive cells 

were also identified in the outermost layer of the proximal ORS, at a large distance of 

the bulge. The findings confirm an upregulation of CK19 expression (Fig. 4.14) in the 

human bulge. 

 

 

Fig. 4.15: IR is upregulated in the human bulge region for CK19 
CK19 showing heterogeneous IR intensity is detected in the bulge region and distal to it (red). APM: 
Arrector pili muscle, ORS: Outer root sheath, SG: Sebaceous gland; Bar 50µm. 
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Fig. 4.16: Schematic 
drawing of CK19 IR 
pattern 
Schematic drawing of the 
CK19 IR pattern of the 
employed antibody in the 
pilosebaceous unit and in 
the epidermis. APM: 
Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; 
BM: Basement membrane; 
CL: Companion layer; CTS: 
Connective tissue sheath, 
DP: Dermal papilla, E: 
Epidermis, HS: Hair shaft, 
IRS: Inner root sheath, 
ORS: Outer root sheath, 
SG: Sebaceous gland; IR: 
Immunoreactivity. 
 
 

 

 

 

It was obvious that prominent CD200 IR can be found in the outermost layer of the 

ORS between the insertion of the APM and the insertion of the SG duct (this region is 

classically defined as isthmus (WHITING 2004), while only its proximal end includes 

the bulge region). In addition, by extra-sensitive TSA immunofluorescence, we found 

that the DP including its blood vessels, the APM and the SW mesenchyme and 

epithelium of normal human scalp skin showed very prominent CD200-positive IR, 

and stained homogeneously the companion layer of the human HF (Fig. 4.17, 4.18). 

The ´follicular trochanter` was also prominently CD200-positive (not shown). 

Therefore, even though CD200 was indeed upregulated in the human bulge, as 

confirmed by quantitative immunohistochemistry (Fig. 4.14), it was, again, not 

restricted to it. 
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Fig. 4.17: IR is upregulated in the human bulge region for CD200 
CD200 IR is found in the bulge region and in the proximal part of the isthmus. The companion layer, 
the APM and the SW mesenchyme and epithelium and the SG and mesenchyme are positive for 
CD200, too (red). APM: Arrector pili muscle, CL: Companion layer, ORS: Outer root sheath, SG: 
Sebaceous gland, SW: Sweat gland, dotted white line indicates the APM; Bar 50µm. 
 

 

 

 

Fig. 4.18: Schematic drawing of CD200 
IR pattern 
Schematic drawing of the CD200 IR 
pattern of the employed antibody in the 
pilosebaceous unit and in the epidermis. 
APM: Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; BM: 
Basement membrane; CL: Companion 
layer; CTS: Connective tissue sheath, 
DP: Dermal papilla, E: Epidermis, HS: 
Hair shaft, IRS: Inner root sheath, ORS: 
Outer root sheath, SG: Sebaceous gland; 
IR: Immunoreactivity. 
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4.3  Demonstration of Lhx2  

The ´follicular trochanter`, a proposed bulge marker structure, was predominantly 

negative for Lhx2 IR (Fig. 4.19 D, 4.20). Only relatively weak Lhx2 IR staining was 

found in the innermost cell layer of the ORS in the proximal isthmus and bulge region 

(Fig. 4.19 B, C, 4.20).  

 

Instead, the companion layer located between the ORS and the IRS was most 

prominently positive for Lhx2 (Fig. 4.19 D, 4.20). In addition, isolated Lhx2-positive 

cells were also seen in the proximal ORS (Fig. 4.19 C, 4.20) and in the 

suprainfundibular ORS (Fig. 4.19 A, 4.20), i.e. far distant from the bulge in both distal 

and proximal directions. 

 
Fig. 4.19: Lhx2 is not a useful marker of the bulge region 
A-D: Cells positive for Lhx2 with different IR intensity are found in the suprainfundibular ORS (A), in 
the inner layers of the ORS of the bulge and the proximal isthmus (B) as well as in the proximal ORS 
of the human HF (C). The ´follicular trochanter` is negative for Lhx2 (D) (red). APM: Arrector pili 
muscle, CL: Companion layer, HC: Hair channel, HS: Hair shaft, IRS: Inner root sheath, ORS: Outer 
root sheath, dotted white line indicates the APM; Bars (A-D) 50µm. 
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Fig. 4.20: Schematic drawing 
of Lhx2 IR pattern  
Schematic drawing of the Lhx2 
IR pattern of the employed 
antibody in the pilosebaceous 
unit and in the epidermis. APM: 
Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; BM: 
Basement membrane; CL: 
Companion layer; CTS: 
Connective tissue sheath, DP: 
Dermal papilla, E: Epidermis, 
HS: Hair shaft, IRS: Inner root 
sheath, ORS: Outer root sheath, 
SG: Sebaceous gland; IR: 
Immunoreactivity. 
 

 

 

 

 

 

 

4.4  Demonstration of Tenascin-C 

Tenascin-C was significantly upregulated in the bulge region of human scalp HFs 

(Fig. 4.14), even though there was also extensive homogeneous IR for this antigen 

along the CTS of human scalp HFs (Fig. 4.21, 4.22). 

 

Tenascin-C IR was present both throughout the CTS and in the BM at the levels of 

the proximal part of the isthmus, the bulge and the hair bulb, with the strongest IR 

signal seen in the bulge. In addition, the APM was also reacting positively (Fig. 4.21, 

4.22). We also noted an upregulation of tenascin-C IR in the bulge mesenchyme, 

which is clearly documented in Fig. 4.21, 4.22. 
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Fig. 4.21: IR is upregulated in the human bulge region for tenascin-C 
Tenascin-C (red) shows IR in the CTS of the proximal part of the isthmus, the bulge and the hair bulb. 
The APM is stained positive. APM: Arrector pili muscle, CTS: Connective tissue sheath, ORS: Outer 
root sheath, SG: Sebaceous gland; Bar 50µm. 
 

Fig. 4.22: Schematic 
drawing of tenascin-C 
IR pattern 
Schematic drawing of 
the tenascin-C IR 
pattern of the employed 
antibody in the 
pilosebaceous unit and 
in the epidermis. APM: 
Arrector pili muscle, 
B/FT: Bulge/Follicular 
trochanter; BM: 
Basement membrane; 
CL: Companion layer; 
CTS: Connective tissue 
sheath, DP: Dermal 
papilla, E: Epidermis, 
HS: Hair shaft, IRS: 
Inner root sheath, ORS: 
Outer root sheath, SG: 
Sebaceous gland; IR: 
Immunoreactivity. 
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4.5 Demonstration of α α α α6 integrin, ββββ1 integrin, fibronectin, nidogen, 

LTBP-1 and fibrillin-1 

α6 integrin was expressed throughout the outermost layer of the ORS and the BM of 

the whole HF (Fig. 4.23 A-D, 4.24). This IR intensity could also be seen in the DP 

and in the ´follicular trochanter`, whereas the APM exhibited only weak IR (Fig. 4.23 

A, D, 4.24). Quantitative immunohistochemistry did not reveal significant differences 

in the IR intensity between the 

bulge region and other parts of 

the ORS (data not shown).  

 

 

 

 

Fig. 4.23: IR in the human bulge 
region for αααα6 integrin  
A-D: α6 integrin IR can be found 
throughout the whole outermost layer of 
the ORS, the BM and the CTS (A-D) 
(red). The APM is weakly stained for 
α6 integrin (A) and the ´follicular 
trochanter` is also positive for  
α6 integrin (D) (red). APM: Arrector pili 
muscle, FT: Follicular trochanter, HS: 
Hair shaft, IRS: Inner root sheath, ORS: 
Outer root sheath, SG: Sebaceous 
gland; Bars (A-D) 50µm. 
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Fig. 4.24: Schematic 
drawing of αααα6 integrin IR 
pattern  
Schematic drawing of the 
α6 integrin IR pattern of 
the employed antibody in 
the pilosebaceous unit and 
in the epidermis. APM: 
Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; 
BM: Basement membrane; 
CL: Companion layer; 
CTS: Connective tissue 
sheath, DP: Dermal 
papilla, E: Epidermis, HS: 
Hair shaft, IRS: Inner root 
sheath, ORS: Outer root 
sheath, SG: Sebaceous 
gland; IR: 
Immunoreactivity. 
 

 

 

 

 

 

 

 

 

Essentially, this was also true for β1 integrin IR. As documented in Figs. 4.25 A-D, 

4.26 and 4.14, there was a homogeneous IR distribution in the outermost layer of the 

ORS and the BM throughout the entire length of human HFs. In addition, the CTS, 

the DP and the ´follicular trochanter` region were positive for β1 integrin.  
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Fig. 4.25: IR in the human 
bulge region for ββββ1 
integrin 
A-D: β1 integrin is 
expressed in the outermost 
layer of the ORS and in the 
BM throughout the entire 
length of the HF (A-D) 
(red). The CTS and the 
APM are also positive for 
β1 integrin (A) (red). APM: 
Arrector pili muscle, FT: 
Follicular trochanter, HC: 
Hair channel, HS: Hair 
shaft, IRS: Inner root 
sheath, ORS: Outer root 
sheath; Bars (A-D) 50µm. 
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Fig. 4.26: Schematic drawing 
of ββββ1 integrin IR pattern 
Schematic drawing of the β1 
integrin IR pattern of the 
employed antibody in the 
pilosebaceous unit and in the 
epidermis. APM: Arrector pili 
muscle, B/FT: Bulge/Follicular 
trochanter; BM: Basement 
membrane; CL: Companion 
layer; CTS: Connective tissue 
sheath, DP: Dermal papilla, E: 
Epidermis, HS: Hair shaft, IRS: 
Inner root sheath, ORS: Outer 
root sheath, SG: Sebaceous 
gland; IR: Immunoreactivity. 
 

 

 

 

 

 

 

 

 

Fibronectin, nidogen, LTBP-1 and fibrillin-1 were all prominently expressed 

throughout the HF CTS, fibronectin and nidogen as well in the BM (Fig. 4.27 A-D, 

4.28 A-D). Fibrillin-1 was uniformly expressed along the entire follicular CTS, with no 

upregulation in the bulge mesenchyme (Fig. 4.27 A-D, 4.28 A-D).  

However, using the current immunostaining methods, the DP was immunoreactive 

for nidogen, fibronectin, LTBP-1 and fibrillin-1 (Fig. 4.27 A-D). Nevertheless, the 

bulge mesenchyme did not show any higher IR for these ECM components. 
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Fig. 4.27: IR in the human bulge region for fibronectin, LTBP-1, nidogen and fibrillin-1 
A-D: Fibronectin (A), LTBP-1 (B), nidogen (C) and fibrillin-1 (D) show positive IR in the complete CTS 
(A-D) (red/green). The BM is positive for fibronectin and nidogen (A, C) (red). APM: Arrector pili 
muscle, CTS: Connective tissue sheath, ORS: Outer root sheath, SG: Sebaceous gland; dotted white 
line indicates the APM; Bars (A-D) 50µm. 
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Fig. 4.28: Schematic drawings of fibronectin, LTBP-1, nidogen and fibrillin-1 IR pattern 
Schematic drawing of the fibronectin, LTBP-1, nidogen and fibrillin-1 IR pattern of the employed 
antibodies in the pilosebaceous unit and in the epidermis. APM: Arrector pili muscle, B/FT: 
Bulge/Follicular trochanter; BM: Basement membrane; CL: Companion layer; CTS: Connective tissue 
sheath, DP: Dermal papilla, E: Epidermis, HS: Hair shaft, IRS: Inner root sheath, ORS: Outer root 
sheath, SG: Sebaceous gland; IR: Immunoreactivity. 
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4.6  Demonstration of CD34, connexin 43 and nestin  

We examined the CD34 IR pattern, using also very sensitive immunohistochemical 

methods (Envision®), and we found that the isthmus, bulge, and infundibulum 

regions of the human ORS were negative for CD34 (Fig. 4.29 A, 4.30), whereas the 

outermost layers of the ORS proximal to the bulge (= lower ORS) exhibited a slight, 

homogeneous IR (Fig. 4.29 B, 4.30). A heterogeneous IR was also seen in scattered 

cells of the human CTS (Fig. 4.29 C, 4.30).  

 

 

Fig. 4.29: IR is absent in the human 
bulge region for CD34  
A-C: CD34 is absent in the isthmus and 
in the bulge of the HF (A) but outermost 
layers of the ORS proximal to the bulge 
are positive for CD34 (B) (red). IR is also 
seen in scattered cells of the CTS using 
immunofluorescence staining (red). APM: 
Arrector pili muscle, CTS: Connective 
tissue sheath, HS: Hair shaft, ORS: Outer 
root sheath; Bars (A-D) 50µm. 
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Fig. 4.30: Schematic drawing of 
CD34 IR pattern 
Schematic drawing of the CD34 IR 
pattern of the employed antibody in the 
pilosebaceous unit and in the epi-
dermis. APM: Arrector pili muscle, 
B/FT: Bulge/Follicular trochanter; BM: 
Basement membrane; CL: Companion 
layer; CTS: Connective tissue sheath, 
DP: Dermal papilla, E: Epidermis, HS: 
Hair shaft, IRS: Inner root sheath, 
ORS: Outer root sheath, SG: Seba-
ceous gland; IR: Immunoreactivity. 
 

 

 

 

 

 

 

 

The entire ORS of adult human scalp HFs proximal and distal to the bulge showed a 

homogeneous IR for connexin 43 (Fig. 4.31, 4.32), while the bulge itself was 

negative. Importantly, this included the ´follicular trochanter` (Fig. 4.31, 4.32), which 

was also negative for connexin 43. 

  
Fig. 4.31: IR is absent in the human bulge region for connexin 43 
A, B: Connexin 43 is absent in the bulge but expressed in the whole ORS proximal and distal to the 
bulge (A). The ´follicular trochanter` is also negative for connexin 43 (B) (green). APM: Arrector pili 
muscle, FT: Follicular trochanter, ORS: Outer root sheath, SG: Sebaceous gland, dotted white line 
indicates the APM; Bars (A, B) 50µm. 
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Fig. 4.32: Schematic drawing of connexin 43 IR pattern 
Schematic drawing of the connexin 43 IR pattern of the employed antibody in the pilosebaceous unit 
and in the epidermis. APM: Arrector pili muscle, B/FT: Bulge/Follicular trochanter; BM: Basement 
membrane; CL: Companion layer; CTS: Connective tissue sheath, DP: Dermal papilla, E: Epidermis, 
HS: Hair shaft, IRS: Inner root sheath, ORS: Outer root sheath, SG: Sebaceous gland; IR: 
Immunoreactivity. 
 

Nestin immunoreaction was examined systematically using an antibody specifically 

directed against human nestin, including highly sensitive TSA immunofluorescence. 

In all human scalp HFs examined, we did not detect any prominent positive nestin IR 

within the entire HF epithelium (including the bulge and the rest of the ORS) (Fig. 

4.33 A, 4.34). However, isolated nestin-positive cells were routinely noted in the 

human HF CTS and DP (Fig. 4.33 B, 4.34), and in the human SW epithelium, while 

non-specific nestin IR was prominent in the IRS (data not shown) (Fig. 4.33 C, 4.34).  
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Fig. 4.33: IR is absent in the human bulge region for nestin 
A-C: Nestin IR was not found within the entire HF epithelium including the bulge (A). Isolated nestin 
positive cells were detected in the CTS, the DP (B) and in the SW epithelium (C) (red/green). APM: 
Arrector pili muscle, CTS: Connective tissue sheath, DP: Dermal papilla, ORS: Outer root sheath, SG: 
Sebaceous gland, SW: Sweat gland; dotted white line indicates the APM; Bars (A-C) 50µm. 
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Fig. 4.34: Schematic drawing of nestin IR pattern 
Schematic drawing of the nestin IR pattern of the employed antibody in the pilosebaceous unit and in 
the epidermis. APM: Arrector pili muscle, B/FT: Bulge/Follicular trochanter; BM: Basement membrane; 
CL: Companion layer; CTS: Connective tissue sheath, DP: Dermal papilla, E: Epidermis, HS: Hair 
shaft, IRS: Inner root sheath, ORS: Outer root sheath, SG: Sebaceous gland; IR: Immunoreactivity. 
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4.7  Demonstration of ββββ1 integrin in the pilosebaceous unit  

β1 integrin IR was found on several different cell populations of human skin in situ 

(Fig. 4.35, Tab. 4.1). Preferential analysis of the pilosebaceous unit revealed a 

strong IR on several cell populations of human HFs: outermost layer of the ORS, the 

APM, MKs, CTS and DP fibroblasts (Fig. 4.35, Tab. 4.1). No IR was detectable in the 

IRS cells as well as in the distal and central HS, while the precortical hair matrix and 

the most proximal HS medulla were β1 integrin-positive (Fig. 4.35, Tab. 4.1).  
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Fig. 4.35: ββββ1 integrin IR on human hair follicles in situ 
β1 integrin IR on human hair follicles in situ. A, D, G, J: Epidermis; B, E, H, K: Bulge region; C, F, I, L: 
Lower hair follicle. A, B, C: Negative control without primary antibody, D, E, F: Staining with 12G10 (+) 
antibody, G, H, I: Staining with TS2/16 (+) antibody, J, K, L: Staining with mAb13 (-) antibody. DP: 
Dermal papilla, MK: Matrix keratinocytes, SG: Sebaceous gland, PHM: Precortical hair matrix, IRS: 
Inner root sheath, CTS: Connective tissue sheath, APM: Arrector pili muscle, ORS: Outer root sheath. 
Bars: A, D, G, J, C, F, I, L: 100 µm, B, E, H, K 150 µm. 
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Tab. 4.1: Overview of ββββ1 integrin IR on human hair follicles in situ 
β1 integrin IR on different cells of the human anagen HF. ++: Strong IR, +: Moderate IR, -: No IR 
compared to the control. The same expression pattern was seen with β1 integrin antibodies 12G10 
(+), TS2/16 (+) and mAb13 (-). 

 

Careful comparative immunohistological analysis of normal scalp skin sections 

(derived from at least 5 different individuals per tested antibody) did not reveal 

convincing evidence for a marked upregulation of β1 integrin IR by ORS 

keratinocytes of the bulge region of human scalp HFs (as identified morphologically 

by insertion of the APM). A substantial upregulation of β1 integrin IR could not be 

detected in the bulge with any of the three employed specific primary antibodies. 

While the β1 integrin IR in one section of a single patient might be interpreted as 

being, very subtly, upregulated in the bulge region and / or the immediately adjacent 

ORS (Fig. 4.36 A), this was not seen in the majority of examined sections and 

patients, of which Fig. 4.35 E, H, K and Fig. 4.36 show representative examples.  
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Fig. 4.36: ββββ1 integrin IR in different patients 
(A-C) HFs from different patients (A and B+C) stained for β1 integrin with the activating antibody 
12G10 (+) (red). The first patient (A) might show a very subtly stronger IR in the bulge region whereas 
in the other patient (B+C), no marked upregulation in the bulge region of the human HF was found. (D, 
E) Staining for β1 integrin in the bulge region of the human HF with mAb13 (-) (green). β1 integrin 
expression is uniformly distributed in the outermost layer of the ORS of the human HF. It is not 
upregulated in the bulge region. APM: Arrector pili muscle, DP: Dermal papilla, FT: Follicular 
trochanter, ORS: Outer root sheath, SG: Sebaceous gland, SW: Sweat gland. Bars: A 150 µm, B and 
D 100µm, C and E 20µm.  
 

 

To confirm the observations, we performed quantitative immunohistochemistry for 

two standardized reference areas of the HFs derived from 5 different individuals  

(Fig. 4.37). This quantitative analysis proved that the β1 integrin-associated IR in the 

bulge region was not significantly higher or lower than in the other segment of the 

ORS. 
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Fig. 4.37: Quantitative immunohistochemistry for ββββ1 integrin 
The immunostaining intensity for β1 integrin was analysed by quantitative immunohistochemistry using 
NIH image software. The first reference area is the insertion point of the APM and the second was 
situated in the middle of the isthmus. This demonstrates that β1 integrin is not upregulated in the bulge 
region. N=5, *p<0.05, mean ± SEM, p value was calculated by Mann-Whitney-U-Test for unpaired 
samples. 
 

β1 integrin IR was also prominent in the basal layer of human epidermis, and could 

be localized in the surrounding mesenchyme of the SGs and the myoepithelium of 

the SWs (Fig. 4.35). The IR patterns produced by use of the activating 12G10 (+) 

and TS2/16 (+) β1 integrin antibodies and the inhibitory mAb13 (-) antibody were 

essentially indistinguishable, and all negative and positive controls employed 

confirmed specificity of the β1 integrin IR patterns reported above.  

4.8 ββββ1 integrin expression in hair follicle organ culture 

In order to test how the IR patterns identified on cryosections of fixed skin 

corresponded to the IR patterns that were obtained when living tissue was directly 

incubated with specific β1 integrin antibodies, microdissected HFs were incubated 

with the 12G10 (+), TS2/16 (+) or mAb13 (-) antibodies for 9 days in serum free 
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medium. Cryosections of these organ-cultured HFs were stained with secondary 

antibody only. This technique revealed a specific β1 integrin IR in the same defined 

compartments of human HFs as shown in human scalp skin sections, this even 9 

days of organ culture (Fig. 4.38 A-D). A weaker IR was detected with this technique 

using the 12G10 (+) and TS2/16 (+) antibodies, compared to the stronger IR found  

with mAb13 (-). 

 

Fig. 4.38: ββββ1 integrin IR on cultured HFs 
(A-D) Expression patterns of β1 integrin on cultured human anagen HFs. A: Negative control, B: 
12G10 (+)-treated HF, C: TS2/16 (+)-treated HF, D: mAb13 (-)-treated HF. DP: Dermal papilla, MK: 
Matrix keratinocytes, HS: Hair shaft, CTS: Connective tissue sheath, IRS: Inner root sheath, ORS: 
Outer root sheath. Bars: (A-D) 100 µm. 
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Moreover, we looked at the expression pattern of β1 integrin in different stages of the 

hair cycle. Catagen (Fig. 4.39 A) and telogen (Fig. 4.39 B) human scalp HFs in situ 

were stained for mAb13 (-). The HFs showed strong IR for the outermost layer of the 

ORS, the DP and the epithelial strand, a moderate IR for the CTS. The club hair and 

the IRS were negative for β1 integrin. Thus, the ß1 integrin IR did not change 

between anagen VI, catagen and telogen, so that HF cycling was not associated with 

major changes in ß1 integrin protein expression in the ORS. 

 

 

Fig 4.39: ββββ1 integrin IR of HFs in distinct hair cycle stages 
(A, B) Expression patterns of β1 integrin of scalp HFs in distinct hair cycle stages in situ. A: Catagen 
scalp HF stained with mAb13 (-), B: Telogen scalp HF stained with mAb13 (-). CH: Club hair, DP: 
Dermal papilla, ES: Epithelial strand. Bars: (A-F) 100 µm. 
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4.9 Immunoreactivity for ββββ1 integrin ligands 

As shown in Fig. 4.40, sites of β1 integrin IR described above prominently co-

expressed the β1 integrin ligands fibronectin and tenascin-C in the BM of the ORS 

and in the CTS of the HFs. Therefore, the same human skin and HF compartments 

that expressed β1 integrin likely also provided continuous stimulation for this integrin 

via locally produced specific ligands. 

 

 

Fig. 4.40: IR of fibronectin and tenascin-C 
IR of the β1 integrin ligands fibronectin (A, C, e, g) and tenascin-C (B, D, f, h) can be found in the BM 
of the ORS and in the CTS of the human HF. BM: Basement membrane, CTS: Connective tissue 
sheath, Bars: A, B, C, D: 100 µm, e, f, g, h: 20 µm. 
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4.10 Expression patterns of αααα integrin subunits  

In order to provide a more comprehensive analysis of follicular integrin expression, 

we studied the IR patterns of the α1 −  α6 integrin subunits (Fig. 4.41) in the 

compartments of the lower HF, which are relevant to the functional experiments 

reported below. IR for all α subunits was reliably found on selected compartments of 

the lower human HF in situ except for the α4 integrin subunit, which - according to 

us- did not show highly consistent 

and sufficiently reproducible IR 

patterns in 15 different human HFs 

(not shown). IR for the α1, α2, α5 

and α6 integrin subunits was 

detectable in the DP and on selected 

CTS fibroblasts. The ORS displayed 

IR for the α2 and α3 integrin 

subunits, while the keratinocytes of 

the inner hair matrix and the lower 

keratogenic region showed α2, α3 

and α6 integrin IR. 

 

Fig. 4.41: IR of αααα1, αααα2, αααα3, αααα5 and αααα6 
integrin  
(A-E) Expression patterns of α1, α2, α3, α5 
and α6 integrin on cultured human anagen 
HFs. α1 integrin is expressed in the CTS and 
in the DP (A). α2 integrin (B) and α6 integrin 
(E) also show IR in these compartments as 
well as in the ORS, in hair MKs, the 
precortical hair matrix and the most proximal 
HS medulla. The ORS, hair MKs, the 
precortical hair matrix and the most proximal 
HS medulla are positive for α3 integrin (C). 
α5 integrin is expressed in the CTS, in the 
DP and the ORS (D). BM: Basement 
membrane, CTS: Connective tissue sheath, 
DP: Dermal papilla, HS: Hair shaft, IRS: 
Inner root sheath, MK: Matrix keratinocytes, 
PHM: Precortical hair matrix, ORS: Outer 
root sheath. Magnification (A-E): 200x. 
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4.11 ββββ1 integrin antibodies in hair follicle organ culture 

In order to examine the functionality of β1 integrins in normal human scalp HFs and 

to obtain first indications of the functional effects of β1 integrin-mediating signalling in 

human skin in situ, microdissected anagen VI HFs of three different individuals were 

treated with vehicle or activating / inhibitory β1 integrin antibodies (10 µM) in three 

independent experiments. Both activating anti β1 integrin antibodies [12G10 (+) and 

TS2/16 (+)] caused a significant increase in HS elongation within 9 days of HF organ 

culture (Fig. 4.42 A and B). Instead, the inhibitory β1 antibody [mAb13 (-)] did not 

significantly alter HS elongation in any of the three experiments.  
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Fig. 4.42: Influence of ββββ1 integrin antibodies on HS elongation 
(A) Influence of β1 integrin antibodies on HS elongation after 9 days in vitro. Activating antibodies 
12G10 (+) and TS2/16 (+) significantly enhanced HS elongation whereas the inhibiting antibody 
mAb13 (-) had no significant effect. N=65-82 follicles/group, 3 experiments pooled, *p<0.05, mean ± 
SEM, p value was calculated by Mann-Whitney-U-Test for unpaired samples.  
(B) HS elongation of cultured human HFs after treatment with β1 integrin antibodies at day 9 
compared to the control (100%). Activating antibodies 12G10 (+) and TS2/16 (+) significantly 
enhanced HS elongation. The inhibiting mAb13 (-) antibody caused no significant effects. N=16-18 
follicles/group, one representative experiment, *p<0.01, mean ± SEM, p value was calculated by 
Mann-Whitney-U-Test for unpaired samples. 
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4.12 Reaction of    ββββ1 integrin antibodies during hair follicle cycling 

β1 integrin antibody treated HFs were assessed with respect to their hair cycle 

status. As shown in Fig. 4.43, this procedure revealed a moderate change in the ratio 

of HFs in distinct hair cycle stages: Treatment with the stimulating β1 integrin 

antibody 12G10 (+), for example, led to a relatively higher percentage of HFs that 

were still in anagen VI at the end of organ culture, compared to vehicle-treated HFs. 

Though the level of significance was not reached (due to an insufficiently large 

number of properly cut longitudinal HF sections that are indispensable to accurate 

hair cycle staging), the data suggest that 12G10 (+)-treated HFs remain longer in 

anagen than controls, and therefore produce longer HSs. 

 
Fig. 4.43: Influence of ββββ1 integrin antibodies on the hair cycle stage 
The total number (%) of HFs in the different hair cycle stages is shown. In the group treated with the 
β1 integrin activating antibody 12G10 (+) there are more anagen follicles. N=8-12 follicles/group, one 
representative experiment, p value was calculated by Mann-Whitney-U-Test for unpaired samples. 
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This finding was further supported by quantitative immunohistochemistry of Ki-67 / 

TUNEL-double-stained HF sections. In microdissected, organ-cultured human scalp 

HFs, the activating 12G10 (+) antibody significantly stimulated hair MK proliferation 

whereas the inhibitory antibody mAb13 (-) had no significant effect on MK cells (Fig. 

4.44).  

 

 

 

 
Fig. 4.44: Ki-67 / TUNEL staining on human HFs 
The Ki-67 / TUNEL staining demonstrates the influence of β1 integrin antibodies on hair MK 
proliferation. The activating 12G10 (+) antibody significantly increased the number of proliferative cells 
in the human HF compared to the control whereas TS2/16 (+) and the inhibiting antibody mAb13 (-) 
had no significant effect on proliferating cells. N=10-12 follicles/group, *p<0.05, mean ± SD, p value 
was calculated by Mann-Whitney-U-Test for unpaired samples. 
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Figure 4.45 B highlights ORS basement membrane staining after HF incubation in 

organ culture with the 12G10 (+) antibody (stained in this section with the secondary 

antibody only), revealing that the employed β1 integrin antibody binds to human HFs 

in vitro. This phenomenon could not be seen in the HFs treated with the vehicle (Fig. 

4.43 A). 

 

 

 

 

Fig. 4.45: DPs stained for Ki-67 / TUNEL 
Ki-67 / TUNEL staining for a control HF which was treated with a vehicle in the HF culture system (A). 
Ki-67 / TUNEL staining for a HF cultured with the activating antibody 12G10 (+) (B). White arrows 
indicate the ORS BM staining after HF incubation in organ culture with the 12G10 (+) antibody 
(stained in this section with the secondary antibody only). This confirms the binding of the employed 
β1 integrin antibodies to human HFs in vitro and thus likely exerts their functional effects on hair 
growth via binding to the HF’s BM zone and / or the keratinocytes of the directly adjacent HF. 
Magnification: 400x. 
 

 

 

 

 

 



 

 

 RESULTS 

 147 

Additonally, we counted the number of mitotic cells of the HF bulb in organ-cultured 

HF cryosections, stained with hematoxylin-eosin. A significant increase of the 

number of mitotic figures could be observed after treatment with the two activating 

antibodies 12G10 (+) and TS2/160 (+). Again, the inhibitory antibody produced no 

change in proliferation capacity (Fig. 4.46). 

 

 
Fig. 4.46: Mitotic figures in human HF bulbs 
As a highly sensitive proliferation marker the number of mitotic cells of the HF bulb in haematoxylin 
eosin-stained cryosections has been counted. The cultured HFs treated with the two ß1 integrin 
activating antibodies 12G10 (+) and TS2/16 (+) show significantly more mitotic figures than the control 
HFs. No significant changes can be observed with regards to the inhibiting antibody mAb13 (-). N=4-
11 follicles/group, *p<0.05, mean ± SEM, p value was calculated by Mann-Whitney-U-Test for 
unpaired samples.  
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4.13 Reaction of RGD peptides in human hair follicle organ culture 

To further understand how β1 integrin antibodies may promote hair growth, we used 

RGD peptides in different concentrations (1 and 10 µg/ml) in the organ culture assay. 

Both concentrations significantly stimulated hair growth in vitro (p < 0.02) (Fig. 4.47).  

 

 
Fig. 4.47: RGD peptides promote human hair growth 
Ligand-mimicking RGD peptides (1 and 10 µg/ml) promote human hair growth in vitro. N=21 HFs from 
21 different patients, *p<0.02, mean ± SEM, p value was calculated by Mann-Whitney-U-Test for 
unpaired samples.  
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5 DISCUSSION 

5.1 Introductory remarks 

Since the discovery of epithelial HF stem cells in the bulge of human HFs, the 

definition of useful stem cell markers in situ has become a major challenge in skin 

research and regenerative medicine. In the current study, we contributed to this 

ongoing quest by critically evaluating published IR patterns of putative epithelial HF 

stem cells, and by attempting to identify markers for the in situ-identification of normal 

human epithelial HF stem cells within their physiological niche, using highly sensitive 

immunohistochemical methods. 

 

By using immunohistochemistry, including immunofluorescence, CK15, CK19, and 

CD200 turned out to be the most useful positive in situ-markers for human bulge 

cells, even though these markers were not exclusively expressed in the bulge. 

Contrary to previous reports, we could not confirm that ß1 integrin IR is upregulated 

by normal human bulge keratinocytes in situ. However, our studies indicate that 

absent IR for CD34, connexin 43 and nestin may be exploited as negative markers 

for eHFSCs. Among the BM / mesenchymal markers examined, α6 integrin, 

fibronectin, nidogen, fibrillin-1 and LTBP-1 were expressed throughout the CTS of 

human HFs, and no reproducible and significant upregulation of these markers could 

be detected in or around the bulge. Instead, tenascin-C IR was significantly 

upregulated here, suggesting that tenascin-C constitutes a component of the bulge 

stem cell niche of human HFs. During the course of these studies we noted a largely 

forgotten, peculiar epithelial protrusion of the ORS with a distinct morphology, which 

we named ´follicular trochanter`. Together with immunophenotyping, this ´trochanter` 

can serve as convenient lead structure for eHFSC identification, at least in some 

patients. 

 

Our systematic bulge immunophenotyping experiments were complemented with a 

functional study which should generate the first data on the as yet unknown 
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functional significance of ß1 integrins in human HF biology. Though the missing 

upregulation of ß1 integrin expression in the human bulge that we had found did not 

suggest a similarly prominent role for ß1 integrin in humans compared to murine HF 

SC biology, we studied at least in microdissected, organ-cultured human anagen hair 

bulbs whether blocking or stimulating ß1 integrin-mediated signalling affects defined 

functions of the progeny of these epithelial HF stem cells. 

 

Here, we demonstrated that human pilosebaceous IR for β1 integrin was most 

prominent in the outermost layer of the ORS and the surrounding CTS of human 

scalp HFs in situ and in vitro. Sites of β1 integrin IR co-expressed fibronectin and 

tenascin-C. Functionally, two activating β1 integrin antibodies (12G10, TS2/16) or 

ligand-mimicking RGD peptides promoted the growth of microdissected, organ-

cultured human scalp HFs in vitro (i.e. stimulated hair MK proliferation and HS 

elongation) and modulated HF cycling (i.e. inhibited spontaneous HF regression 

(catagen). This supports the concept that β1 integrin-mediated signalling is also 

important in human hair growth control.  

 

The physiologically relevant organ culture assay employed in the course of our study 

offers itself as a research tool for exploring whether targeted stimulation of  

β1 integrin-mediated signalling can be enrolled for human hair loss management. For 

future experimentation, this can be complemented with a skin organ culture assay 

that was developed in parallel to the current dissertation and that now allows one to 

study also the human HF bulge in its natural tissue context, i.e. in full-thickness 

human scalp skin section (LU et al. 2007).  

5.2 Employed methods 

In the current study, normal human temporal and occipital uninflamed scalp skin was 

taken from 18 different individuals, whereby cryosections (3-10 cryosections per 

patient) of at least 5 different individuals per antigen were examined. By this 

representative amount of patients (at least 5 individuals, often 7 different individuals), 
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we could better exclude inter-individual differences which are usually present to a 

certain extent. The patients were supposed to have no pre-treatment and did not take 

any drugs to exclude any nonbiological influences. 

For the study not only standard immunohistochemistry, including 

immunofluorescence was employed, but also highly sensitive visualization methods 

(EnVision®, TSA immunofluorescence) (see e.g. ROTH et al. 1999; ITO et al. 2004b; 

BODO et al. 2005; ITO et al. 2005c; GAISER and BERNHARDS 2007). Based on 

this specific technical approach, however, region-related differences in the IR pattern 

of the staining could not be detected. Additionally, independent of the fact that all HF 

donors were at an average age of 54 years, age- or patient-related differences in the 

IR pattern of the markers were not obvious, and the frequency with which the FT 

could be identified also did not change age-dependently.  

 

Scalp specimens were transported from the operating theatre to the laboratory in 

supplemented William’s E serum-free medium at 4°C. During summer time, the 

higher temperature outside might have influenced tissue quality, and it could not be 

checked whether the material was sent well-tempered during transport. Another 

critical step of specimen collection was the time, the hairy skin sample had to stay on 

the operating table before it was immersed into tempered William’s E medium. After 

arriving in our laboratory, nevertheless, the skin was immediately cut into thin strips, 

embedded into Shandon Cryomatrix, snap-frozen in liquid nitrogen and stored at  

-80 °C until use. Summarizing all critical aspects of skin sample treatment before 

immunohistochemical methods could take effect and including section evaluation, we 

can conclude that no negative influence on tissue and reaction quality were 

observable lightmicroscopically during the course of our study. 

 

We took the rather common way of processing cutaneous tissue and cut vertically 

orientated sections of the skin, showing the epidermis at one pole and the 

hypodermis at the other. Vertically orientated skin sections mostly result in a deficient 

and incomplete vision of the HFs because HF slants very rarely match section slant. 

As a consequence, a complete longitudinal section of HFs from the bulb to the 
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epidermis was rarely obtained, so that HFs often appeared incomplete. This aspect, 

however, was not really a problem regarding the description of antigen expression in 

the bulge region. If a section on isthmus level (Fig. 2.5 B) was complete in one HF 

and another HF of the follicular unit next to it showed a complete lower HF, the skin 

sample was taken into evaluation. Great care was exercised to obtain as many 

longitudinal scalp HF sections as possible, and whenever visible,  

´follicular trochanter` structures were included in the analyses, for which only terminal 

scalp HFs in the anagen VI stage of HF cycling (see STENN and PAUS 2001; 

WHITING 2004) were used. 

5.3 Follicular trochanter 

The bulge region of the ORS of both mouse and human HFs, i.e. the area where the 

APM inserts at the distal ORS, is now firmly established as at least one major site of 

epithelial HF stem cells (Figs. 2.5 B and 4.1) (OHYAMA 2007). During the 

embryonal development of human scalp HFs, two separated ORS protrusions (lower 

and upper) begin to grow at the posterior side of the follicle. At first, the lower one, 

the ´bulge`, is the larger one of the two, but later on it becomes relatively smaller and 

is the future attachment site of the developing APM (KÖLLIKER 1853; UNNA 1876; 

PINKUS 1958; COTSARELIS et al. 1990; DAWBER 1997; COTSARELIS et al. 1999; 

COTSARELIS 2006b). Normally, the APM attaches to this central ORS compartment 

without any major ORS protrusion detectable. The upper protrusion develops into the 

SG and its duct (in apocrine pilosebaceous units, an additional protrusion forms into 

the apocrine gland and its duct).  

Even though this special ORS region has already been described in human HFs by 

19th century authorities and is prominent during fetal human HF development, it is 

difficult to identify it in adult human HFs. Therefore, the insertion of the APM is 

generally employed as a lead structure to point one to the bulge region, whose 

identity is then further supported by immunohistochemistry, e.g. using CK15 and 

CD200 immunostaining (COTSARELIS 2006b; OHYAMA et al. 2006). 
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In normal human scalp HFs examined from 12 different individuals of both sexes 

above 40 years of age, mean 52.5 years, we noted a stringently localized ORS 

protuberance, in contrast to the normal structure of the human bulge region  

(Fig. 4.1), at the site of APM insertion. This protuberance was provisionally termed a 

´follicular trochanter`.  

As scalp skin samples arose from facelift surgery performed in older individuals, it is 

well advised to investigate whether there are age-dependent differences in the 

frequency with which a FT can be identified. Interestingly, very similar structures 

were first described more than a decade ago in vellus HFs of vertical sections of 

human facial skin, showing bilateral knob-like protrusions and villous projections at 

the level of the SG (NARISAWA et al. 1994c). As this publication has been widely 

ignored in the hair research literature, we hope that our extended re-examination of 

this phenomenon in terminal human scalp HFs will encourage further systematic 

characterization of the FT. 

 

The FT is a beak-, hook- or papilloma-like protrusion of the ORS (Fig. 4.2 - 4.10) of 

terminal human HFs and may reflect ´snapshots` of distinct developmental stages in 

a dynamic process (Fig. 4.11). It will be interesting to clarify in future studies whether 

these different developmental stages are linked to distinct stages of human HF 

cycling. Based on its structure alone, the FT may form an integral part of the bulge of 

adult terminal human HFs, but may also demarcate functionally distinct subdomains 

within this human HF compartment.  

 

Tenascin-C IR was most intense in the FT periphery, next to the CTS and the APM 

insertion. This IR pattern, showing tenascin-C in the stroma, suggests that the cells 

(e.g. human HF stem cells) in the FT secrete it to create a ´niche`, as it is the case 

for murine follicles (TUMBAR et al. 2004). Also nidogen, involved in mechanical 

signal transduction mechanisms and discussed among the other investigated 

proteins as an important stem cell niche regulator, showed strong IR inside the FT, 

where a dense epithelial cell population has been detected (MARIONNET et al. 

2006).  
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Interestingly, NARISAWA et al. (1996) also described an apoptotic pocket-like 

structure in the ORS of the bulge area at the anagen stage of human HFs, which is 

clearly distinct from the FT characterized here, and the previously described knob-

like protrusions and villous projections (NARISAWA et al. 1994c,1997). In fact,  

Ki-67 / TUNEL staining revealed no apoptotic cells inside the FT (Fig. 4.10). This 

demonstrates that such apoptotic and vacuolated structure tends to be present on 

the side where the major part of the APM anchors, and shows neither a simultaneous 

appearance nor any structural similarity with the ORS protuberance presented here. 

In addition, vertical sections of the human scalp skin also revealed the presence of 

ORS invaginations in the lower portion of terminal human HFs, as not associated 

with the APM (NARISAWA et al. 1996). These structures also clearly differ from the 

outgrowing FT in localization and specific morphology.  

 

NARISAWA et al. (1996) further described an ORS protuberance of the early anagen 

terminal human HF in the region of the new secondary hair germ to be associated 

with a lateral protuberance of basaloid cells, which might represent the bulge of the 

new anagen HF. Interestingly, the APM bundle was divided into two branches, one 

inserted into the original, clubbed end, and the other into this protuberance of the 

secondary hair germ. In the light of our current findings, these observations deserve 

a careful and systematic follow-up. To clarify whether the FT originates in human HF 

ORS-derived cells or if the FT undergoes differentiation pathways (e.g. for 

sebocytes), we stained the FT with the human HF-specific ORS cell marker CK6 and 

additionally with CK19, which is upregulated in differentiating sebocytes (PINKUS 

1897). CK6 displayed a clear staining of cells originating in the ORS ingrowing 

towards the FT (Fig. 4.7). The upregulation of the in vitro sebocyte differentiation 

marker CK19 as found in this study is unclear, because there was a prominent intra-

FT staining (Fig. 4.8). Nevertheless, we found no CK19 IR in or next to the SG. For 

that reason, we conclude that the upregulation of CK19 in the FT structure 

demonstrates no sebocyte differentiation, but more likely an epithelialization process.  
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The FT identified here bears some resemblance to Pinkus’ ´Mantelhaare`, which 

show apron-like buds that can display basaloid cells, and the frequency of which is 

greatly increased in patients with acquired hypertrichosis lanuginose (PINKUS 1897; 

HERZBERG 1990) Our understanding of ´Mantelhaare`, which remain to be 

systematically investigated, is that they represent unusually large, ´activated` vellus 

HFs that are in the process of transformation into terminal or lanugo hairs. As we 

have studied exclusively regular terminal scalp HFs in anagen VI, it is very unlikely 

that the FT described here is identical with the apron-like buds of Pinkus’ 

´Mantelhaare`. However, it deserves further investigation whether these apron-like 

buds of basaloid cells, which more than 100 years after their first description remain 

uncharacterized and enigmatic, are functionally related to the FT described in our 

case. Specifically, it deserves further scrutiny whether both structures reflect 

structurally distinct protrusions of the ORS that are enriched in epithelial human HF 

stem cells.  

 

Taking these factors together, it is intriguing to note that the APM has been 

speculated to contribute to the niche for the epithelial stem and / or progenitor cells in 

the bulge region (POBLET et al. 2002). In this context, the expression pattern of 

putative ´stem cell markers` and ECM proteins, that we identified in this 

compartment, raises the question whether the FT serves as more than a point of 

muscle fibre insertion: does the FT reflect the structure of a dynamically remodelled 

ORS niche for human HF eSCs (MORRIS et al. 2004; TUMBAR et al. 2004)? 

 

Irrespective of whatever function the FT will turn out to have, this ORS protrusion 

already can serve as a morphological leading structure for the bulge. It helps to 

localize the elusive bulge region of adult human HFs, thus facilitating, for example, 

microdissection approaches in the continuing quest for defining the biology of this 

crucial compartment of the human HF. 
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5.4 Epithelial stem cells and their niche 

Our immunohistochemistry results for CK15, including EnVision®- and  

TSA-immunohistochemistry methods, contrast with the demonstration of CK15 in the 

upper and lower ORS in human anagen HFs (COMMO et al. 2000). We found 

homogeneous IR in the outermost layer of the ORS (Fig. 4.12 A, 4.13) - not only in 

the bulge region, but also in the proximal part of the isthmus of human HFs. Although 

a previous report of infundibular CK15 IR (ORRINGER et al. 2006) supports our 

finding that CK15 IR in human HFs is not restricted to the bulge, we did not observe 

CK15 expression in the infundibular ORS (see also the annex for the summary of our 

IR results, which highlights differences of our findings to previously published IR 

patterns of human HFs). We found CK15 IR as well in the outermost layer of the 

proximal ORS (Fig. 4.12 B, 4.13) and in human SWs. As morphological marker 

structure for the bulge, the ´follicular trochanter` also showed positive IR (Fig. 4.9) 

(TIEDE et al. 2007b), and CK15 was significantly upregulated (Fig. 4.14). 

 

Our findings confirm an upregulation of CK19 expression (Fig. 4.14) in the human 

bulge, but contrast to the previously reported restriction of CK19 expression to this 

region of the ORS (MICHEL et al. 1996; MATIC et al. 2002; WANG et al. 2006; 

ZHANG et al. 2006). A positive CK19 IR was demonstrated in the outermost layer of 

the ORS in the bulge region of normal human anagen VI scalp HFs, including in the 

´follicular trochanter` (Fig. 4.8) (TIEDE et al. 2007b), but as CK15, it was not 

restricted to it (Fig. 4.15, 4.16). The IR pattern detected for CK19 in the bulge and 

distal to it (i.e. in the proximal part of the isthmus) was heterogeneous, with some 

cells displaying stronger CK19 IR than their neighbours, and sometimes only isolated 

cells in the ORS were brightly CK19-positive (Fig. 4.15, 4.16). Occasionally, isolated 

CK19-positive cells could also be identified in the outermost layer of the proximal 

ORS, at a large distance from the bulge. These isolated CK19-positive cells may 

represent Merkel cells (MOLL et al. 1984; MOLL 1994; NARISAWA et al. 1994a; 

MOLL et al. 1995; MICHEL et al. 1996). Further, our findings confirm other published 

IR patterns (LYLE et al. 1998; COMMO et al. 2000; GHALI et al. 2004; GHO et al. 

2004) which were visible as two distinct areas which are positive for CK19 in the 
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outermost ORS layer of the isthmus in the upper HF segment and directly above the 

hair bulb. AKIYAMA et al. (2000) examined lanugo HFs and found CK19-positive 

cells in the bulge and in the outermost layer of the ORS along the whole HF. A 

constant expression in the ORS and the bulge region was as well detected by 

KRÜGER et al. (1999) in vellus HFs. Those results are different from our IR patterns 

in terminal anagen VI HFs. 

 

As previously reported by OHYAMA et al. (2006), using different immunostaining 

techniques, we showed by sensitive TSA immunofluorescence that CD200 can be 

found in the outermost ORS layer, between the insertion of the APM and the 

insertion of the SG duct [note that this region is classically defined as isthmus 

(WHITING 2004), while only its proximal end includes the bulge region] (Fig. 4.17, 

4.18). This cell surface protein is not restricted to the bulge, and therefore it does not 

qualify as a specific human epithelial HF stem cell marker. But CD200 is indeed 

upregulated in the human bulge, as confirmed by quantitative immunohistochemistry 

(Fig. 4.14). The ´follicular trochanter` was also prominently CD200-positive (Fig. 4.6) 

(TIEDE et al. 2007b). In addition, we detected that the DP, including its blood 

vessels, the APM, the SW mesenchyme and the epithelium of normal human scalp 

skin display a very distinct CD200-positive IR, with a homogeneous stain of the 

companion layer of the human HF (Fig. 4.17, 4.18). Mammalian HFs are rather old 

evolutionarily conserved structures which play a major role in many important 

biological processes. Perhaps one of their most important functions is to house 

eSCs, which possess the capacity to regenerate not only HFs but also the epidermis. 

Their vital importance given, it has been proposed that HFs have evolved 

mechanisms to evade recognition by the immune system (termed ´immune 

privilege`), and thus prevent potential autoimmune responses. A breakdown of this 

privilege can result in immune mediated hair loss, such as that observed in 

inflammatory alopecias and alopecia areata. 

 

We also reported the first IR pattern for Lhx2 in human HFs. Surprisingly, the 

´follicular trochanter`, a proposed bulge marker structure (TIEDE et al. 2007b), was 
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predominantly negative for Lhx2 IR (Fig. 4.19 D, 4.20). The companion layer located 

between the ORS and the IRS, which may be an integral component of the latter  

(GU and COULOMBE 2007) and is not considered to harbour human epithelial HF 

stem cells (COTSARELIS 2006a; OHYAMA 2007), was most prominently positive for 

Lhx2 (Fig. 4.19 D, 4.20). Relatively weak Lhx2 IR was found in the innermost cell 

layer of the ORS, in the proximal isthmus and bulge region. In addition, isolated 

Lhx2-positive cells were also seen in the proximal ORS and in the suprainfundibular 

ORS, i.e. far distant from the bulge in both distal and proximal directions  

(Fig. 4.19, 4.20). These immunostaining results render it unlikely that Lhx2 is a useful 

bulge marker in the HF, but raise intriguing new questions about the functions of this 

transcription factor in human hair biology. Based on the currently reported expression 

pattern (which includes differentiated epithelial compartments), Lhx2 maintains eSCs 

in an undifferentiated state in murine skin / hair epithelium (RHEE et al. 2006), this 

however seems to be an unlikely Lhx2 function in the human HF due to our stainings. 

 

Next, tenascin-C was examined, since it is a key ECM protein that has been 

discussed as a functionally important component of stem cell niches (MORRIS et al. 

2004). Tenascin-C IR was present both throughout the CTS and in the BM at the 

levels of the proximal part of the isthmus, the bulge and the hair bulb, with the 

strongest IR signal seen in the bulge. In addition, the APM was also positive  

(Fig. 4.21, 4.22). Interestingly, tenascin-C is significantly upregulated in the bulge 

region of human scalp HFs (Fig. 4.14), even though there was an extensive and 

homogeneous positive IR for this antigen along the entire CTS of human scalp HFs. 

This confirms our previous report that the CTS around the ´follicular trochanter` and 

the APM displayed a positive tenascin-C IR (Fig. 4.4) (TIEDE et al. 2007b), and is in 

line with the, less detailed, expression analyses of VAN BAAR et al. 1991, 

SCHALKWIJK et al. 1991b, SHIKATA et al. 1994 and DANG et al. 2006. However, 

the previous authors had not noted an upregulation of tenascin-C IR in the bulge 

mesenchyme, which is clearly documented by our results. Tenascin-C IR was 

significantly upregulated in the bulge, suggesting that the protein constitutes a 

component of the bulge stem cell niche of human HFs.  
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α6 integrin was expressed throughout the outermost layer of the ORS and the BM of 

the whole HF. This IR intensity could also be seen in the DP, whereas the APM 

showed only weak IR (Fig. 4.23, 4.24). Previously reported differential expression 

patterns in human HFs (COMMO and BERNARD 1997; CHUANG et al. 2003; 

JOUBEH et al. 2003; GHALI et al. 2004) (see annex for details) could not be exactly 

reproduced in our hands. Quantitative immunohistochemistry did not reveal 

significant differences in the IR intensity between the bulge region and other parts of 

the ORS (data not shown).  

 

Such IR could also be detected for β1 integrin and is documented in Figs. 4.25, 4.26 

and 4.14. There was a homogeneous IR in the outermost layer of the ORS and the 

BM throughout the entire length of human HFs. In addition, the CTS, the DP and the 

´follicular trochanter` region were positive for β1 integrin. This contrasts with the 

reported relative upregulation of β1 integrin expression in the bulge (LYLE et al. 

1998). However, closer examination of the latter paper reveals that the authors report 

a prominent β1 integrin IR to occur above and below the bulge area of the ORS, with 

no conclusive evidence provided that β1 integrin IR really was more intense in the 

bulge zone than in adjacent ORS regions. Therefore, our study discourages from 

exploiting β1 integrin antigen expression as a useful marker for human  

bulge-associated epithelial HF stem cells. 

 

Fibronectin, nidogen, LTBP-1 and fibrillin-1 were all prominently expressed 

throughout the HF CTS, fibronectin and nidogen as well in the BM (Fig. 4.27, 4.28). 

Using the current immunostaining methods, the DP was immunoreactive for all our 

antigens. Fibrillin-1 was uniformly expressed along the entire follicular CTS, with no 

upregulation in the bulge mesenchyme (Fig. 4.27 D, 4.28). This is the first report of 

fibrillin-1 antigen expression in human pilosebaceous units. Nevertheless, the bulge 

mesenchyme did not show any higher IR for these ECM components, thus rendering 

them not helpful as immunohistological markers for this region and as stem cell niche 

markers having a special function. 
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In the face of this paucity of convincing positive human bulge and human epithelial 

HF stem cell markers in situ, one is well-advised to also recruit postulated negative 

bulge stem cell markers (COTSARELIS 2006a; OHYAMA 2007; TIEDE et al. 2007a, 

b). A putative stem cell marker for hematopoietic stem and progenitor cells is CD34, 

which is also expressed on cells in the bulge region of mouse HFs (TREMPUS et al. 

2003; OZAWA et al. 2004; TUMBAR et al. 2004). CD34 expression colocalizes with 

LRCs, and these cells also show high proliferative potential in vitro. Interestingly, a 

side population of α6 integrin-low and CD34-high cells appeared after the beginning 

of the first postnatal hair cycle, coinciding with the bulge formation, and this 

population was suprabasally located (YANO et al. 2001). Although still multipotent, it 

is thought that this population is the quiescent progeny of basal bulge stem cells 

(FUCHS et al. 2004). Since, in contrast to murine epithelial HF stem cells, CD34 

reportedly is not detectable in the human bulge (POBLET et al. 1994; COTSARELIS 

2006a; OHYAMA et al. 2006), we have re-examined the CD34 IR pattern, using also 

more sensitive visualization methods (Envision®). Indeed, we found that the isthmus, 

bulge, and infundibulum regions of the human ORS were negative for CD34  

(Fig. 4.29, 4.30), while the outermost layers of the ORS proximal to the bulge  

(= lower ORS) exhibited a slight, homogeneous IR. A heterogeneous IR was also 

seen in scattered cells of the human CTS. Our findings are largely in line with the 

report by OHYAMA et al. (2006) that human CD34 bulge expression is 

downregulated on both the gene and protein level, but contrast with an isolated 

report that claims CD34 expression ´in all human bulge regions` (RAPOSIO et al. 

2007). 

 

A second potential negative marker reported is Cx43 (MATIC et al. 2002). Using a 

different immunohistochemical protocol, our studies essentially confirm this finding 

(which has been obtained using human newborn foreskin) by demonstrating that the 

entire ORS of adult human scalp HFs proximal and distal to the bulge shows a 

homogeneous IR for Cx43 (Fig. 4.31, 4.32), while the bulge itself was negative. 

Importantly, this included the ´follicular trochanter`. Contrary to a report by ARITA et 
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al. (2004), no positive Cx43 IR was detected in any subset of cells in the human 

bulge or the IRS. 

The intermediate filament protein nestin has long been used as a marker for neural 

stem cells, but is now widely accepted to be a general progenitor cell marker 

(LARDON et al. 2002; GLEIBERMAN et al. 2005; SCHULTZ and LUCAS 2006). 

While in nestin promoter-driven GFP transgenic mice, cells that stain brightly  

GFP-positive have been reported to occur in the murine epithelium (LI et al. 2003; 

AMOH et al. 2005a; AMOH et al. 2005b; AMOH et al. 2005c), we have previously not 

been able to detect nestin IR cells in the human bulge epithelium (KRUSE et al. 

2006). However, WANG et al. (2006) demonstrated a positive nestin IR in this 

structure. Therefore, we have systematically re-examined the nestin IR, using an 

antibody specifically directed against human nestin as well as highly sensitive TSA 

immunofluorescence. In all human scalp HFs examined, contrary to findings from 

mice, we did not detect any prominent nestin IR within the entire HF epithelium 

(including the bulge and the rest of the ORS) (Fig. 4.33, 4.34). Nevertheless, isolated 

nestin-positive cells were routinely noted in the human HF CTS and DP, and in the 

human SW epithelium (while non-specific nestin IR was prominent in the IRS).  

 

Taken together, our findings suggest that absent expressions of CD34, Cx43, and 

nestin in the human bulge are indeed useful negative markers for human epithelial 

HF stem cells in situ, while a relative distinct upregulation of CK15, CK19 and CD200 

IR in the bulge region can serve as positive marker. However, the latter three 

proteins are by no means exclusively expressed in the bulge, so that the highest  

´hit rate` for human epithelial HF stem cell identification in situ can be expected when 

combining them with the above negative markers. A relative increase in its IR 

intensity here marks tenascin-C which could be a potentially useful marker for the 

elusive human bulge stem cell niche. 
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5.5 β1 integrin and its ligands 

We can demonstrate that the pilosebaceous unit of normal human scalp skin 

prominently expresses functionally active β1 integrin in defined tissue compartments 

in vitro, in situ and during HF cycling. These compartments also co-express important 

β1 integrin ligands (fibronectin, tenascin-C), hence suggesting continuous β1 integrin 

stimulation by locally produced ECM ligands in human HFs. In this study, β1 integrin 

IR in situ was not significantly upregulated in the bulge region of the human ORS, the 

prime location of epithelial HF stem cells.  

 

β1 integrin stimulation of organ-cultured human HFs by highly selective, β1 integrin 

activating antibodies promote hair growth, probably by prolonging the duration of 

anagen and the proliferation of hair MKs. Since these (microdissected)  

organ-cultured HFs do not contain a bulge region, the observed hair growth-

stimulatory effects of β1 stimulating antibodies must be independent of any role  

β1 integrin-mediating signalling may play in eSCs. Taken together, our findings 

support the concept that β1 integrin-mediated signalling does not only play a crucial 

role in murine hair biology (BRAKEBUSCH et al. 2000; RAGHAVAN et al. 2000; 

GROSE et al. 2002; CZUCHRA et al. 2006), but is also an important regulator of 

human hair growth control.  

 

The in situ-expression patterns of the activating and inhibitory monoclonal antibodies 

against human β1 integrin were largely identical. A causal link between the IR of  

β1 integrin and the proliferative capacity shown by the Ki-67 staining cannot be 

made, but the expression pattern is perfectly in line with the fact that the β1 integrin 

activating antibody TS2/16 (+) and the β1 integrin inhibiting antibody mAb13 (-) both 

bind to the same amino acid residues 207-218 in the β1 integrin subunit (TAKADA 

and PUZON 1993; GREEN et al. 1998). This region can have different conformations 

recognizable by the antibodies, and their binding is mutually exclusive. Thus, the 

similar binding indicates that the cells have similar numbers of active and inactive 

integrins (MOULD et al. 1996).  
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We could not show any upregulation of β1 integrin in the ORS cells of the bulge 

region of the human HF, which is now widely accepted as the key site of eSCs both 

in murine and human HFs (COTSARELIS et al. 1990; LYLE et al. 1998; TUMBAR et 

al. 2004; COTSARELIS 2006a; OHYAMA et al. 2006). Previous reports have 

suggested that epidermal progenitor cells express higher levels of β1 integrin (LYLE 

et al. 1998; AKIYAMA et al. 2000; ROH et al. 2005). In vitro, keratinocytes that 

adhere to collagen matrices and express high levels of β1 integrin contain a high 

colony forming ability and may, thus, represent progenitor cells (stem or transient 

amplifying cells; JONES and WATT 1993). However, while CK15-GFP-positive 

isolated cells from the bulge region of transgenic mice exhibit higher steady-state 

levels of β1 integrin transcripts (MORRIS et al. 2004; TUMBAR et al. 2004), there is 

an ongoing debate on whether or not β1 integrin protein in murine HFs in situ is 

indeed upregulated in the bulge region. 

 

In human HFs, it has previously been reported that β1 integrin is mainly expressed in 

the bulge of human anagen HFs, and that these keratinocytes show intense staining 

for β1 integrin - almost 4-fold brighter than cells outside this well-defined region 

(JONES et al. 1995; LYLE et al. 1998). GHALI et al. (2004) found that β1 integrin 

bright cells were expressed throughout the basal layer of the ORS, and were not 

restricted to the bulge region. Other investigators even reported that β1 integrin 

expression was higher in the lower and upper parts of the HF epithelium, with the 

lowest expression level observed in the mid portion of the HF (COMMO and 

BERNARD 1997; COMMO et al. 2000). Additionally, the transcription of a β1 integrin 

ligand, laminin β1 (LAMB1) is reportedly even downregulated in CK15-positive cells 

from the bulge region of human anagen HFs in situ (OHYAMA et al. 2006). Upon a 

background formed by these earlier studies, our current findings also do not support 

the view that β1 integrin is a useful marker for eSCs in human scalp HFs. 

 

Integrins can be activated by divalent cations, synthetic peptides and by certain 

antibodies (HUMPHRIES 1996). HF stimulation with the activating anti-β1 integrin 
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antibodies 12G10 (+) (MOULD et al. 1995) and TS2/16 (+) (TAKADA and PUZON 

1993) significantly enhances HS elongation, likely via prolonging the duration of 

anagen VI and via stimulatory effects on the proliferation of hair MKs. TS2/16 (+) 

shows a slight but significant increase in mitotic figures (Fig. 4.46), which is not 

reflected in the Ki-67 / TUNEL staining (Fig. 4.44). 12G10 (+) stabilises a 

conformation that is normally stabilised by its ligands, whereas TS2/16 (+) seems to 

induce an active conformation. The 12G10 epitope is cation- and ligand-regulated, 

whereas TS2/16 is unaffected by these reagents. It is therefore highly probable that 

there will be subtle differences in the two antibody-bound conformations of β1 that 

result in different signalling properties; 12G10 (+) certainly acts more like a ligand. 

 

β1 ´activating` monoclonal antibodies stimulate the receptor function and seem to 

increase binding affinity by decreasing the ligand off-rate (HUMPHRIES 2004). There 

are many different conceivable signalling pathways by which β1 integrin-activating 

antibodies may exert effects. One potential trigger could be an elevated cAMP level 

and protein kinase activity (WHITTARD and AKIYAMA 2001), which regulates 

multiple cellular processes such as cell metabolism, proliferation and gene 

transcription, but integrin signalling is dependent on the cell type and the experiment 

setup as well. It is possible that the hair growth-stimulatory effects of  

antibody-induced β1 activation could reflect the activation of the cAMP-PKA pathway. 

 

Although the β1 inhibitory antibody mAb13 (-) (TAKADA and PUZON 1993; MOULD 

et al. 1996) is shown here to display very satisfactory affinity to human HF β1 integrin 

after incubation with these miniorgans in serum-free organ culture, it did not 

significantly alter hair growth in vitro. Monoclonal β1 inhibitory antibodies hinder a 

conformational change which is necessary for ligand binding and / or stabilize the 

occupied state of the receptor (HUMPHRIES 2004) because it is outdone by the 

large amount of matrix. These inhibitory properties may not have sufficed to 

counteract the constitutive β1 integrin-mediated signalling via abundantly expressed 

local ligands such as fibronectin and tenascin-C. However, these ligands can also 

bind to more than one receptor, and the receptors themselves can have different 
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ligands as well (HUMPHRIES et al. 2006). In the present study, we demonstrated 

that the α1, α2, α3, α5 and α6 integrin subunits, which have different binding 

affinities to ECM molecules show distinct expression patterns in selected HF 

compartments (CTS, DP, ORS, hair matrix and keratogenic region) of the lower HF 

suggesting compartment-specific effects of different integrin ligands. The expression 

patterns of the ligands and the stimulatory effect of RGD peptides, which mimic the 

effects of the anti-β1 antibodies, further support the concept that integrin-mediated 

growth effects are induced by local ECM molecules such as fibronectin and  

tenascin-C. 

5.6 Conclusion 

In conclusion, we have attempted to define a novel morphological criterion, the FT, 

by which the human bulge region could be more easily identified in the future, without 

the need of using immunohistochemistry. Irrespective of the function of this ORS 

protrusion, it helps to localize the elusive bulge region of adult human HFs, thus 

facilitating, e.g., microdissection approaches in the continuing quest for defining the 

biology of this crucial compartment of the human HF. 

 

The immunophenotyping results obtained in the course of this study shed further light 

on the in situ-expression patterns of putative follicular ´stem cell markers` in human 

skin and suggest that not a single marker alone, but only the combined use of a 

limited panel of positive and negative markers may offer a reasonable and pragmatic 

compromise for identifying human bulge stem cells in situ. 

 

Also, since these bulge eSCs offer themselves as ideal sources for autologous,  

cell-based somatic stem cell therapy in the context of regenerative medicine 

strategies, it is very important to better characterize the ECM and adhesion  

protein / receptor milieu of human bulge eSCs. The characterized stem cell niches 

are now recognized to have a major impact on stem cell biology, namely on 

maintaining these cells in their undifferentiated state and for influencing stem cell fate 
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decisions and when / how daughter cell populations (transient amplifying cells) are 

generated from these progenitor cells. 

 

The physiologically relevant organ culture assay employed here offers itself as a 

highly instructive experimental tool for β1 integrin research in the human system, 

which ideally complements available human cell culture models (BELL et al. 1979). 

Namely, this prototypic tissue interaction model (PAUS and COTSARELIS 1999; 

STENN and PAUS 2001; PAUS and FOITZIK 2004) allows to further dissect the, as 

yet insufficiently characterized, role of β1 integrin-mediated signalling in complex 

human neuroectodermal-mesodermal interactions in situ. The current data also 

encourage to systematically explore whether targeted stimulation of  

β1 integrin-mediated signalling can be enrolled as the next candidate for a novel 

therapeutic strategy for human hair loss management (PAUS 2006). 

5.7 Perspectives 

In the steadily aging population our society, slow healing, chronically superinfected 

large and deep skin defects tend to be therapy-resistant or frequently re-occur. 

These chronic skin defects bind increasing medical and financial resources and 

dramatically reduce the quality of life of affected patients. This invites scientists to 

search for improved skin defect management strategies and calls for cell-based 

regenerative medicine approaches. 

 

A cooperation network was founded which will try to repair skin defects by the 

exploitation of autologous human HF stem cells grown under niche-simulating 

conditions. The purpose is to generate autologous 3D systems that reach a skin 

defect repair in three sequential steps. 

First, one tries to isolate and prolong the maintenance of adult eSCs and mSCs 

within adequate niches in vitro. These cells derived from microdissected human scalp 

HFs.  
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Second, superior granulation tissue from HF mSCs and their precursors shall be 

generated in vitro in order to rapidly bridge even large connective tissue defects 

properly. 

Third, a multilayered skin epithelium from HF eSCs shall be produced, and will be 

transplanted for rapid epidermal barrier reconstitution after a sufficient engineered 

granulation tissue has become available as graft bed. 

Autologous human HFs represent an easily accessible source for adult stem cells. 

They are located in the bulge region of the human HF (area where the APM inserts in 

to the ORS of the HF), and mSCs can be found in the CTS surrounding the HF. 

These cells exhibit an enormous regeneration potential and can reconstruct all 

structures of the HF. Antagonizing the Wnt / β-catenin signalling pathway, the eSCs 

will be pushed into the epidermal differentiation pathway and HF development cannot 

be maintained. 

In order to isolate HF stem cells at high purity and maintain them in vitro, under 

niche-simulating conditions, molecular characteristics of the epithelial and 

mesenchymal HF stem cells and their niches had to be characterized properly. 

Following available conceptual and molecular leads from the murine and human HF 

data, this has been done in this study.  
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Fig. 5.1: Generation of autologous skin grafts in three steps 
A) HFs from the scalp of the patient with a chronic skin defect are microdissected. B) eSCs from the 
bulge region and mSCs from the CTS are amplified separately in vitro in order to subsequently create 
a fully functional skin repair unit. C) Autologous transplantation of a lower granulation tissue and an 
upper pseudo-epidermis. 
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6 SUMMARY 

Jennifer Elisabeth Klatte, geb. Klöpper 

 

Characterization of the epithelial stem cell niche of the human hair follicle 

 

Since the discovery of epithelial hair follicle (HF) stem cells in the bulge of human 

HFs, the definition of useful stem cell markers in situ has become a major challenge 

in skin research and regenerative medicine. In the current study, we contribute to this 

ongoing quest by critically evaluating published IR patterns of putative epithelial HF 

stem cells, and by attempting to identify markers for the in situ-identification of normal 

human epithelial HF stem cells within their physiological niche, using highly sensitive 

immunohistochemical relevant methods. 

In view of our findings, the most useful positive in situ-markers for human bulge cells 

turned out to be CK15, CK19 and CD200, even though these markers were not 

exclusively expressed in the bulge. Contrary to previous reports, we could not 

confirm that ß1 integrin IR is upregulated by normal human bulge keratinocytes  

in situ. The putative epithelial HF stem cell marker, Lhx2, also was not found to be 

upregulated here. However, the present study indicates that absent IR for CD34, 

connexin 43 and nestin may be exploited as negative markers for epithelial HF stem 

cells. Among the examined BM / mesenchymal markers, α6 integrin, fibronectin, 

nidogen, fibrillin-1 and LTBP-1 were expressed throughout the connective tissue 

sheath of human HFs, and no significant upregulation of these markers could be 

detected in or around the bulge. Instead, tenascin-C IR was significantly upregulated 

in the bulge, suggesting that tenascin-C constitutes a component of the bulge stem 

cell niche of human HFs.  

Therefore, this thesis reveals that the combined use of a limited panel of defined 

positive and negative markers helps to identify human bulge stem cells in situ. In 

addition, this thesis shows that a peculiar epithelial protrusion of the outer root sheath 

with distinct morphology (´follicular trochanter`) can serve as convenient lead 

structure for epithelial HF stem cell identification, at least in some patients. 
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Finally, these analyses were concluded by exploring the functional significance of  

ß1 integrins in human HF biology. β1 integrins and their ligands (e.g. tenascin-C, 

fibronectin, fibrillin-1) are of particular interest, since e.g. ß1 integrin-deficient mice 

show severe, epithelial HF stem cell-related abnormalities in HF morphogenesis and 

cycling. However, the missing upregulation of ß1 integrin expression in the human 

HF bulge did not suggest a similarly prominent role for ß1 integrin in human 

compared to murine HF biology. Therefore, we also studied in microdissected,  

organ-cultured human anagen hair bulbs, whether blocking or stimulating  

ß1 integrin-mediated signalling affects at least defined functions of the progeny of 

these epithelial HF stem cells, i.e. hair bulb keratinocytes and the HS produced by 

them.  

We could demonstrate that human scalp HF IR for β1 integrin was most prominent in 

the outermost layer of the outer root sheath and the surrounding connective tissue 

sheath and that sites of β1 integrin IR co-express fibronectin and tenascin-C. 

Functionally, two activating β1 integrin antibodies (12G10, TS2/16) and  

ligand-mimicking RGD peptides promoted the growth of microdissected, organ-

cultured human scalp HFs in vitro (i.e. stimulated hair matrix keratinocyte proliferation 

and HS elongation) and modulated human HF cycling [i.e. inhibited spontaneous hair 

follicle regression (catagen)]. These data provide the first available evidence that  

β1 integrin-mediated signalling is also important in human hair growth control.  

In summary, the current thesis has defined both, a useful panel of positive and 

negative markers, and distinctive morphological features that, together, facilitate the 

identification of human epithelial HF stem cell in their natural in situ context. This is 

complemented with the demonstration that, despite the fact that ß1 integrin 

expression is not a useful marker for human epithelial HF stem cells,  

ß1 integrin-mediated signalling still affects physiological key functions of their 

immediate cell progeny and may be pharmacologically targeted for stimulating 

human hair growth. 
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7 ZUSAMMENFASSUNG 

Jennifer Elisabeth Klatte, geb. Klöpper 

 

Charakterisierung der epithelialen Stammzellnische am humanen Haarfollikel 

 

Seit der Entdeckung epithelialer Haarfollikelstammzellen in der Wulstregion humaner 

Haarfollikel ist die Definierung brauchbarer in situ Stammzellmarker zur größten 

Herausforderung in der Hautforschung und in der regenerativen Medizin geworden. Die 

vorliegende Studie sollte zum aktuellen Streben nach kritisch evaluierten, publizierten 

Immunreaktivitätsmustern vermeintlicher epithelialer Haarfollikelstammzellmarker beitragen, 

indem versucht wurde, Marker für die in situ Identifikation normaler humaner epithelialer 

Haarfollikelstammzellen innerhalb ihrer physiologischen Nische zu kennzeichnen. 

Nach den erhaltenen Befunden erwiesen sich CK15, CK19 und CD200 als die nützlichsten 

positiven in situ-Marker für humane Wulstregionzellen, auch wenn diese Marker nicht 

ausschließlich in der Wulstregion exprimiert wurden. Im Gegensatz zu vorherigen 

Ergebnissen konnte nicht bestätigt werden, dass die ß1 Integrin Immunreaktivität normaler 

humaner Wulstkeratinozyten in situ hochreguliert ist. Der mutmaßliche epitheliale 

Haarfollikelstammzellmarker Lhx2 war ebenfalls nicht hochreguliert zu identifizieren. Jedoch 

zeigt die vorliegende Arbeit, dass die fehlende Immunreaktivität von CD34, Connexin 43 und 

Nestin diese Substanzen als wichtige negative Marker für epitheliale Haarfollikelstammzellen 

ausweist. Unter den untersuchten Basalmembranmarkern und mesenchymalen Markern 

wurden α6 Integrin, Fibronektin, Nidogen, Fibrillin-1 und LTBP-1 im Bereich der gesamten 

äußeren Bindegewebsscheide humaner Haarfolikel exprimiert. Es konnte aber keine 

signifikante Hochregulation dieser Marker in oder um die Wulstregion herum detektiert 

werden. Stattdessen war Tenascin-C signifikant in der Wulstregion hochreguliert und stellt 

somit offenbar eine Komponente der Wulststammzellnische humaner Haarfollikel dar. 

Daher zeigt die vorliegende Arbeit, dass die kombinierte Anwendung einer limitierten Palette 

definierter positiver und negativer Marker hilft, humane Wulststammzellen in situ zu 

identifizieren. Zusätzlich wird hervorgehoben, dass ein auffälliger epithelialer Vorsprung der 

äußeren Wurzelscheide mit einer ausgeprägten Morphologie („follikulärer Trochanter“) als 

eine geeignete morphologische Leitstruktur für die Identifikation epithelialer 

Haarfollikelstammzellen dienen kann, zumindest bei einigen Patienten. 
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Ferner wurden Analysen zur Untersuchung der funktionellen Bedeutung von  

ß1 Integrinen in der humanen Haarfollikelbiologie durchgeführt. ß1 Integrine und deren 

Liganden (z.B. Tenascin-C, Fibronektin, Fibrillin-1) sind von spezifischem Interesse seit z. B. 

nachgewiesen wurde, dass ß1 Integrin defiziente Mäuse schwere Abnormalitäten in der 

Haarfollikelmorphogenese und dem Haarzyklus aufweisen, die von epithelialen 

Haarfollikelstammzellen abhängig sind. Die fehlende Hochregulation der ß1 Integrin 

Expression in der humanen Wulstregion weist jedoch nicht darauf hin, dass ß1 Integrin eine 

ähnlich bedeutende Rolle beim Menschen wie in der murinen Haarfollikelbiologie spielt. 

Daher wurde zusätzlich an mikrodisseziierten, organ-kultivierten humanen Anagen-Haarbulbi 

geprüft, ob blockierende oder stimulierende ß1 Integrin-vermittelte Signaleffekte definierte 

Funktionen bei den Nachkommen dieser epithelialen Haarfollikelstammzellen ausüben,  

d.h. die Haarbulbuskeratinozyten und die von ihnen produzierten Haarschäfte. 

Es konnte gezeigt werden, dass die Immunreaktivität humaner Skalphaarfollikel für  

ß1 Integrin in der äußersten Schicht der äußeren Wurzelscheide und der umgebenden 

äußeren Bindegewebsscheide am prominentesten war und dass diese Bereiche der  

ß1 Integrin Immunreaktivität Fibronektin und Tenascin-C koexprimieren. Funktionell förderten 

die beiden aktivierenden ß1 Integrin Antikörper (12G10, TS2/16) und ligandenimitierenden 

RGD-Peptide das Wachstum mikrodisseziierter organ-kultivierter humaner Skalphaarfollikel 

in vitro, d.h. sie stimulierten die Proliferation der Haarmatrixkeratinozyten und die 

Haarschaftelongation und modulierten den humanen Haarfollikelzyklus durch die 

Verminderung einer spontanen Haarfollikelregression (Katagen). Diese Daten liefern den 

ersten Beweis dafür, dass β1 Integrin-vermittelte Signale auch für die Kontrolle des 

menschlichen Haarwachstums Bedeutung haben. 

Zusammenfassend hat die vorliegende Doktorarbeit zweierlei definiert: a) eine nützliche 

Palette positiver und negativer Marker mit b) markanten Struktureigenschaften, die 

zusammen die Identifikation humaner epithelialer Haarfollikelstammzellen in ihrem 

natürlichen in situ Umfeld vereinfachen. Neben der Tatsache, dass die Expression von  

β1 Integrin kein nützlicher Marker für humane epitheliale Stammzellen ist, können  

β1 Integrin-vermittelte Signale immer noch physiologische Schlüsselfunktionen für ihre 

unmittelbaren Zellnachkommen besitzen und vielleicht auch ein pharmakologisches Ziel für 

stimulierendes Haarwachstum sein. 



 

 

 REFERENCES 

 173 

8 REFERENCES 

ABOUT, I., LAURENT-MAQUIN, D., LENDAHL, U. and MITSIADIS, T. A. (2000): 
Nestin expression in embryonic and adult human teeth under normal and 
pathological conditions. 
Am. J. Pathol. 157, 287-295 
 
ADAMS, J. C. and WATT, F. M. (1990): 
Changes in keratinocyte adhesion during terminal differentiation: reduction in 
fibronectin binding precedes α5β1 integrin loss from the cell surface. 
Cell 63, 425-435 
 
ADAMS, J. C. and WATT, F. M. (1991): 
Expression of β1, β3, β4, and β5 integrins by human epidermal keratinocytes and 
non-differentiating keratinocytes. 
J. Cell Biol. 115, 829-841 
 
AKIYAMA, M., SMITH, L. T. and SHIMIZU, H. (2000): 
Changing patterns of localization of putative stem cells in developing human hair 
follicles. 
J. Invest. Dermatol. 114, 321-327 
 
AKIYAMA, M., DALE, B. A., SUN, T. T. and HOLBROOK, K. A. (1995): 
Characterization of hair follicle bulge in human fetal skin: the human fetal bulge is a 
pool of undifferentiated keratinocytes. 
J. Invest. Dermatol. 105, 844-850 
 
AKIYAMA, M., AMAGAI, M., SMITH, L. T., HASHIMOTO, K., SHIMIZU, H. and 
NISHIKAWA, T. (1999): 
Epimorphin expression during human foetal hair follicle development. 
Br. J. Dermatol. 141, 447-452 
 
ALONSO, L. and FUCHS, E. (2003): 
Stem cells in the skin: waste not, Wnt not. 
Genes Dev. 17, 1189-1200 
 
AMOH, Y., LI, L., KATSUOKA, K., PENMAN, S. and HOFFMAN, R. M. (2005b): 
Multipotent nestin-positive, keratin - negative hair-follicle bulge stem cells can form 
neurons. 
Proc. Natl. Acad. Sci. U S A 102, 5530-5534 
 
 
 
 



 

 

REFERENCES  

 174 

AMOH, Y., LI, L., YANG, M., MOOSSA, A. R., KATSUOKA, K., PENMAN, S. and 
HOFFMAN, R. M. (2004): 
Nascent blood vessels in the skin arise from nestin - expressing hair-follicle cells. 
Proc. Natl. Acad. Sci. U S A 101, 13291-13295 
 
AMOH, Y., LI, L., CAMPILLO, R., KAWAHARA, K., KATSUOKA, K., PENMAN, S. 
and HOFFMAN, R. M. (2005a): 
Implanted hair follicle stem cells form Schwann cells that support repair of severed 
peripheral nerves. 
Proc. Natl. Acad. Sci. U S A 102, 17734-17738 
 
AMOH, Y., YANG, M., LI, L., REYNOSO, J., BOUVET, M., MOOSSA, A. R., 
KATSUOKA, K. and HOFFMAN, R. M. (2005c): 
Nestin - linked green fluorescent protein transgenic nude mouse for imaging human 
tumour angiogenesis. 
Cancer Res. 65, 5352-5357 
 
ANDL, T., REDDY, S. T., GADDAPARA, T. and MILLAR, S. E. (2002): 
WNT signals are required for the initiation of hair follicle development. 
Dev. Cell 2, 643-653 
 
ARITA, K., AKIYAMA, M., TSUJI, Y., MCMILLAN, J. R., EADY, R. A. and 
SHIMIZU, H. (2004): 
Gap junction development in the human fetal hair follicle and bulge region. 
Br. J. Dermatol. 150, 429-434 
 
ARNAOUT, M. A., MAHALINGAM, B. and XIONG, J. P. (2005): 
Integrin structure, allostery, and bidirectional signaling. 
Annu. Rev. Cell Dev. Biol. 21, 381-410 
 
ARNOLD, I. and WATT, F. M. (2001): 
c-Myc activation in transgenic mouse epidermis results in mobilization of stem cells 
and differentiation of their progeny. 
Curr. Biol. 11, 558-568 
 
ARTEAGA-SOLIS, E., GAYRAUD, B., LEE, S. Y., SHUM, L., SAKAI, L. and 
RAMIREZ, F. (2001): 
Regulation of limb patterning by extracellular microfibrils. 
J. Cell Biol. 154, 275-281 
 
AUBER, L. (1952): 
The anatomy of follicles producing whoolfibres, with special reference to 
keratinisation. 
Trans. Roy. Soc. Edinburgh, 91-254 
 
 
 



 

 

 REFERENCES 

 175 

AUMAILLEY, M. and ROUSSELLE, P. (1999): 
Laminins of the dermo - epidermal junction. 
Matrix Biol. 18, 19-28 
 
AUMAILLEY, M., BATTAGLIA, C., MAYER, U., REINHARDT, D., NISCHT, R., 
TIMPL, R. and FOX, J. W. (1993): 
Nidogen mediates the formation of ternary complexes of basement membrane 
components. 
Kidney Int. 43, 7-12 
 
BADER, B. L., SMYTH, N., NEDBAL, S., MIOSGE, N., BARANOWSKY, A., 
MOKKAPATI, S., MURSHED, M. and NISCHT, R. (2005): 
Compound genetic ablation of nidogen 1 and 2 causes basement membrane defects 
and perinatal lethality in mice. 
Mol. Cell Biol. 25, 6846-6856 
 
BARCAUI, C. B., GONCALVES DA SILVA, A. M., SOTTO, M. N. and GENSER, B. 
(2006): 
Stem cell apoptosis in HIV-1 alopecia. 
J. Cutan. Pathol. 33, 667-671 
 
BARCLAY, A. N., CLARK, M. J. and MCCAUGHAN, G. W. (1986): 
Neuronal / lymphoid membrane glycoprotein MRC OX-2 is a member of the 
immunoglobulin superfamily with a light-chain-like structure. 
Biochem. Soc. Symp. 51, 149-157 
 
BARCLAY, A. N., WRIGHT, G. J., BROOKE, G. and BROWN, M. H. (2002): 
CD200 and membrane protein interactions in the control of myeloid cells. 
Trends Immunol. 23, 285-290 
 
BAUMHÜTER, S., SINGER, M. S., HENZEL, W., HEMMERICH, S., RENZ, M., 
ROSEN, S. D. and LASKY, L. A. (1993): 
Binding of L-selectin to the vascular sialomucin CD34. 
Science 262, 436-438 
 
BAUMHÜTER, S., DYBDAL, N., KYLE, C. and LASKY, L. A. (1994): 
Global vascular expression of murine CD34, a sialomucin-like endothelial ligand for 
L-selectin. 
Blood 84, 2554-2565 
 
BEAUCHAMP, J. R., HESLOP, L., YU, D. S., TAJBAKHSH, S., KELLY, R. G., 
WERNIG, A., BUCKINGHAM, M. E., PARTRIDGE, T. A. and ZAMMIT, P. S. (2000): 
Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle 
satellite cells. 
J. Cell Biol. 151, 1221-1234 
 
 



 

 

REFERENCES  

 176 

BELL, E., IVARSSON, B. and MERRILL, C. (1979): 
Production of a tissue-like structure by contraction of collagen lattices by human 
fibroblasts of different proliferative potential in vitro. 
Proc. Natl. Acad. Sci. U S A 76, 1274-1278 
 
BERENSON, R. J., BENSINGER, W. I., HILL, R. S., ANDREWS, R. G., GARCIA-
LOPEZ, J., KALAMASZ, D. F., STILL, B. J., SPITZER, G., BUCKNER, C. D. and 
BERNSTEIN, I. D. (1991): 
Engraftment after infusion of CD34+ marrow cells in patients with breast cancer or 
neuroblastoma. 
Blood 77, 1717-1722 
 
BICKENBACH, J. R. (1981): 
Identification and behavior of label-retaining cells in oral mucosa and skin. 
J. Dent. Res. 60, 1611-1620 
 
BICKENBACH, J. R. and GRINNELL, K. L. (2004): 
Epidermal stem cells: interactions in developmental environments. 
Differentiation 72, 371-380 
 
BLANPAIN, C. and FUCHS, E. (2006): 
Epidermal stem cells of the skin. 
Annu. Rev. Cell Dev. Biol. 22, 339-373 
 
BLANPAIN, C., LOWRY, W. E., GEOGHEGAN, A., POLAK, L. and FUCHS, E. 
(2004): 
Self-renewal, multipotency, and the existence of two cell populations within an 
epithelial stem cell niche. 
Cell 118, 635-648 
 
BODO, E., BIRO, T., TELEK, A., CZIFRA, G., GRIGER, Z., TOTH, B. I., 
MESCALCHIN, A., ITO, T., BETTERMANN, A., KOVACS, L. and PAUS, R. (2005): 
A hot new twist to hair biology: involvement of vanilloid receptor-1 (VR1 / TRPV1) 
signalling in human hair growth control. 
Am. J. Pathol. 166, 985-998 
 
BOTCHKAREV, V. A. (2003): 
Bone morphogenetic proteins and their antagonists in skin and hair follicle biology. 
J. Invest. Dermatol. 120, 36-47 
 
BOTCHKAREV, V. A. and PAUS, R. (2003): 
Molecular biology of hair morphogenesis: development and cycling. 
J. Exp. Zoolog. B. Mol. Dev. Evol. 298, 164-180 
 
 
 
 



 

 

 REFERENCES 

 177 

BOTCHKAREV, V. A., EICHMÜLLER, S., JOHANSSON, O. and PAUS, R. (1997): 
Hair cycle-dependent plasticity of skin and hair follicle innervation in normal murine 
skin. 
J. Comp. Neurol. 386, 379-395 
 
BOTCHKAREV, V. A., BOTCHKAREV, N. V., ALBERS, K. M., VAN DER VEEN, C., 
LEWIN, G. R. and PAUS, R. (1998a): 
Neurotrophin-3 involvement in the regulation of hair follicle morphogenesis. 
J. Invest. Dermatol. 111, 279-285 
 
BOTCHKAREV, V. A., BOTCHKAREVA, N. V., NAKAMURA, M., HUBER, O., 
FUNA, K., LAUSTER, R., PAUS, R. and GILCHREST, B. A. (2001): 
Noggin is required for induction of the hair follicle growth phase in postnatal skin. 
FASEB J. 15, 2205-2214 
 
BOTCHKAREV, V. A., WELKER, P., ALBERS, K. M., BOTCHKAREVA, N. V., 
METZ, M., LEWIN, G. R., BULFONE-PAUS, S., PETERS, E. M., LINDNER, G. and 
PAUS, R. (1998b): 
A new role for neurotrophin-3: involvement in the regulation of hair follicle regression 
(catagen). 
Am. J. Pathol. 153, 785-799 
 
BOTCHKAREV, V. A., BOTCHKAREVA, N. V., WELKER, P., METZ, M., LEWIN, G. 
R., SUBRAMANIAM, A., BULFONE-PAUS, S., HAGEN, E., BRAUN, A., 
LOMMATZSCH, M., RENZ, H. and PAUS, R. (1999): 
A new role for neurotrophins: involvement of brain-derived neurotrophic factor and 
neurotrophin-4 in hair cycle control. 
FASEB J. 13, 395-410 
 
BOURDON, M. A. and RUOSLAHTI, E. (1989): 
Tenascin mediates cell attachment through an RGD-dependent receptor. 
J. Cell Biol. 108, 1149-1155 
 
BOURDON, M. A., WIKSTRAND, C. J., FURTHMAYR, H., MATTHEWS, T. J. and 
BIGNER, D. D. (1983): 
Human glioma-mesenchymal extracellular matrix antigen defined by monoclonal 
antibody. 
Cancer Res. 43, 2796-2805 
 
BOWDEN, P. E., HALEY, J. L., KANSKY, A., ROTHNAGEL, J. A., JONES, D. O. 
and TURNER, R. J. (1995): 
Mutation of a type II keratin gene (K6a) in pachyonychia congenita. 
Nat. Genet. 10, 363-365 
 
BRAKEBUSCH, C. and FÄSSLER, R. (2003): 
The integrin-actin connection, an eternal love affair. 
EMBO J. 22, 2324-2333 



 

 

REFERENCES  

 178 

BRAKEBUSCH, C. and FÄSSLER, R. (2005): 
β1 integrin function in vivo: adhesion, migration and more. 
Canc. Metast. Rev. 24, 403-411 
 
BRAKEBUSCH, C., BOUVARD, D., STANCHI, F., SAKAI, T. and FÄSSLER, R. 
(2002): 
Integrins in invasive growth. 
J. Clin. Invest. 109, 999-1006 
 
BRAKEBUSCH, C., GROSE, R., QUONDAMATTEO, F., RAMIREZ, A., JORCANO, 
J. L., PIRRO, A., SVENSSON, M., HERKEN, R., SASAKI, T., TIMPL, R., WERNER, 
S. and FÄSSLER, R. (2000): 
Skin and hair follicle integrity is crucially dependent on β1 integrin expression on 
keratinocytes. 
EMBO J. 19, 3990-4003 
 
BRANDNER, J. M., HOUDEK, P., HUSING, B., KAISER, C. and MOLL, I. (2004): 
Connexins 26, 30, and 43: differences among spontaneous, chronic, and accelerated 
human wound healing. 
J. Invest. Dermatol. 122, 1310-1320 
 
BRAUN, K. M., NIEMANN, C., JENSEN, U. B., SUNDBERG, J. P., SILVA-
VARGAS, V. and WATT, F. M. (2003): 
Manipulation of stem cell proliferation and lineage commitment: visualisation of label-
retaining cells in wholemounts of mouse epidermis. 
Development 130, 5241-5255 
 
BREITKREUTZ, D., MIRANCEA, N., SCHMIDT, C., BECK, R., WERNER, U., 
STARK, H. J., GERL, M. and FUSENIG, N. E. (2004): 
Inhibition of basement membrane formation by a nidogen-binding laminin gamma1-
chain fragment in human skin-organotypic cocultures. 
J. Cell Sci. 117, 2611-2622 
 
BRISSETTE, J. L., KUMAR, N. M., GILULA, N. B., HALL, J. E. and DOTTO, G. P. 
(1994): 
Switch in gap junction protein expression is associated with selective changes in 
junctional permeability during keratinocyte differentiation. 
Proc. Natl. Acad. Sci. U S A 91, 6453-6457 
 
BROUARD, M. and BARRANDON, Y. (2003): 
Controlling skin morphogenesis: hope and despair. 
Curr. Opin. Biotechnol. 14, 520-525 
 
BROWN, J., GREAVES, M. F. and MOLGAARD, H. V. (1991): 
The gene encoding the stem cell antigen, CD34, is conserved in mouse and 
expressed in haemopoietic progenitor cell lines, brain, and embryonic fibroblasts. 
Int. Immunol. 3, 175-184 



 

 

 REFERENCES 

 179 

BUKOVSKY, A., PRESL, J., ZIDOVSKY, J. and MANCAL, P. (1983): 
The localization of Thy-1.1, MRC OX 2 and Ia antigens in the rat ovary and fallopian 
tube. 
Immunology 48, 587-596 
 
BULCHAND, S., GROVE, E. A., PORTER, F. D. and TOLE, S. (2001): 
LIM-homeodomain gene Lhx2 regulates the formation of the cortical hem. 
Mech. Dev. 100, 165-175 
 
CALADO, R. T. and CHEN, J. (2006): 
Telomerase: not just for the elongation of telomeres. 
Bioessays 28, 109-112 
 
CARLIN, B., JAFFE, R., BENDER, B. and CHUNG, A. E. (1981): 
Entactin, a novel basal lamina-associated sulfated glycoprotein. 
J. Biol. Chem. 256, 5209-5214 
 
CARROLL, D. K., CARROLL, J. S., LEONG, C. O., CHENG, F., BROWN, M., 
MILLS, A. A., BRUGGE, J. S. and ELLISEN, L. W. (2006): 
p63 regulates an adhesion programme and cell survival in epithelial cells. 
Nat. Cell Biol. 8, 551-561 
 
CARTER, W. G., WAYNER, E. A., BOUCHARD, T. S. and KAUR, P. (1990b): 
The role of integrins α2β1 and α3β1 in cell-cell and cell-substrate adhesion of human 
epidermal cells. 
J. Cell Biol. 110, 1387-1404 
 
CARTER, W. G., KAUR, P., GIL, S. G., GAHR, P. J. and WAYNER, E. A. (1990a): 
Distinct functions for integrins α3β1 in focal adhesions and α6β4 / bullous 
pemphigoid antigen in a new stable anchoring contact (SAC) of keratinocytes: 
relation to hemidesmosomes. 
J. Cell Biol. 111, 3141-3154 
 
CATTANEO, E. and MCKAY, R. (1990): 
Proliferation and differentiation of neuronal stem cells regulated by nerve growth 
factor. 
Nature 347, 762-765 
 
CHANG, C. C. (2006): 
Recent translational research: stem cells as the roots of breast cancer. 
Breast Cancer Res. 8, 103 
 
CHARBONNEAU, N. L., DZAMBA, B. J., ONO, R. N., KEENE, D. R., CORSON, G. 
M., REINHARDT, D. P. and SAKAI, L. Y. (2003): 
Fibrillins can co-assemble in fibrils, but fibrillin fibril composition displays cell-specific 
differences. 
J. Biol. Chem. 278, 2740-2749 



 

 

REFERENCES  

 180 

CHASE, H. B. (1954): 
Growth of the hair. 
Physiol. Rev. 34, 113-126 
 
CHEN, Z., EVANS, W. H., PFLUGFELDER, S. C. and LI, D. Q. (2006): 
Gap junction protein connexin 43 serves as a negative marker for a stem cell-
containing population of human limbal epithelial cells. 
Stem Cells 24, 1265-1273 
 
CHENG, T. (2004): 
Cell cycle inhibitors in normal and tumor stem cells. 
Oncogene 23, 7256-7266 
 
CHIQUET, M. and FAMBROUGH, D. M. (1984a): 
Chick myotendinous antigen. I. A monoclonal antibody as a marker for tendon and 
muscle morphogenesis. 
J. Cell Biol. 98, 1926-1936 
 
CHIQUET, M. and FAMBROUGH, D. M. (1984b): 
Chick myotendinous antigen. II. A novel extracellular glycoprotein complex consisting 
of large disulfide-linked subunits. 
J. Cell Biol. 98, 1937-1946 
 
CHIQUET, M., RENEDO, A. S., HUBER, F. and FLUCK, M. (2003): 
How do fibroblasts translate mechanical signals into changes in extracellular matrix 
production? 
Matrix Biol. 22, 73-80 
 
CHIQUET-EHRISMANN, R. (1995): 
Tenascins, a growing family of extracellular matrix proteins. 
Experientia. 51, 853-862 
 
CHIQUET-EHRISMANN, R. (1999): 
Tenascin. 
In: KREIS, T. and VALE, R. (eds.): 
Extracellular matrix, anchor, and adhesion proteins. 
University press, Oxford, 486-489 
 
CHRISTIANO, A. M. (2004): 
Epithelial stem cells: stepping out of their niche. 
Cell 118, 530-532 
 
 
 
 
 



 

 

 REFERENCES 

 181 

CHUANG, Y. H., DEAN, D., ALLEN, J., DAWBER, R. and WOJNAROWSKA, F. 
(2003): 
Comparison between the expression of basement membrane zone antigens of 
human interfollicular epidermis and anagen hair follicle using indirect 
immunofluorescence. 
Br. J. Dermatol. 149, 274-281 
 
CLARK, E. A. and BRUGGE, J. S. (1995): 
Integrins and signal transduction pathways: the road taken. 
Science 268, 233-239 
 
CLARK, M. J., GAGNON, J., WILLIAMS, A. F. and BARCLAY, A. N. (1985): 
MRC OX-2 antigen: a lymphoid / neuronal membrane glycoprotein with a structure 
like a single immunoglobulin light chain. 
EMBO J. 4, 113-118 
 
CLARK, D. A., KEIL, A., CHEN, Z., MARKERT, U., MANUEL, J. and 
GORCZYNSKI, R. M. (2003): 
Placental trophoblast from successful human pregnancies expresses the tolerance 
signaling molecule, CD200 (OX-2). 
Am. J. Reprod. Immunol. 50, 187-195 
 
COMMO, S. and BERNARD, B. A. (1997): 
The distribution of α2β1, α3β1 and α6β4 integrins identifies distinct subpopulations of 
basal keratinocytes in the outer root sheath of the human anagen hair follicle. 
Cell Mol. Life Sci. 53, 466-471 
 
COMMO, S., GAILLARD, O. and BERNARD, B. A. (2000): 
The human hair follicle contains two distinct K19 positive compartments in the outer 
root sheath: a unifying hypothesis for stem cell reservoir? 
Differentiation 66, 157-164 
 
COMMO, S., GAILLARD, O. and BERNARD, B. A. (2004): 
Human hair greying is linked to a specific depletion of hair follicle melanocytes 
affecting both the bulb and the outer root sheath. 
Br. J. Dermatol. 150, 435-443 
 
CONTI, F. J., RUDLING, R. J., ROBSON, A. and HODIVALA-DILKE, K. M. (2003): 
α3β1 integrin regulates hair follicle but not interfollicular morphogenesis in adult 
epidermis. 
J. Cell Sci. 116, 2737-2747 
 
CORSON, G. M., CHALBERG, S. C., DIETZ, H. C., CHARBONNEAU, N. L. and 
SAKAI, L. Y. (1993): 
Fibrillin binds calcium and is coded by cDNAs that reveal a multidomain structure and 
alternatively spliced exons at the 5' end. 
Genomics 17, 476-484 



 

 

REFERENCES  

 182 

COTSARELIS, G. (2006a): 
Epithelial stem cells: a folliculocentric view. 
J. Invest. Dermatol. 126, 1459-1468 
 
COTSARELIS, G. (2006b): 
Gene expression profiling gets to the root of human hair follicle stem cells. 
J. Clin. Invest. 116, 19-22 
 
COTSARELIS, G., SUN, T. T. and LAVKER, R. M. (1990): 
Label-retaining cells reside in the bulge area of pilosebaceous unit: implications for 
follicular stem cells, hair cycle, and skin carcinogenesis. 
Cell 61, 1329-1337 
 
COTSARELIS, G., KAUR, P., DHOUAILLY, D., HENGGE, U. and BICKENBACH, 
J. (1999): 
Epithelial stem cells in the skin: definition, markers, localization and functions. 
Exp. Dermatol. 8, 80-88 
 
COULOMBE, P. A. and FUCHS, E. (1990): 
Elucidating the early stages of keratin filament assembly. 
J. Cell Biol. 111, 153-169 
 
COUTINHO, P., QIU, C., FRANK, S., TAMBER, K. and BECKER, D. (2003): 
Dynamic changes in connexin expression correlate with key events in the wound 
healing process. 
Cell Biol. Int. 27, 525-541 
 
CRANE, J. F. and TRAINOR, P. A. (2006): 
Neural crest stem and progenitor cells. 
Annu. Rev. Cell Dev. Biol. 22, 267-286 
 
CZUCHRA, A., MEYER, H., LEGATE, K. R., BRAKEBUSCH, C. and FÄSSLER, R. 
(2006): 
Genetic analysis of β1 integrin ´activation motifs` in mice. 
J. Cell Biol. 174, 889-899 
 
DAHLSTRAND, J., COLLINS, V. P. and LENDAHL, U. (1992a): 
Expression of the class VI intermediate filament nestin in human central nervous 
system tumours. 
Cancer Res. 52, 5334-5341 
 
DAHLSTRAND, J., ZIMMERMAN, L. B., MCKAY, R. D. and LENDAHL, U. (1992b): 
Characterization of the human nestin gene reveals a close evolutionary relationship 
to neurofilaments. 
J. Cell Sci. 103, 589-597 
 
 



 

 

 REFERENCES 

 183 

DALLAS, S. L., MIYAZONO, K., SKERRY, T. M., MUNDY, G. R. and BONEWALD, 
L. F. (1995): 
Dual role for the latent transforming growth factor-β binding protein in storage of 
latent TGF-β in the extracellular matrix and as a structural matrix protein. 
J. Cell Biol. 131, 539-549 
 
DALLAS, S. L., KEENE, D. R., BRUDER, S. P., SAHARINEN, J., SAKAI, L. Y., 
MUNDY, G. R. and BONEWALD, L. F. (2000): 
Role of the latent transforming growth factor β binding protein 1 in fibrillin-containing 
microfibrils in bone cells in vitro and in vivo. 
J. Bone Miner Res. 15, 68-81 
 
DANG, C., GOTTSCHLING, M., ROEWERT, J., FORSCHNER, T., STOCKFLETH, 
E. and NINDL, I. (2006): 
Tenascin-C patterns and splice variants in actinic keratosis and cutaneous squamous 
cell carcinoma. 
Br. J. Dermatol. 155, 763-770 
 
DASGUPTA, R. and FUCHS, E. (1999): 
Multiple roles for activated LEF / TCF transcription complexes during hair follicle 
development and differentiation. 
Development 126, 4557-4568 
 
DAWBER, R. (1997): 
Diseases of the hair and scalp. 
Blackwell Science, Oxford 
 
DELIA, D., LAMPUGNANI, M. G., RESNATI, M., DEJANA, E., AIELLO, A., 
FONTANELLA, E., SOLIGO, D., PIEROTTI, M. A. and GREAVES, M. F. (1993): 
CD34 expression is regulated reciprocally with adhesion molecules in vascular 
endothelial cells in vitro. 
Blood 81, 1001-1008 
 
DEMIRKESEN, C., HOEDE, N. and MOLL, R. (1995): 
Epithelial markers and differentiation in adnexal neoplasms of the skin: an 
immunohistochemical study including individual cytokeratins. 
J. Cutan. Pathol. 22, 518-535 
 
DEPLEWSKI, D. and ROSENFIELD, R. L. (2000): 
Role of hormones in pilosebaceous unit development. 
Endocr. Rev. 21, 363-392 
 
DETMAR, M. (2000): 
The role of VEGF and thrombospondins in skin angiogenesis. 
J. Dermatol. Sci. 24, S78-84 
 
 



 

 

REFERENCES  

 184 

DEWAN, P. A., EKERT, P., KEOGH, E. J. and SOLOMON, J. R. (1989): 
Epithelial bridging on burn patients following primary excision and grafting. 
Burns 15, 129-131 
 
DI, W. L., RUGG, E. L., LEIGH, I. M. and KELSELL, D. P. (2001): 
Multiple epidermal connexins are expressed in different keratinocyte subpopulations 
including connexin 31. 
J. Invest. Dermatol. 117, 958-964 
 
DICKINSON, C. D., VEERAPANDIAN, B., DAI, X. P., HAMLIN, R. C., XUONG, N. 
H., RUOSLAHTI, E. and ELY, K. R. (1994): 
Crystal structure of the tenth type III cell adhesion module of human fibronectin. 
J. Mol. Biol. 236, 1079-1092 
 
DIETZ, H. C., CUTTING, G. R., PYERITZ, R. E., MASLEN, C. L., SAKAI, L. Y., 
CORSON, G. M., PUFFENBERGER, E. G., HAMOSH, A., NANTHAKUMAR, E. J., 
CURRISTIN, S. M. and ET AL. (1991): 
Marfan syndrome caused by a recurrent de novo missense mutation in the fibrillin 
gene. 
Nature 352, 337-339 
 
DITTEL, B. N., MCCARTHY, J. B., WAYNER, E. A. and LEBIEN, T. W. (1993): 
Regulation of human B-cell precursor adhesion to bone marrow stromal cells by 
cytokines that exert opposing effects on the expression of vascular cell adhesion 
molecule-1 (VCAM-1). 
Blood 81, 2272-2282 
 
DONG, L., CHEN, Y., LEWIS, M., HSIEH, J. C., REING, J., CHAILLET, J. R., 
HOWELL, C. Y., MELHEM, M., INOUE, S., KUSZAK, J. R., DEGEEST, K. and 
CHUNG, A. E. (2002): 
Neurologic defects and selective disruption of basement membranes in mice lacking 
entactin-1 / nidogen-1. 
Lab. Invest. 82, 1617-1630 
 
DRY, F. W. (1926): 
The coat of the mouse. 
J. Genet. 16, 287-340 
 
DU CROS, D. L. (1995): 
Fibroblast growth factor and the hair cycle of the hairless mouse. 
J. Invest. Dermatol. 104, 17S-18S 
 
ECKES, B., ZWEERS, M. C., ZHANG, Z. G., HALLINGER, R., MAUCH, C., 
AUMAILLEY, M. and KRIEG, T. (2006): 
Mechanical tension and integrin α2β1 regulate fibroblast functions. 
J. Invest. Dermatol. Symp. Proc. 11, 66-72 
 



 

 

 REFERENCES 

 185 

EKBLOM, P., EKBLOM, M., FECKER, L., KLEIN, G., ZHANG, H. Y., KADOYA, Y., 
CHU, M. L., MAYER, U. and TIMPL, R. (1994): 
Role of mesenchymal nidogen for epithelial morphogenesis in vitro. 
Development. 120, 2003-2014 
 
ELFGANG, C., ECKERT, R., LICHTENBERG-FRATE, H., BUTTERWECK, A., 
TRAUB, O., KLEIN, R. A., HULSER, D. F. and WILLECKE, K. (1995): 
Specific permeability and selective formation of gap junction channels in connexin-
transfected HeLa cells. 
J. Cell Biol. 129, 805-817 
 
ELIASSON, C., SAHLGREN, C., BERTHOLD, C. H., STAKEBERG, J., CELIS, J. 
E., BETSHOLTZ, C., ERIKSSON, J. E. and PEKNY, M. (1999): 
Intermediate filament protein partnership in astrocytes. 
J. Biol Chem. 274, 23996-24006 
 
ELICES, M. J. and HEMLER, M. E. (1989): 
The human integrin VLA-2 is a collagen receptor on some cells and a collagen / 
laminin receptor on others. 
Proc. Natl. Acad. Sci. U S A 86, 9906-9910 
 
ERICKSON, H. P. (1993): 
Tenascin-C, tenascin-R and tenascin-X: a family of talented proteins in search of 
functions. 
Curr. Opin. Cell Biol. 5, 869-876 
 
ERICKSON, H. P. and INGLESIAS, J. L. (1984): 
A six-armed oligomer isolated from cell surface fibronectin preparations. 
Nature 311, 267-269 
 
FACKLER, M. J., CIVIN, C. I. and MAY, W. S. (1992): 
Up-regulation of surface CD34 is associated with protein kinase C-mediated 
hyperphosphorylation of CD34. 
J. Biol. Chem. 267, 17540-17546 
 
FALK, M. M., BUEHLER, L. K., KUMAR, N. M. and GILULA, N. B. (1997): 
Cell-free synthesis and assembly of connexins into functional gap junction membrane 
channels. 
EMBO J. 16, 2703-2716 
 
FERNANDES, K. J., KOBAYASHI, N. R., GALLAGHER, C. J., BARNABE-HEIDER, 
F., AUMONT, A., KAPLAN, D. R. and MILLER, F. D. (2006): 
Analysis of the neurogenic potential of multipotent skin-derived precursors. 
Exp. Neurol. 201, 32-48 
 
 



 

 

REFERENCES  

 186 

FERNANDES, K. J., MCKENZIE, I. A., MILL, P., SMITH, K. M., AKHAVAN, M., 
BARNABE-HEIDER, F., BIERNASKIE, J., JUNEK, A., KOBAYASHI, N. R., TOMA, 
J. G., KAPLAN, D. R., LABOSKY, P. A., RAFUSE, V., HUI, C. C. and MILLER, F. 
D. (2004): 
A dermal niche for multipotent adult skin-derived precursor cells. 
Nat. Cell Biol. 6, 1082-1093 
 
FFRENCH-CONSTANT, C. (1995): 
Alternative splicing of fibronectin-many different proteins but few different functions. 
Exp. Cell Res. 221, 261-271 
 
FINA, L., MOLGAARD, H. V., ROBERTSON, D., BRADLEY, N. J., MONAGHAN, 
P., DELIA, D., SUTHERLAND, D. R., BAKER, M. A. and GREAVES, M. F. (1990): 
Expression of the CD34 gene in vascular endothelial cells. 
Blood 75, 2417-2426 
 
FISCHER, D., BROWN-LUDI, M., SCHULTHESS, T. and CHIQUET-EHRISMANN, 
R. (1997): 
Concerted action of tenascin-C domains in cell adhesion, anti-adhesion and 
promotion of neurite outgrowth. 
J. Cell Sci. 110, 1513-1522 
 
FLINIAUX, I., VIALLET, J. P., DHOUAILLY, D. and JAHODA, C. A. (2004): 
Transformation of amnion epithelium into skin and hair follicles. 
Differentiation 72, 558-565 
 
FOITZIK, K., LINDNER, G., MÜLLER-RÖVER, S., MAURER, M., BOTCHKAREVA, 
N., BOTCHKAREV, V., HANDJISKI, B., METZ, M., HIBINO, T., SOMA, T., DOTTO, 
G. P. and PAUS, R. (2000): 
Control of murine hair follicle regression (catagen) by TGF-β1 in vivo. 
FASEB J. 14, 752-760 
 
FORTUNEL, N. O., OTU, H. H., NG, H. H., CHEN, J., MU, X., CHEVASSUT, T., LI, 
X., JOSEPH, M., BAILEY, C., HATZFELD, J. A., HATZFELD, A., USTA, F., VEGA, 
V. B., LONG, P. M., LIBERMANN, T. A. and LIM, B. (2003): 
Comment on ´Stemness: transcriptional profiling of embryonic and adult stem cells` 
and ´a stem cell molecular signature`. 
Science 302, 393; author reply 393 
 
FOWLIS, D. J., CUI, W., JOHNSON, S. A., BALMAIN, A. and AKHURST, R. J. 
(1996): 
Altered epidermal cell growth control in vivo by inducible expression of transforming 
growth factor β1 in the skin of transgenic mice. 
Cell Growth Differ. 7, 679-687 
 
 



 

 

 REFERENCES 

 187 

FOX, J. W., MAYER, U., NISCHT, R., AUMAILLEY, M., REINHARDT, D., 
WIEDEMANN, H., MANN, K., TIMPL, R., KRIEG, T., ENGEL, J. and ET AL. (1991): 
Recombinant nidogen consists of three globular domains and mediates binding of 
laminin to collagen type IV. 
EMBO J. 10, 3137-3146 
 
FRISÉN, J., JOHANSSON, C. B., TÖRÖK, C., RISLING, M. and LENDAHL, U. 
(1995): 
Rapid, widespread, and longlasting induction of nestin contributes to the generation 
of glial scar tissue after CNS injury. 
J. Cell Biol. 131, 453-464 
 
FRÖJDMAN, K., PELLINIEMI, L. J., LENDAHL, U., VIRTANEN, I. and ERIKSSON, 
J. E. (1997): 
The intermediate filament protein nestin occurs transiently in differentiating testis of 
rat and mouse. 
Differentiation 61, 243-249 
 
FRYE, M., GARDNER, C., LI, E. R., ARNOLD, I. and WATT, F. M. (2003): 
Evidence that Myc activation depletes the epidermal stem cell compartment by 
modulating adhesive interactions with the local microenvironment. 
Development 130, 2793-2808 
 
FUCHS, E. (1993): 
Epidermal differentiation and keratin gene expression. 
J. Cell Sci Suppl. 17, 197-208 
 
FUCHS, E. and CLEVELAND, D. W. (1998): 
A structural scaffolding of intermediate filaments in health and disease. 
Science 279, 514-519 
 
FUCHS, E., TUMBAR, T. and GUASCH, G. (2004): 
Socializing with the neighbors: stem cells and their niche. 
Cell 116, 769-778 
 
FUJIMURA, T., MORIWAKI, S., IMOKAWA, G. and TAKEMA, Y. (2007): 
Crucial role of fibroblast integrins α2 and β1 in maintaining the structural and 
mechanical properties of the skin. 
J Dermatol Sci. 45, 45-53 
 
FUKAMAUCHI, F., MATAGA, N., WANG, Y. J., SATO, S., YOSHIKI, A. and 
KUSAKABE, M. (1997): 
Tyrosine hydroxylase activity and its mRNA level in dopaminergic neurons of 
tenascin gene knockout mouse. 
Biochem. Biophys. Res. Commun. 231, 356-359 
 
 



 

 

REFERENCES  

 188 

FUSS, B., POTT, U., FISCHER, P., SCHWAB, M. E. and SCHACHNER, M. (1991): 
Identification of a cDNA clone specific for the oligodendrocyte-derived repulsive 
extracellular matrix molecule J1-160 / 180. 
J. Neurosci. Res. 29, 299-307 
 
GAISER, T. and BERNHARDS, J. (2007): 
Tyramide signal amplification: an enhanced method for immunohistochemistry on 
methyl-methacrylate-embedded bone marrow trephine sections. 
Acta. Haematol. 117, 122-127 
 
GARCION, E., HALILAGIC, A., FAISSNER, A. and FFRENCH-CONSTANT, C. 
(2004): 
Generation of an environmental niche for neural stem cell development by the 
extracellular matrix molecule tenascin C. 
Development 131, 3423-3432 
 
GAT, U., DASGUPTA, R., DEGENSTEIN, L. and FUCHS, E. (1998): 
De novo hair follicle morphogenesis and hair tumors in mice expressing a truncated 
β-catenin in skin. 
Cell 95, 605-614 
 
GEBHARDT, A., FRYE, M., HEROLD, S., BENITAH, S. A., BRAUN, K., SAMANS, 
B., WATT, F. M., ELSASSER, H. P. and EILERS, M. (2006): 
Myc regulates keratinocyte adhesion and differentiation via complex formation with 
Miz1. 
J. Cell Biol. 172, 139-149 
 
GEISLER, N., HATZFELD, M. and WEBER, K. (1989): 
Phosphorylation in vitro of vimentin by protein kinases A and C is restricted to the 
head domain. Identification of the phosphoserine sites and their influence on filament 
formation. 
Eur. J. Biochem. 183, 441-447 
 
GEORGE, E. L., GEORGES-LABOUESSE, E. N., PATEL-KING, R. S., RAYBURN, 
H. and HYNES, R. O. (1993): 
Defects in mesoderm, neural tube and vascular development in mouse embryos 
lacking fibronectin. 
Development. 119, 1079-1091 
 
GEORGES-LABOUESSE, E. N., GEORGE, E. L., RAYBURN, H. and HYNES, R. O. 
(1996b): 
Mesodermal development in mouse embryos mutant for fibronectin. 
Dev. Dyn. 207, 145-156 
 
 
 
 



 

 

 REFERENCES 

 189 

GEORGES-LABOUESSE, E., MESSADDEQ, N., YEHIA, G., CADALBERT, L., 
DIERICH, A. and LE MEUR, M. (1996a): 
Absence of integrin α6 leads to epidermolysis bullosa and neonatal death in mice. 
Nat. Genet. 13, 370-373 
 
GERDES, J., LEMKE, H., BAISCH, H., WACKER, H. H., SCHWAB, U. and STEIN, 
H. (1984): 
Cell cycle analysis of a cell proliferation-associated human nuclear antigen defined 
by the monoclonal antibody Ki-67. 
J. Immunol. 133, 1710-1715 
 
GERDES, J., LI, L., SCHLUETER, C., DUCHROW, M., WOHLENBERG, C., 
GERLACH, C., STAHMER, I., KLOTH, S., BRANDT, E. and FLAD, H. D. (1991): 
Immunobiochemical and molecular biologic characterization of the cell proliferation-
associated nuclear antigen that is defined by monoclonal antibody Ki-67. 
Am. J. Pathol. 138, 867-873 
 
GHALI, L., WONG, S. T., TIDMAN, N., QUINN, A., PHILPOTT, M. P. and LEIGH, I. 
M. (2004): 
Epidermal and hair follicle progenitor cells express melanoma-associated chondroitin 
sulfate proteoglycan core protein. 
J. Invest. Dermatol. 122, 433-442 
 
GHAZIZADEH, S. and TAICHMAN, L. B. (2001): 
Multiple classes of stem cells in cutaneous epithelium: a lineage analysis of adult 
mouse skin. 
EMBO J. 20, 1215-1222 
 
GHO, C. G., BRAUN, J. E., TILLI, C. M., NEUMANN, H. A. and RAMAEKERS, F. 
C. (2004): 
Human follicular stem cells: their presence in plucked hair and follicular cell culture. 
Br. J. Dermatol. 150, 860-868 
 
GIANCOTTI, F. G. and RUOSLAHTI, E. (1999): 
Integrin signaling. 
Science 285, 1028-1032 
 
GILTAY, R., KOSTKA, G. and TIMPL, R. (1997): 
Sequence and expression of a novel member (LTBP-4) of the family of latent 
transforming growth factor-β binding proteins. 
FEBS Lett. 411, 164-168 
 
GINGRAS, M., CHAMPIGNY, M. F. and BERTHOD, F. (2007): 
Differentiation of human adult skin-derived neuronal precursors into mature neurons. 
J. Cell Physiol. 210, 498-506 
 
 



 

 

REFERENCES  

 190 

GLEIBERMAN, A. S., ENCINAS, J. M., MIGNONE, J. L., MICHURINA, T., 
ROSENFELD, M. G. and ENIKOLOPOV, G. (2005): 
Expression of nestin-green fluorescent protein transgene marks oval cells in the adult 
liver. 
Dev. Dyn. 234, 413-421 
 
GLEIZES, P. E., BEAVIS, R. C., MAZZIERI, R., SHEN, B. and RIFKIN, D. B. 
(1996): 
Identification and characterization of an eight-cysteine repeat of the latent 
transforming growth factor-β binding protein-1 that mediates bonding to the latent 
transforming growth factor-β1. 
J. Biol. Chem. 271, 29891-29896 
 
GOLDMAN, R. D., CHOU, Y. H., PRAHLAD, V. and YOON, M. (1999): 
Intermediate filaments: dynamic processes regulating their assembly, motility, and 
interactions with other cytoskeletal systems. 
FASEB J. 13 Suppl 2, S261-265 
 
GOLIGER, J. A. and PAUL, D. L. (1995): 
Wounding alters epidermal connexin expression and gap junction-mediated 
intercellular communication. 
Mol. Biol. Cell. 6, 1491-1501 
 
GRASSEL, S., UNSOLD, C., SCHACKE, H., BRUCKNER-TUDERMAN, L. and 
BRUCKNER, P. (1999): 
Collagen XVI is expressed by human dermal fibroblasts and keratinocytes and is 
associated with the microfibrillar apparatus in the upper papillary dermis. 
Matrix Biol. 18, 309-317 
 
GREEN, L. J., MOULD, A. P. and HUMPHRIES, M. J. (1998): 
The integrin β subunit. 
Int. J. Biochem. Cell Biol. 30, 179-184 
 
GROSE, R., HUTTER, C., BLOCH, W., THOREY, I., WATT, F. M., FÄSSLER, R., 
BRAKEBUSCH, C. and WERNER, S. (2002): 
A crucial role of β1 integrins for keratinocyte migration in vitro and during cutaneous 
wound repair. 
Development 129, 2303-2315 
 
GRUMET, M., HOFFMAN, S., CROSSIN, K. L. and EDELMAN, G. M. (1985): 
Cytotactin, an extracellular matrix protein of neural and non-neural tissues that 
mediates glia-neuron interaction. 
Proc. Natl. Acad. Sci. U S A 82, 8075-8079 
 
 
 
 



 

 

 REFERENCES 

 191 

GU, L. H. and COULOMBE, P. A. (2007): 
Keratin expression provides novel insight into the morphogenesis and function of the 
companion layer in hair follicles. 
J. Invest. Dermatol. 127, 1061-1073 
 
HAGIOS, C., KOCH, M., SPRING, J., CHIQUET, M. and CHIQUET-EHRISMANN, 
R. (1996): 
Tenascin-Y: a protein of novel domain structure is secreted by differentiated 
fibroblasts of muscle connective tissue. 
J. Cell Biol. 134, 1499-1512 
 
HARDY, M. H. (1992): 
The secret life of the hair follicle. 
Trends Genet. 8, 55-61 
 
HATZFELD, M. and FRANKE, W. W. (1985): 
Pair formation and promiscuity of cytokeratins: formation in vitro of heterotypic 
complexes and intermediate-sized filaments by homologous and heterologous 
recombinations of purified polypeptides. 
J. Cell Biol. 101, 1826-1841 
 
HATZFELD, M. and WEBER, K. (1990): 
The coiled coil of in vitro assembled keratin filaments is a heterodimer of type I and II 
keratins: use of site-specific mutagenesis and recombinant protein expression. 
J. Cell Biol. 110, 1199-1210 
 
HAYNES, S. L., SHUTTLEWORTH, C. A. and KIELTY, C. M. (1997): 
Keratinocytes express fibrillin and assemble microfibrils: implications for dermal 
matrix organization.  
Brit. J. Dermatol. 137, 17-23 
 
HEADINGTON, J. T. (1984): 
Transverse microscopic anatomy of the human scalp. A basis for a morphometric 
approach to disorders of the hair follicle. 
Arch. Dermatol. 120, 449-456 
 
HEID, H. W., MOLL, I. and FRANKE, W. W. (1988): 
Patterns of expression of trichocytic and epithelial cytokeratins in mammalian tissues. 
II. Concomitant and mutually exclusive synthesis of trichocytic and epithelial 
cytokeratins in diverse human and bovine tissues (hair follicle, nail bed and matrix, 
lingual papilla, thymic reticulum). 
Differentiation 37, 215-230 
 
HEMBREE, J. R., HARMON, C. S., NEVINS, T. D. and ECKERT, R. L. (1996): 
Regulation of human dermal papilla cell production of insulin-like growth factor 
binding protein-3 by retinoic acid, glucocorticoids, and insulin-like growth factor-1. 
J. Cell Physiol. 167, 556-561 



 

 

REFERENCES  

 192 

HEMLER, M. E. (1990): 
VLA proteins in the integrin family: structures, functions, and their role on leukocytes. 
Annu. Rev. Immunol. 8, 365-400 
 
HEMLER, M. E., SANCHEZ-MADRID, F., FLOTTE, T. J., KRENSKY, A. M., 
BURAKOFF, S. J., BHAN, A. K., SPRINGER, T. A. and STROMINGER, J. L. 
(1984): 
Glycoproteins of 210,000 and 130,000 m.w. on activated T cells: cell distribution and 
antigenic relation to components on resting cells and T cell lines. 
J. Immunol. 132, 3011-3018 
 
HENDRIX, S., HANDJISKI, B., PETERS, E. M. and PAUS, R. (2005): 
A guide to assessing damage response pathways of the hair follicle: lessons from 
cyclophosphamide-induced alopecia in mice. 
J. Invest. Dermatol. 125, 42-51 
 
HERZBERG, J. J. (1990): 
Paraneoplastic changes of the hair. 
In: ORFANOS, C. E. and HAPPLE, R. (eds.): 
Hair and hair diseases. 
Springer Verlag, Berlin, 767-769 
 
HIBINO, T. and NISHIYAMA, T. (2004): 
Role of TGF-β2 in the human hair cycle. 
J. Dermatol. Sci. 35, 9-18 
 
HIROTA, J. and MOMBAERTS, P. (2004): 
The LIM-homeodomain protein Lhx2 is required for complete development of mouse 
olfactory sensory neurons. 
Proc. Natl. Acad. Sci. U S A 101, 8751-8755 
 
HOCHEDLINGER, K. and JAENISCH, R. (2006): 
Nuclear reprogramming and pluripotency. 
Nature 441, 1061-1067 
 
HOCKFIELD, S. and MCKAY, R. D. (1985): 
Identification of major cell classes in the developing mammalian nervous system. 
J. Neurosci. 5, 3310-3328 
 
HOFFMAN, R. M. (2005): 
Gene and stem cell therapy of the hair follicle. 
Methods Mol. Biol. 289, 437-448 
 
HOFFMAN, R. M. (2006): 
The pluripotency of hair follicle stem cells. 
Cell Cycle. 5, 232-233 
 



 

 

 REFERENCES 

 193 

HOFFMAN, S., CROSSIN, K. L. and EDELMAN, G. M. (1988): 
Molecular forms, binding functions, and developmental expression patterns of 
cytotactin and cytotactin-binding proteoglycan, an interactive pair of extracellular 
matrix molecules. 
J. Cell Biol. 106, 519-532 
 
HOFMANN, I. and FRANKE, W. W. (1997): 
Heterotypic interactions and filament assembly of type I and type II cytokeratins in 
vitro: viscometry and determinations of relative affinities. 
Eur. J. Cell Biol. 72, 122-132 
 
HOGERVORST, F., KUIKMAN, I., VON DEM BORNE, A. E. and SONNENBERG, 
A. (1990): 
Cloning and sequence analysis of β-4 cDNA: an integrin subunit that contains a 
unique 118 kd cytoplasmic domain. 
EMBO J. 9, 765-770 
 
HOGERVORST, F., KUIKMAN, I., VAN KESSEL, A. G. and SONNENBERG, A. 
(1991): 
Molecular cloning of the human α6 integrin subunit. Alternative splicing of α6 mRNA 
and chromosomal localization of the α6 and β4 genes. 
Eur. J. Biochem. 199, 425-433 
 
HOLLISTER, D. W., GODFREY, M., SAKAI, L. Y. and PYERITZ, R. E. (1990): 
Immunohistologic abnormalities of the microfibrillar-fiber system in the Marfan 
syndrome. 
N. Engl. J. Med. 323, 152-159 
 
HONEYCUTT, K. A., KÖSTER, M. I. and ROOP, D. R. (2004): 
Genes involved in stem cell fate decisions and commitment to differentiation play a 
role in skin disease. 
J. Invest. Dermato.l Symp. Proc. 9, 261-268 
 
HOOGDUIJN, M. J., GORJUP, E. and GENEVER, P. G. (2006): 
Comparative characterization of hair follicle dermal stem cells and bone marrow 
mesenchymal stem cells. 
Stem Cells Dev. 15, 49-60 
 
HOTCHIN, N. A., GANDARILLAS, A. and WATT, F. M. (1995): 
Regulation of cell surface β1 integrin levels during keratinocyte terminal 
differentiation. 
J. Cell Biol. 128, 1209-1219 
 
HU, Y. F., ZHANG, Z. J. and SIEBER-BLUM, M. (2006): 
An epidermal neural crest stem cell (EPI-NCSC) molecular signature. 
Stem Cells 24, 2692-2702 
 



 

 

REFERENCES  

 194 

HUBMACHER, D., TIEDEMANN, K. and REINHARDT; D. P. (2006): 
Fibrillins: from biogenesis of microfibrils to signaling functions. 
Curr. Top. Dev. Biol. 75, 93-123 
 
HÜLSKEN, J., VOGEL, R., ERDMANN, B., COTSARELIS, G. and BIRCHMEIER, 
W. (2001): 
β-Catenin controls hair follicle morphogenesis and stem cell differentiation in the skin. 
Cell 105, 533-545 
 
HUMPHRIES, M. J. (1996): 
Integrin activation: the link between ligand binding and signal transduction. 
Curr. Opin. Cell Biol. 8, 632-640 
 
HUMPHRIES, M. J. (2004): 
Monoclonal antibodies as probes of integrin priming and activation. 
Biochem. Soc. Trans. 32, 407-411 
 
HUMPHRIES, J. D., BYRON, A. and HUMPHRIES, M. J. (2006): 
Integrin ligands at a glance. 
J. Cell Sci. 119, 3901-3903 
 
HYNES, R. O. (1990): 
Fibronectins. 
Springer-Verlag GmbH, New York 
 
HYNES, R. O. (1992): 
Integrins: versatility, modulation, and signalling in cell adhesion. 
Cell 69, 11-25 
 
HYNES, R. O. (1999): 
Fibronectin. 
In: KREIS, T. and VALE, R. (eds.): 
Extracellular matrix, anchor and adhesion proteins. 
Oxford Univ. Press, Oxford, 422-425 
 
ISOGAI, Z., ONO, R. N., USHIRO, S., KEENE, D. R., CHEN, Y., MAZZIERI, R., 
CHARBONNEAU, N. L., REINHARDT, D. P., RIFKIN, D. B. and SAKAI, L. Y. 
(2003): 
Latent transforming growth factor β-binding protein 1 interacts with fibrillin and is a 
microfibril-associated protein. 
J. Biol. Chem. 278, 2750-2757 
 
ITAMI, S., KURATA, S., SONODA, T. and TAKAYASU, S. (1995): 
Interaction between dermal papilla cells and follicular epithelial cells in vitro: effect of 
androgen. 
Br. J. Dermatol. 132, 527-532 
 



 

 

 REFERENCES 

 195 

ITO, M. and KIZAWA, K. (2001): 
Expression of calcium-binding S100 proteins A4 and A6 in regions of the epithelial 
sac associated with the onset of hair follicle regeneration. 
J. Invest. Dermatol. 116, 956-963 
 
ITO, M., KIZAWA, K., HAMADA, K. and COTSARELIS, G. (2004a): 
Hair follicle stem cells in the lower bulge form the secondary germ, a biochemically 
distinct but functionally equivalent progenitor cell population, at the termination of 
catagen. 
Differentiation 72, 548-557 
 
ITO, T., ITO, N., BETTERMANN, A., TOKURA, Y., TAKIGAWA, M. and PAUS, R. 
(2004b): 
Collapse and restoration of MHC class-I-dependent immune privilege: exploiting the 
human hair follicle as a model. 
Am. J. Pathol. 164, 623-634 
 
ITO, T., ITO, N., SAATHOFF, M., BETTERMANN, A., TAKIGAWA, M. and PAUS, 
R. (2005c): 
Interferon-gamma is a potent inducer of catagen-like changes in cultured human 
anagen hair follicles. 
Br. J. Dermatol. 152, 623-631 
 
ITO, M., LIU, Y., YANG, Z., NGUYEN, J., LIANG, F., MORRIS, R. J. and 
COTSARELIS, G. (2005a): 
Stem cells in the hair follicle bulge contribute to wound repair but not to homeostasis 
of the epidermis. 
Nat. Med. 11, 1351-1354 
 
ITO, N., ITO, T., KROMMINGA, A., BETTERMANN, A., TAKIGAWA, M., KEES, F., 
STRAUB, R. H. and PAUS, R. (2005b): 
Human hair follicles display a functional equivalent of the hypothalamic-pituitary-
adrenal axis and synthesize cortisol. 
FASEB J. 19, 1332-1334 
 
ITO, T., ITO, N., SAATHOFF, M., STAMPACHIACCHIERE, B., BETTERMANN, A., 
BULFONE-PAUS, S., TAKIGAWA, M., NICKOLOFF, B. J. and PAUS, R. (2005d): 
Immunology of the human nail apparatus: the nail matrix is a site of relative immune 
privilege. 
J. Invest. Dermatol. 125, 1139-1148 
 
IVANOVA, N. B., DIMOS, J. T., SCHANIEL, C., HACKNEY, J. A., MOORE, K. A. 
and LEMISCHKA, I. R. (2002): 
A stem cell molecular signature. 
Science 298, 601-604 
 
 



 

 

REFERENCES  

 196 

JAHODA, C. A. (1992): 
Induction of follicle formation and hair growth by vibrissa dermal papillae implanted 
into rat ear wounds: vibrissa-type fibres are specified. 
Development 115, 1103-1109 
 
JAHODA, C. A. (2003): 
Cell movement in the hair follicle dermis - more than a two-way street? 
J. Invest. Dermatol. 121, ix-xi 
 
JAHODA, C. A. and REYNOLDS, A. J. (1996): 
Dermal-epidermal interactions. Adult follicle-derived cell populations and hair growth. 
Dermatol. Clin. 14, 573-583 
 
JAHODA, C. A. and REYNOLDS, A. J. (2001): 
Hair follicle dermal sheath cells: unsung participants in wound healing. 
Lancet 358, 1445-1448 
 
JAHODA, C. A., WHITEHOUSE, J., REYNOLDS, A. J. and HOLE, N. (2003): 
Hair follicle dermal cells differentiate into adipogenic and osteogenic lineages. 
Exp. Dermatol. 12, 849-859 
 
JONES, F. S. and JONES, P. L. (2000): 
The tenascin family of ECM glycoproteins: structure, function, and regulation during 
embryonic development and tissue remodeling. 
Dev. Dyn. 218, 235-259 
 
JONES, P. H. and WATT, F. M. (1993): 
Separation of human epidermal stem cells from transit amplifying cells on the basis 
of differences in integrin function and expression. 
Cell 73, 713-724 
 
JONES, P. H., HARPER, S. and WATT, F. M. (1995): 
Stem cell patterning and fate in human epidermis. 
Cell 80, 83-93 
 
JOUBEH, S., MORI, O., OWARIBE, K. and HASHIMOTO, T. (2003): 
Immunofluorescence analysis of the basement membrane zone components in 
human anagen hair follicles. 
Exp. Dermatol. 12, 365-370 
 
KACHINSKY, A. M., DOMINOV, J. A. and MILLER, J. B. (1994): 
Myogenesis and the intermediate filament protein, nestin. 
Dev. Biol. 165, 216-228 
 
KACHINSKY, A. M., DOMINOV, J. A. and MILLER, J. B. (1995): 
Intermediate filaments in cardiac myogenesis: nestin in the developing mouse heart. 
J. Histochem. Cytochem. 43, 843-847 



 

 

 REFERENCES 

 197 

KADOYA, Y., SALMIVIRTA, K., TALTS, J. F., KADOYA, K., MAYER, U., TIMPL, R. 
and EKBLOM, P. (1997): 
Importance of nidogen binding to laminin gamma1 for branching epithelial 
morphogenesis of the submandibular gland. 
Development 124, 683-691 
 
KANITAKIS, J., BOURCHANY, D., FAURE, M. and CLAUDY, A. (1999): 
Expression of the hair stem cell-specific keratin 15 in pilar tumors of the skin. 
Eur. J. Dermatol. 9, 363-365 
 
KANZAKI, T., OLOFSSON, A., MOREN, A., WERNSTEDT, C., HELLMAN, U., 
MIYAZONO, K., CLAESSON-WELSH, L. and HELDIN, C. H. (1990): 
TGF-β 1 binding protein: a component of the large latent complex of TGF-β 1 with 
multiple repeat sequences. 
Cell 61, 1051-1061 
 
KAPLAN, E. D. and HOLBROOK, K. A. (1994): 
Dynamic expression patterns of tenascin, proteoglycans, and cell adhesion 
molecules during human hair follicle morphogenesis. 
Dev. Dyn. 199, 141-155 
 
KAUR, P. (2006): 
Interfollicular epidermal stem cells: identification, challenges, potential. 
J. Invest. Dermatol. 126, 1450-1458 
 
KEY, G., KUBBUTAT, M. H. and GERDES, J. (1994): 
Assessment of cell proliferation by means of an enzyme-linked immunosorbent assay 
based on the detection of the Ki-67 protein. 
J. Immunol. Methods. 177, 113-117 
 
KIELTY, C. M. and SHUTTLEWORTH, C. A. (1997): 
Microfibrillar elements of the dermal matrix.  
Microsc. Res. Tech. 38, 413-427 
 
KIMURA, N., TOYOSHIMA, T., KOJIMA, T. and SHIMANE, M. (1998): 
Entactin-2: a new member of basement membrane protein with high homology to 
entactin / nidogen. 
Exp. Cell Res. 241, 36-45 
 
KISHIMOTO, T., KIKUTANI, H., VON DEM BORNE, A. E. G. K., GOYERT, S. M., 
MASON, D., MIYASAKA, M., MORETTA, L., OKUMURA, K., SHAW, S., 
SPRINGER, T. A., SUGAMURA, K. and ZOLA, H. (1998): 
Leukocyte typing VI: White cell differentiation antigens. 
Garland Publishing, London 
 
 
 



 

 

REFERENCES  

 198 

KLIGMAN, A. M. (1959): 
The human hair cycle. 
J. Invest. Dermatol. 33, 307-316 
 
KLYMKOWSKY, M. W. (1996): 
Intermediate filaments as dynamic structures. 
Cancer Metastasis Rev. 15, 417-428 
 
KÖLLIKER, A (1853): 
Special histology of the hairs. 
In: BUSK, G. and HUXLEY, T. (eds.): 
Manual of human histology, Vol. I. 
Syndeham Society, London, 168-203 
 
KOLJONEN, V., BOHLING, T., TUKIAINEN, E., HAGLUND, C. and JAHKOLA, T. 
(2006): 
Tenascin-C expression in Merkel cell carcinoma lymph node metastasis. 
Apmis 114, 39-42 
 
KOPAN, R., LEE, J., LIN, M. H., SYDER, A. J., KESTERSON, J., CRUTCHFIELD, 
N., LI, C. R., WU, W., BOOKS, J. and GORDON, J. I. (2002): 
Genetic mosaic analysis indicates that the bulb region of coat hair follicles contains a 
resident population of several active multipotent epithelial lineage progenitors. 
Dev. Biol. 242, 44-57 
 
KORNBLIHTT, A. R., PESCE, C. G., ALONSO, C. R., CRAMER, P., SREBROW, 
A., WERBAJH, S. and MURO, A. F. (1996): 
The fibronectin gene as a model for splicing and transcription studies. 
FASEB J. 10, 248-257 
 
KÖSTER, M. I. and ROOP, D. R. (2004): 
The role of p63 in development and differentiation of the epidermis. 
J. Dermatol. Sci. 34, 3-9 
 
KÖSTER, M. I., KIM, S. and ROOP, D. R. (2005): 
P63 deficiency: a failure of lineage commitment or stem cell maintenance? 
J. Invest. Dermatol. Symp. Proc. 10, 118-123 
 
KRAUSE, K. and FOITZIK, K. (2006): 
Biology of the hair follicle: the basics. 
Semin. Cut. Med. Surg. 25, 2-10 
 
KRAUSE, D. S., FACKLER, M. J., CIVIN, C. I. and MAY, W. S. (1996): 
CD34: structure, biology, and clinical utility. 
Blood 87, 1-13 
 



 

 

 REFERENCES 

 199 

KRAUSE, D. S., ITO, T., FACKLER, M. J., SMITH, O. M., COLLECTOR, M. I., 
SHARKIS, S. J. and MAY, W. S. (1994): 
Characterization of murine CD34, a marker for hematopoietic progenitor and stem 
cells. 
Blood 84, 691-701 
 
KRETZ, M., EUWENS, C., HOMBACH, S., ECKARDT, D., TEUBNER, B., TRAUB, 
O., WILLECKE, K. and OTT, T. (2003): 
Altered connexin expression and wound healing in the epidermis of connexin-
deficient mice. 
J. Cell Sci. 116, 3443-3452 
 
KRÜGER, K., BLUME-PEYTAVI, U. and ORFANOS, C. E. (1999): 
Basal cell carcinoma possibly originates from the outer root sheath and / or the bulge 
region of the vellus hair follicle. 
Arch. Dermatol. Res. 291, 253-259 
 
KRUM, J. M. and ROSENSTEIN, J. M. (1999): 
Transient coexpression of nestin, GFAP, and vascular endothelial growth factor in 
mature reactive astroglia following neural grafting or brain wounds. 
Exp. Neurol. 160, 348-360 
 
KRUSE, C., BODO, E., PETSCHNIK, A. E., DANNER, S., TIEDE, S. and PAUS, R. 
(2006): 
Towards the development of a pragmatic technique for isolating and differentiating 
nestin-positive cells from human scalp skin into neuronal and glial cell populations: 
generating neurons from human skin? 
Exp. Dermatol. 15, 794-800 
 
KU, N. O., LIAO, J., CHOU, C. F. and OMARY, M. B. (1996): 
Implications of intermediate filament protein phosphorylation. 
Cancer Metastasis Rev. 15, 429-444 
 
KUMAMOTO, T., SHALHEVET, D., MATSUE, H., MUMMERT, M. E., WARD, B. R., 
JESTER, J. V. and TAKASHIMA, A. (2003): 
Hair follicles serve as local reservoirs of skin mast cell precursors. 
Blood 102, 1654-1660 
 
KUMAR, N. M. and GILULA, N. B. (1996): 
The gap junction communication channel. 
Cell 84, 381-388 
 
LAKO, M., ARMSTRONG, L., CAIRNS, P. M., HARRIS, S., HOLE, N. and 
JAHODA, C. A. (2002): 
Hair follicle dermal cells repopulate the mouse haematopoietic system. 
J. Cell Sci. 115, 3967-3974 
 



 

 

REFERENCES  

 200 

LANGBEIN, L., ROGERS, M. A., WINTER, H., PRAETZEL, S. and SCHWEIZER, J. 
(2001): 
The catalog of human hair keratins. II. Expression of the six type II members in the 
hair follicle and the combined catalog of human type I and II keratins. 
J. Biol. Chem. 276, 35123-35132 
 
LANGBEIN, L., ROGERS, M. A., PRAETZEL, S., AOKI, N., WINTER, H. and 
SCHWEIZER, J. (2002): 
A novel epithelial keratin, hK6irs1, is expressed differentially in all layers of the inner 
root sheath, including specialized huxley cells (Flugelzellen) of the human hair 
follicle. 
J. Invest. Dermatol. 118, 789-799 
 
LANGBEIN, L., ROGERS, M. A., PRAETZEL-WUNDER, S., HELMKE, B., 
SCHIRMACHER, P. and SCHWEIZER, J. (2006): 
K25 (K25irs1), K26 (K25irs2), K27 (K25irs3), and K28 (K25irs4) represent the type I 
inner root sheath keratins of the human hair follicle. 
J. Invest. Dermatol. 126, 2377-2386 
 
LANGBEIN, L., ROGERS, M. A., WINTER, H., PRAETZEL, S., BECKHAUS, U., 
RACKWITZ, H. R. and SCHWEIZER, J. (1999): 
The catalog of human hair keratins. I. Expression of the nine type I members in the 
hair follicle. 
J. Biol. Chem. 274, 19874-19884 
 
LANGHOLZ, O., ROCKEL, D., MAUCH, C., KOZLOWSKA, E., BANK, I., KRIEG, T. 
and ECKES, B. (1995): 
Collagen and collagenase gene expression in three-dimensional collagen lattices are 
differentially regulated by α1β1 and α2β1 integrins. 
J. Cell Biol. 131, 1903-1915 
 
LANGUINO, L. R., GEHLSEN, K. R., WAYNER, E., CARTER, W. G., ENGVALL, E. 
and RUOSLAHTI, E. (1989): 
Endothelial cells use α2β1 integrin as a laminin receptor. 
J. Cell Biol. 109, 2455-2462 
 
LARDON, J., ROOMAN, I. and BOUWENS, L. (2002): 
Nestin expression in pancreatic stellate cells and angiogenic endothelial cells. 
Histochem. Cell Biol. 117, 535-540 
 
LAVKER, R. M. and SUN, T. T. (2000): 
Epidermal stem cells: properties, markers, and location. 
Proc. Natl. Acad. Sci. U S A 97, 13473-13475 
 
 
 



 

 

 REFERENCES 

 201 

LAVKER, R. M., MILLER, S., WILSON, C., COTSARELIS, G., WEI, Z. G., YANG, J. 
S. and SUN, T. T. (1993): 
Hair follicle stem cells: their location, role in hair cycle, and involvement in skin 
tumour formation. 
J. Invest. Dermatol. 101, 16S-26S 
 
LEAHY, D. J., AUKHIL, I. and ERICKSON, H. P. (1996): 
2.0 A crystal structure of a four-domain segment of human fibronectin encompassing 
the RGD loop and synergy region. 
Cell 84, 155-164 
 
LEE, C. H., CHEN, J. S., SUN, Y. L., LIAO, W. T., ZHENG, Y. W., CHAI, C. Z., 
CHEN, G. S. and YU, H. S. (2006): 
Defective β1 integrins expression in arsenical keratosis and arsenic-treated cultured 
human keratinocytes. 
J. Cut. Pathol. 33, 129-138 
 
LEE, B., GODFREY, M., VITALE, E., HORI, H., MATTEI, M. G., SARFARAZI, M., 
TSIPOURAS, P., RAMIREZ, F. and HOLLISTER, D. W. (1991): 
Linkage of Marfan syndrome and a phenotypically related disorder to two different 
fibrillin genes. 
Nature 352, 330-334 
 
LEE, J. Y., QU-PETERSEN, Z., CAO, B., KIMURA, S., JANKOWSKI, R., 
CUMMINS, J., USAS, A., GATES, C., ROBBINS, P., WERNIG, A. and HUARD, J. 
(2000): 
Clonal isolation of muscle-derived cells capable of enhancing muscle regeneration 
and bone healing. 
J. Cell Biol. 150, 1085-1100 
 
LEGUE, E. and NICOLAS, J. F. (2005): 
Hair follicle renewal: organization of stem cells in the matrix and the role of 
stereotyped lineages and behaviors. 
Development 132, 4143-4154 
 
LEIGH, I. M., PURKIS, P. E., WHITEHEAD, P. and LANE, E. B. (1993): 
Monospecific monoclonal antibodies to keratin 1 carboxy terminal (synthetic peptide) 
and to keratin 10 as markers of epidermal differentiation. 
Br. J. Dermatol. 129, 110-119 
 
LENDAHL, U. (1997): 
Transgenic analysis of central nervous system development and regeneration. 
Acta. Anaesthesiol. Scand. Suppl. 110, 116-118 
 
LENDAHL, U., ZIMMERMAN, L. B. and MCKAY, R. D. (1990): 
CNS stem cells express a new class of intermediate filament protein. 
Cell 60, 585-595 



 

 

REFERENCES  

 202 

LEVINE, A. J. and BRIVANLOU, A. H. (2006): 
GDF3, a BMP inhibitor, regulates cell fate in stem cells and early embryos. 
Development 133, 209-216 
 
LI, A., SIMMONS, P. J. and KAUR, P. (1998): 
Identification and isolation of candidate human keratinocyte stem cells based on cell 
surface phenotype. 
Proc. Natl. Acad. Sci. U S A 95, 3902-3907 
 
LI, L., MIGNONE, J., YANG, M., MATIC, M., PENMAN, S., ENIKOLOPOV, G. and 
HOFFMAN, R. M. (2003): 
Nestin expression in hair follicle sheath progenitor cells. 
Proc. Natl. Acad. Sci. U S A 100, 9958-9961 
 
LIANG, L. and BICKENBACH, J. R. (2002): 
Somatic epidermal stem cells can produce multiple cell lineages during development. 
Stem Cells 20, 21-31 
 
LIGHTNER, V. A., GUMKOWSKI, F., BIGNER, D. D. and ERICKSON, H. P. (1989): 
Tenascin / hexabrachion in human skin: biochemical identification and localization by 
light and electron microscopy. 
J. Cell Biol. 108, 2483-2493 
 
LINDNER, G., BOTCHKAREV, V. A., BOTCHKAREVA, N. V., LING, G., VAN DER 
VEEN, C. and PAUS, R. (1997): 
Analysis of apoptosis during hair follicle regression (catagen). 
Am. J. Pathol. 151, 1601-1617 
 
LITTLE, J. C., WESTGATE, G. E., EVANS, A. and GRANGER, S. P. (1994): 
Cytokine gene expression in intact anagen rat hair follicles. 
J. Invest. Dermatol. 103, 715-720 
 
LIU, Y., LYLE, S., YANG, Z. and COTSARELIS, G. (2003): 
Keratin 15 promoter targets putative epithelial stem cells in the hair follicle bulge. 
J. Invest. Dermatol. 121, 963-968 
 
LOGAN, C. Y. and NUSSE, R. (2004): 
The Wnt signaling pathway in development and disease. 
Annu. Rev. Cell Dev. Biol. 20, 781-810 
 
LOPEZ-ROVIRA, T., SILVA-VARGAS, V. and WATT, F. M. (2005): 
Different consequences of β1 integrin deletion in neonatal and adult mouse 
epidermis reveal a context-dependent role of integrins in regulating proliferation, 
differentiation, and intercellular communication. 
J. Invest. Dermatol. 125, 1215-1227 
 
 



 

 

 REFERENCES 

 203 

LOTHIAN, C. and LENDAHL, U. (1997): 
An evolutionarily conserved region in the second intron of the human nestin gene 
directs gene expression to CNS progenitor cells and to early neural crest cells. 
Eur. J. Neurosci. 9, 452-462 
 
LOWRY, W. E., BLANPAIN, C., NOWAK, J. A., GUASCH, G., LEWIS, L. and 
FUCHS, E. (2005): 
Defining the impact of β-catenin / Tcf transactivation on epithelial stem cells. 
Genes Dev. 19, 1596-1611 
 
LU, Z. and GHAZIZADEH, S. (2005): 
Host immune responses in ex vivo approaches to cutaneous gene therapy targeted 
to keratinocytes. 
Exp. Dermatol. 14, 727-735 
 
LU, Z., HASSE, S., BODO, E., ROSE, C., FUNK, W. and PAUS, R. (2007): 
Towards the development of a simplified long-term organ culture method for human 
scalp skin and its appendages under serum-free conditions. 
Exp. Dermatol. 16, 37-44 
 
LUCKE, T., CHOUDHRY, R., THOM, R., SELMER, I. S., BURDEN, A. D. and 
HODGINS, M. B. (1999): 
Upregulation of connexin 26 is a feature of keratinocyte differentiation in 
hyperproliferative epidermis, vaginal epithelium, and buccal epithelium. 
J. Invest. Dermatol. 112, 354-361 
 
LYLE, S., CHRISTOFIDOU-SOLOMIDOU, M., LIU, Y., ELDER, D. E., ALBELDA, S. 
and COTSARELIS, G. (1998): 
The C8/144B monoclonal antibody recognizes cytokeratin 15 and defines the 
location of human hair follicle stem cells. 
J. Cell Sci. 111, 3179-3188 
 
LYLE, S., CHRISTOFIDOU-SOLOMIDOU, M., LIU, Y., ELDER, D. E., ALBELDA, S. 
and COTSARELIS, G. (1999): 
Human hair follicle bulge cells are biochemically distinct and possess an epithelial 
stem cell phenotype. 
J. Invest. Dermatol. Symp. Proc. 4, 296-301 
 
MAGENIS, R. E., MASLEN, C. L., SMITH, L., ALLEN, L. and SAKAI, L. Y. (1991): 
Localization of the fibrillin (FBN) gene to chromosome 15, band q21.1. 
Genomics 11, 346-351 
 
MAGERL, M., KAUSER, S., PAUS, R. and TOBIN, D. J. (2002): 
Simple and rapid method to isolate and culture follicular papillae from human scalp 
hair follicles. 
Exp. Dermatol. 11, 381-385 
 



 

 

REFERENCES  

 204 

MAGERL, M., PAUS, R., FARJO, N., MÜLLER-RÖVER, S., PETERS, E. M., 
FOITZIK, K. and TOBIN, D. J. (2004): 
Limitations of human occipital scalp hair follicle organ culture for studying the effects 
of minoxidil as a hair growth enhancer. 
Exp. Dermatol. 13, 635-642 
 
MAIN, A. L., HARVEY, T. S., BARON, M., BOYD, J. and CAMPBELL, I. D. (1992): 
The three-dimensional structure of the tenth type III module of fibronectin: an insight 
into RGD-mediated interactions. 
Cell 71, 671-678 
 
MAJDIC, O., STOCKL, J., PICKL, W. F., BOHUSLAV, J., STROBL, H., 
SCHEINECKER, C., STOCKINGER, H. and KNAPP, W. (1994): 
Signalling and induction of enhanced cytoadhesiveness via the hematopoietic 
progenitor cell surface molecule CD34. 
Blood 83, 1226-1234 
 
MARCONI, A., DALLAGLIO, K., LOTTI, R., VASCHIERI, C., TRUZZI, F., FANTINI, 
F. and PINCELLI, C. (2007): 
Survivin identifies keratinocyte stem cells and is downregulated by anti-β1 integrin 
during anoikis. 
Stem Cells 25, 149-155 
 
MARIONNET, C., PIERRARD, C., VIOUX-CHAGNOLEAU, C., SOK, J., 
ASSELINEAU, D. and BERNERD, F. (2006): 
Interactions between fibroblasts and keratinocytes in morphogenesis of dermal 
epidermal junction in a model of reconstructed skin. 
J. Invest. Dermatol. 126, 971-979 
 
MARVIN, M. J., DAHLSTRAND, J., LENDAHL, U. and MCKAY, R. D. (1998): 
A rod end deletion in the intermediate filament protein nestin alters its subcellular 
localization in neuroepithelial cells of transgenic mice. 
J. Cell Sci. 111, 1951-1961 
 
MASGRAU-PEYA, E., SALOMON, D., SAURAT, J. H. and MEDA, P. (1997): 
In vivo modulation of connexins 43 and 26 of human epidermis by topical retinoic 
acid treatment. 
J. Histochem. Cytochem. 45, 1207-1215 
 
MATIC, M., EVANS, W. H., BRINK, P. R. and SIMON, M. (2002): 
Epidermal stem cells do not communicate through gap junctions. 
J. Invest. Dermatol. 118, 110-116 
 
MAYER, U., NISCHT, R., POSCHL, E., MANN, K., FUKUDA, K., GERL, M., 
YAMADA, Y. and TIMPL, R. (1993): 
A single EGF-like motif of laminin is responsible for high affinity nidogen binding. 
EMBO J. 12, 1879-1885 



 

 

 REFERENCES 

 205 

MCCOMB, R. D., MOUL, J. M. and BIGNER, D. D. (1987): 
Distribution of type VI collagen in human gliomas: comparison with fibronectin and 
glioma-mesenchymal matrix glycoprotein. 
J. Neuropathol. Exp. Neurol. 46, 623-633 
 
MCGOWAN, K. and COULOMBE, P. A. (1998): 
The wound repair-associated keratins 6, 16, and 17. Insights into the role of 
intermediate filaments in specifying keratinocyte cytoarchitecture. 
Subcell. Biochem. 31, 173-204 
 
MCKENZIE, I. A., BIERNASKIE, J., TOMA, J. G., MIDHA, R. and MILLER, F. D. 
(2006): 
Skin-derived precursors generate myelinating Schwann cells for the injured and 
dysmyelinated nervous system. 
J. Neurosci. 26, 6651-6660 
 
MECHAM, R. P. and DAVIS, E. (1994): 
Extracellular matrix assembly and structure. 
Academic Press, New York, 281-314 
 
MECKLENBURG, L., TOBIN, D. J., MÜLLER-RÖVER, S., HANDJISKI, B., WENDT, 
G., PETERS, E. M., POHL, S., MOLL, I. and PAUS, R. (2000): 
Active hair growth (anagen) is associated with angiogenesis. 
J. Invest. Dermatol. 114, 909-916 
 
MENG, X., CHENG, K., KROHKIN, O., MOULD, A. P., HUMPHRIES, M. J., ENS, 
W., STANDING, K. and WILKINS, J. A. (2005): 
Evidence for the presence of a low-mass β1 integrin on the cell surface. 
J. Cell Sci. 118, 4009-4016 
 
MEYER, W. (1986): 
Die Haut des Schweines. 
Schlütersche Verlagsanstalt, Hannover 
 
MEYER, W. (2005): 
Disulphide reaction staining for the identification of integumental elastic fibres.  
Arch. Dermatol. Res. 297, 177-179  
 
MEYER, W. (2009): 
Hair follicles in domesticated mammals, with comparison to laboratory animals and 
humans. 
In: MECKLENBURG, L., LINEK, M. and TOBIN, D. J. (eds.):  
Hair loss disorders in domestic animals.  
Blackwell Publ., Ames (Iowa) (in press) 
 
 
 



 

 

REFERENCES  

 206 

MEYER, W. and GÖRGEN, S. (1986): 
Development of hair coat and skin glands in fetal porcine integument. 
J. Anat. (London), 144, 201-220 
 
MEYER, W., NEURAND, K., SCHWARZ, R., BARTELS, T. and ALTHOFF, H. 
(1997): 
Arrangement of elastic fibres in the integument of domesticated mammals.  
Scanning Microsc. 8, 375-391 
 
MICHALCZYK, K. and ZIMAN, M. (2005): 
Nestin structure and predicted function in cellular cytoskeletal organisation. 
Histol. Histopathol. 20, 665-671 
 
MICHEL, M., TOROK, N., GODBOUT, M. J., LUSSIER, M., GAUDREAU, P., 
ROYAL, A. and GERMAIN, L. (1996): 
Keratin 19 as a biochemical marker of skin stem cells in vivo and in vitro: keratin 19 
expressing cells are differentially localized in function of anatomic sites, and their 
number varies with donor age and culture stage. 
J. Cell Sci. 109, 1017-1028 
 
MICHON, F., CHARVERON, M. and DHOUAILLY, D. (2007): 
Dermal condensation formation in the chick embryo: requirement for integrin 
engagement and subsequent stabilization by a possible notch / integrin interaction. 
Dev. Dyn. 236, 755-768 
 
MILLAR, S. E. (2002): 
Molecular mechanisms regulating hair follicle development. 
J. Invest. Dermatol. 118, 216-225 
 
MINAMI, Y., UEDE, K., FURUKAWA, F., SAGAWA, K., KIMURA, A. and TSUJI, T. 
(2004): 
Cutaneous mixed tumors: an immunohistochemical study using two antibodies, G-81 
and C8/144B. 
J. Dermatol. Sci. 36, 180-182 
 
MINER, J. H. and YURCHENCO, P. D. (2004): 
Laminin functions in tissue morphogenesis. 
Annu. Rev. Cell Dev. Biol. 20, 255-284 
 
MIOSGE, N., SASAKI, T. and TIMPL, R. (2002): 
Evidence of nidogen-2 compensation for nidogen-1 deficiency in transgenic mice. 
Matrix Biol. 21, 611-621 
 
MISAGO, N. and NARISAWA, Y. (2006): 
Cytokeratin 15 expression in apocrine mixed tumors of the skin and other benign 
neoplasms with apocrine differentiation. 
J. Dermatol. 33, 2-9 



 

 

 REFERENCES 

 207 

MIYAZONO, K., HELLMAN, U., WERNSTEDT, C. and HELDIN, C. H. (1988): 
Latent high molecular weight complex of transforming growth factor β1. Purification 
from human platelets and structural characterization. 
J. Biol. Chem. 263, 6407-6415 
 
MIYAZONO, K., OLOFSSON, A., COLOSETTI, P. and HELDIN, C. H. (1991): 
A role of the latent TGF-β1-binding protein in the assembly and secretion of TGF-β1. 
EMBO J. 10, 1091-1101 
 
MOLL, I. (1994): 
Merkel cell distribution in human hair follicles of the fetal and adult scalp. 
Cell Tissue Res. 277, 131-138 
 
MOLL, R., MOLL, I. and FRANKE, W. W. (1984): 
Identification of Merkel cells in human skin by specific cytokeratin antibodies: 
changes of cell density and distribution in fetal and adult plantar epidermis. 
Differentiation 28, 136-154 
 
MOLL, I., KUHN, C. and MOLL, R. (1995): 
Cytokeratin 20 is a general marker of cutaneous Merkel cells while certain neuronal 
proteins are absent. 
J. Invest. Dermatol. 104, 910-915 
 
MOLL, I., PAUS, R. and MOLL, R. (1996): 
Merkel cells in mouse skin: intermediate filament pattern, localization, and hair cycle-
dependent density. 
J. Invest. Dermatol. 106, 281-286 
 
MOLL, R., FRANKE, W. W., SCHILLER, D. L., GEIGER, B. and KREPLER, R. 
(1982): 
The catalog of human cytokeratins: patterns of expression in normal epithelia, 
tumours and cultured cells. 
Cell 31, 11-24 
 
MOORE, G. P., PANARETTO, B. A. and ROBERTSON, D. (1981): 
Effects of epidermal growth factor on hair growth in the mouse. 
J. Endocrinol. 88, 293-299 
 
MOREN, A., OLOFSSON, A., STENMAN, G., SAHLIN, P., KANZAKI, T., 
CLAESSON-WELSH, L., TEN DIJKE, P., MIYAZONO, K. and HELDIN, C. H. 
(1994): 
Identification and characterization of LTBP-2, a novel latent transforming growth 
factor-β-binding protein. 
J. Biol. Chem. 269, 32469-32478 
 
 
 



 

 

REFERENCES  

 208 

MORRIS, R. J. (2004): 
A perspective on keratinocyte stem cells as targets for skin carcinogenesis. 
Differentiation 72, 381-386 
 
MORRIS, R. J. and POTTEN, C. S. (1999): 
Highly persistent label-retaining cells in the hair follicles of mice and their fate 
following induction of anagen. 
J. Invest. Dermatol. 112, 470-475 
 
MORRIS, R. J., LIU, Y., MARLES, L., YANG, Z., TREMPUS, C., LI, S., LIN, J. S., 
SAWICKI, J. A. and COTSARELIS, G. (2004): 
Capturing and profiling adult hair follicle stem cells. 
Nat. Biotechnol. 22, 411-417 
 
MOSHER; D. F. (1989): 
Fibronectin. 
Acadeic Press, New York 
 
MOULD, A. P., AKIYAMA, S. K. and HUMPHRIES, M. J. (1996): 
The inhibitory anti-β1 integrin monoclonal antibody 13 recognizes an epitope that is 
attenuated by ligand occupancy. Evidence for allosteric inhibition of integrin function. 
J. Biol. Chem. 271, 20365-20374 
 
MOULD, A. P., GARRATT, A. N., ASKARI, J. A., AKIYAMA, S. K. and 
HUMPHRIES, M. J. (1995): 
Identification of a novel anti-integrin monoclonal antibody that recognises a ligand-
induced binding site epitope on the β1 subunit. 
FEBS Lett. 363, 118-122 
 
MOULD, A. P., GARRATT, A. N., PUZON-MCLAUGHLIN, W., TAKADA, Y. and 
HUMPHRIES, M. J. (1998): 
Regulation of integrin function: evidence that bivalent-cation-induced conformational 
changes lead to the unmasking of ligand-binding sites within integrin α5β1. 
Biochem. J. 331, 821-828 
 
MUJTABA, T., MAYER-PROSCHEL, M. and RAO, M. S. (1998): 
A common neural progenitor for the CNS and PNS. 
Dev. Biol. 200, 1-15 
 
MÜLLER-RÖVER, S., HANDJISKI, B., VAN DER VEEN, C., EICHMÜLLER, S., 
FOITZIK, K., MCKAY, I. A., STENN, K. S. and PAUS, R. (2001): 
A comprehensive guide for the accurate classification of murine hair follicles in 
distinct hair cycle stages. 
J. Invest. Dermatol. 117, 3-15 
 
 
 



 

 

 REFERENCES 

 209 

MURSHED, M., SMYTH, N., MIOSGE, N., KAROLAT, J., KRIEG, T., PAULSSON, 
M. and NISCHT, R. (2000): 
The absence of nidogen 1 does not affect murine basement membrane formation. 
Mol. Cell Biol. 20, 7007-7012 
 
NAGASE, T., NAKAYAMA, M., NAKAJIMA, D., KIKUNO, R. and OHARA, O. 
(2001): 
Prediction of the coding sequences of unidentified human genes. XX. The complete 
sequences of 100 new cDNA clones from brain which code for large proteins in vitro. 
DNA Res. 8, 85-95 
 
NAKAJIMA, Y., MIYAZONO, K., KATO, M., TAKASE, M., YAMAGISHI, T. and 
NAKAMURA, H. (1997): 
Extracellular fibrillar structure of latent TGF β binding protein-1: role in TGF β-
dependent endothelial-mesenchymal transformation during endocardial cushion 
tissue formation in mouse embryonic heart. 
J. Cell Biol. 136, 193-204 
 
NAKAO, N., HIRAIWA, N., YOSHIKI, A., IKE, F. and KUSAKABE, M. (1998): 
Tenascin-C promotes healing of Habu-snake venom-induced glomerulonephritis: 
studies in knockout congenic mice and in culture. 
Am. J. Pathol. 152, 1237-1245 
 
NAMIKI, J. and TATOR, C. H. (1999): 
Cell proliferation and nestin expression in the ependyma of the adult rat spinal cord 
after injury. 
J. Neuropathol. Exp. Neurol. 58, 489-498 
 
NARISAWA, Y. and KOHDA, H. (1996): 
Two- and three-dimensional demonstrations of morphological alterations of early 
anagen hair follicle with special reference to the bulge area. 
Arch. Dermatol. Res. 288, 98-102 
 
NARISAWA, Y., HASHIMOTO, K. and KOHDA, H. (1994a): 
Immunohistochemical demonstration of keratin 19 expression in isolated human hair 
follicles. 
J. Invest. Dermatol. 103, 191-195 
 
NARISAWA, Y., HASHIMOTO, K. and KOHDA, H. (1994b): 
Merkel cells of the terminal hair follicle of the adult human scalp. 
J. Invest. Dermatol. 102, 506-510 
 
NARISAWA, Y., HASHIMOTO, K. and KOHDA, H. (1994c): 
Two- and three-dimensional observations of human terminal and vellus hair follicles. 
J. Dermatol. Sci. 7, S13-19 
 
 



 

 

REFERENCES  

 210 

NARISAWA, Y., HASHIMOTO, K. and KOHDA, H. (1996): 
Accordion-like structure of terminal hair follicles of the human scalp. 
J. Dermatol. 23, 449-454 
 
NARISAWA, Y., HASHIMOTO, K. and KOHDA, H. (1997): 
Apoptotic pocket-like structures of the bulge of the terminal hair follicles of the human 
scalp. 
J. Dermatol. Sci. 14, 45-53 
 
NARVAEZ, D., KANITAKIS, J., FAURE, M. and CLAUDY, A. (1996): 
Immunohistochemical study of CD34-positive dendritic cells of human dermis. 
Am. J. Dermatopathol. 18, 283-288 
 
NATKUNAM, Y., ROUSE, R. V., ZHU, S., FISHER, C. and VAN DE RIJN, M. 
(2000): 
Immunoblot analysis of CD34 expression in histologically diverse neoplasms. 
Am. J. Pathol. 156, 21-27 
 
NELSON, W. G. and SUN, T. T. (1983): 
The 50- and 58-kdalton keratin classes as molecular markers for stratified squamous 
epithelia: cell culture studies. 
J. Cell Biol. 97, 244-251 
 
NG, C. M., CHENG, A., MYERS, L. A., MARTINEZ-MURILLO, F., JIE, C., BEDJA, 
D., GABRIELSON, K. L., HAUSLADEN, J. M., MECHAM, R. P., JUDGE, D. P. and 
DIETZ, H. C. (2004): 
TGF-β-dependent pathogenesis of mitral valve prolapse in a mouse model of Marfan 
syndrome. 
J. Clin. Invest. 114, 1586-1592 
 
NGUYEN, H., RENDL, M. and FUCHS, E. (2006): 
Tcf3 governs stem cell features and represses cell fate determination in skin. 
Cell 127, 171-183 
 
NICKOLOFF, B. J. (1991): 
The human progenitor cell antigen (CD34) is localized on endothelial cells, dermal 
dendritic cells, and perifollicular cells in formalin-fixed normal skin, and on 
proliferating endothelial cells and stromal spindle-shaped cells in Kaposi's sarcoma. 
Arch. Dermatol. 127, 523-529 
 
NIKOLOVA, G., JABS, N., KONSTANTINOVA, I., DOMOGATSKAYA, A., 
TRYGGVASON, K., SOROKIN, L., FÄSSLER, R., GU, G., GERBER, H. P., 
FERRARA, N., MELTON, D. A. and LAMMERT, E. (2006): 
The vascular basement membrane: a niche for insulin gene expression and β cell 
proliferation. 
Dev. Cell 10, 397-405 
 



 

 

 REFERENCES 

 211 

NISHIMURA, E. K., GRANTER, S. R. and FISHER, D. E. (2005): 
Mechanisms of hair graying: incomplete melanocyte stem cell maintenance in the 
niche. 
Science 307, 720-724 
 
NISHIMURA, E. K., JORDAN, S. A., OSHIMA, H., YOSHIDA, H., OSAWA, M., 
MORIYAMA, M., JACKSON, I. J., BARRANDON, Y., MIYACHI, Y. and 
NISHIKAWA, S. (2002): 
Dominant role of the niche in melanocyte stem-cell fate determination. 
Nature 416, 854-860 
 
NORENBERG, U., HUBERT, M., BRUMMENDORF, T., TARNOK, A. and 
RATHJEN, F. G. (1995): 
Characterization of functional domains of the tenascin-R (restrictin) polypeptide: cell 
attachment site, binding with F11, and enhancement of F11-mediated neurite 
outgrowth by tenascin-R. 
J. Cell Biol. 130, 473-484 
 
OH, H. S. and SMART, R. C. (1996): 
An estrogen receptor pathway regulates the telogen-anagen hair follicle transition 
and influences epidermal cell proliferation. 
Proc. Natl. Acad. Sci. U S A 93, 12525-12530 
 
OHTA, M., SAKAI, T., SAGA, Y., AIZAWA, S. and SAITO, M. (1998): 
Suppression of hematopoietic activity in tenascin-C-deficient mice. 
Blood 91, 4074-4083 
 
OHYAMA, M. (2007): 
Hair follicle bulge: a fascinating reservoir of epithelial stem cells. 
J. Dermatol. Sci. 46, 81-89 
 
OHYAMA, M., TERUNUMA, A., TOCK, C. L., RADONOVICH, M. F., PISE-
MASISON, C. A., HOPPING, S. B., BRADY, J. N., UDEY, M. C. and VOGEL, J. C. 
(2006): 
Characterization and isolation of stem cell-enriched human hair follicle bulge cells. 
J. Clin. Invest. 116, 249-260 
 
OLOFSSON, A., MIYAZONO, K., KANZAKI, T., COLOSETTI, P., ENGSTROM, U. 
and HELDIN, C. H. (1992): 
Transforming growth factor-β1, -β2, and -β3 secreted by a human glioblastoma cell 
line. Identification of small and different forms of large latent complexes. 
J. Biol. Chem. 267, 19482-19488 
 
 
 
 



 

 

REFERENCES  

 212 

ORRINGER, J. S., HAMMERBERG, C., LOWE, L., KANG, S., JOHNSON, T. M., 
HAMILTON, T., VOORHEES, J. J. and FISHER, G. J. (2006): 
The effects of laser-mediated hair removal on immunohistochemical staining 
properties of hair follicles. 
J. Am. Acad. Dermatol. 55, 402-407 
 
OSAWA, M., HANADA, K., HAMADA, H. and NAKAUCHI, H. (1996): 
Long-term lymphohematopoietic reconstitution by a single CD34-low / negative 
hematopoietic stem cell. 
Science 273, 242-245 
 
OSAWA, M., EGAWA, G., MAK, S. S., MORIYAMA, M., FRETER, R., YONETANI, 
S., BEERMANN, F. and NISHIKAWA, S. (2005): 
Molecular characterization of melanocyte stem cells in their niche. 
Development 132, 5589-5599 
 
O'SHAUGHNESSY, R. F., CHRISTIANO, A. M. and JAHODA, C. A. (2004a): 
The role of BMP signalling in the control of ID3 expression in the hair follicle. 
Exp. Dermatol. 13, 621-629 
 
O'SHAUGHNESSY, R. F., YEO, W., GAUTIER, J., JAHODA, C. A. and 
CHRISTIANO, A. M. (2004b): 
The WNT signalling modulator, Wise, is expressed in an interaction-dependent 
manner during hair-follicle cycling. 
J. Invest. Dermatol. 123, 613-621 
 
OSHIMA, H., ROCHAT, A., KEDZIA, C., KOBAYASHI, K. and BARRANDON, Y. 
(2001): 
Morphogenesis and renewal of hair follicles from adult multipotent stem cells. 
Cell 104, 233-245 
 
OZAWA, M., AIBA, S., KUROSAWA, M. and TAGAMI, H. (2004): 
Ber-EP4 antigen is a marker for a cell population related to the secondary hair germ. 
Exp. Dermatol. 13, 401-405 
 
PANTELEYEV, A. A., JAHODA, C. A. and CHRISTIANO, A. M. (2001): 
Hair follicle predetermination. 
J. Cell Sci. 114, 3419-3431 
 
PARKS, W. C. (2007): 
What is the α2β1 integrin doing in the epidermis? 
J. Invest. Dermatol. 127, 264-266 
 
 
 
 
 



 

 

 REFERENCES 

 213 

PAUL, D. L. (1999): 
Connexin. 
In: KREIS, T. and VALE, R. (eds.): 
Extracellular matrix, anchor, and adhesion proteins. 
University press, Oxford, 173-76 
 
PAUS, R. (2006): 
Therapeutic strategies for treating hair loss. 
Drug Discovery Today: Therapeutic Strategies 3, 101-110 
 
PAUS, R. and COTSARELIS, G. (1999): 
The biology of hair follicles. 
N. Engl. J. Med. 341, 491-497 
 
PAUS, R. and FOITZIK, K. (2004): 
In search of the ´hair cycle clock`: a guided tour. 
Differentiation 72, 489-511 
 
PAUS, R., CHRISTOPH, T. and MÜLLER-RÖVER, S. (1999a): 
Immunology of the hair follicle: a short journey into terra incognita. 
J. Invest. Dermatol. Symp. Proc. 4, 226-234 
 
PAUS, R., NICKOLOFF, B. J. and ITO, T. (2005): 
A ´hairy` privilege. 
Trends Immunol. 26, 32-40 
 
PAUS, R., PEKER, S. and SUNDBERG, J. P. (2007): 
Biology of hair and nails. 
In: BOLOGNIA; J: L:, JORIZZO, J. L. and RAPINI, R. P. (eds): 
Dermatology. Second edition. 
Mosby, London, 1007-1032 
 
PAUS, R., PETERS, E. M., EICHMÜLLER, S. and BOTCHKAREV, V. A. (1997): 
Neural mechanisms of hair growth control. 
J. Invest. Dermatol. Symp. Proc. 2, 61-68 
 
PAUS, R., MÜLLER-RÖVER, S., VAN DER VEEN, C., MAURER, M., 
EICHMÜLLER, S., LING, G., HOFMANN, U., FOITZIK, K., MECKLENBURG, L. and 
HANDJISKI, B. (1999b): 
A comprehensive guide for the recognition and classification of distinct stages of hair 
follicle morphogenesis. 
J. Invest. Dermatol. 113, 523-532 
 
PEARSON, A. J., ASHBY, M. G., WILDERMOTH, J. E., CRAVEN, A. J. and 
NIXON, A. J. (1999): 
Effect of exogenous prolactin on the hair growth cycle. 
Exp. Dermatol. 8, 358-360 



 

 

REFERENCES  

 214 

PEARTON, D. J., FERRARIS, C. and DHOUAILLY, D. (2004): 
Transdifferentiation of corneal epithelium: evidence for a linkage between the 
segregation of epidermal stem cells and the induction of hair follicles during 
embryogenesis. 
Int. J. Dev. Biol. 48, 197-201 
 
PEARTON, D. J., YANG, Y. and DHOUAILLY, D. (2005): 
Transdifferentiation of corneal epithelium into epidermis occurs by means of a 
multistep process triggered by dermal developmental signals. 
Proc. Natl. Acad. Sci. U S A 102, 3714-3719 
 
PEKNY, M., JOHANSSON, C. B., ELIASSON, C., STAKEBERG, J., WALLEN, A., 
PERLMANN, T., LENDAHL, U., BETSHOLTZ, C., BERTHOLD, C. H. and FRISEN, 
J. (1999): 
Abnormal reaction to central nervous system injury in mice lacking glial fibrillary 
acidic protein and vimentin. 
J. Cell Biol. 145, 503-514 
 
PELLEGRINI, G., DELLAMBRA, E., GOLISANO, O., MARTINELLI, E., FANTOZZI, 
I., BONDANZA, S., PONZIN, D., MCKEON, F. and DE LUCA, M. (2001): 
p63 identifies keratinocyte stem cells. 
Proc. Natl. Acad. Sci. U S A 98, 3156-3161 
 
PEREIRA, L., D'ALESSIO, M., RAMIREZ, F., LYNCH, J. R., SYKES, B., 
PANGILINAN, T. and BONADIO, J. (1993): 
Genomic organization of the sequence coding for fibrillin, the defective gene product 
in Marfan syndrome. 
Hum. Mol. Genet. 2, 1762 
 
PEREIRA, L., LEE, S. Y., GAYRAUD, B., ANDRIKOPOULOS, K., SHAPIRO, S. D., 
BUNTON, T., BIERY, N. J., DIETZ, H. C., SAKAI, L. Y. and RAMIREZ, F. (1999): 
Pathogenetic sequence for aneurysm revealed in mice underexpressing fibrillin-1. 
Proc. Natl. Acad. Sci. U S A 96, 3819-3823 
 
PEREIRA, L., ANDRIKOPOULOS, K., TIAN, J., LEE, S. Y., KEENE, D. R., ONO, 
R., REINHARDT, D. P., SAKAI, L. Y., BIERY, N. J., BUNTON, T., DIETZ, H. C. and 
RAMIREZ, F. (1997): 
Targetting of the gene encoding fibrillin-1 recapitulates the vascular aspect of Marfan 
syndrome. 
Nat. Genet. 17, 218-222 
 
PETERS, E. M., ARCK, P. C. and PAUS, R. (2006): 
Hair growth inhibition by psychoemotional stress: a mouse model for neural 
mechanisms in hair growth control. 
Exp. Dermatol. 15, 1-13 
 



 

 

 REFERENCES 

 215 

PETERS, E. M., MAURER, M., BOTCHKAREV, V. A., GORDON, D. S. and PAUS, 
R. (1999): 
Hair growth-modulation by adrenergic drugs. 
Exp. Dermatol. 8, 274-281 
 
PETERS, E. M., BOTCHKAREV, V. A., BOTCHKAREVA, N. V., TOBIN, D. J. and 
PAUS, R. (2001): 
Hair-cycle-associated remodeling of the peptidergic innervation of murine skin, and 
hair growth modulation by neuropeptides. 
J. Invest. Dermatol. 116, 236-245 
 
PETERS, E. M., TOBIN, D. J., BOTCHKAREVA, N., MAURER, M. and PAUS, R. 
(2002b): 
Migration of melanoblasts into the developing murine hair follicle is accompanied by 
transient c-Kit expression. 
J. Histochem. Cytochem. 50, 751-766 
 
PETERS, E. M., BOTCHKAREV, V. A., MÜLLER-RÖVER, S., MOLL, I., RICE, F. L. 
and PAUS, R. (2002a): 
Developmental timing of hair follicle and dorsal skin innervation in mice. 
J. Comp. Neurol. 448, 28-52 
 
PFAFF, M., REINHARDT, D. P., SAKAI, L. Y. and TIMPL, R. (1996): 
Cell adhesion and integrin binding to recombinant human fibrillin-1. 
FEBS Lett. 384, 247-250 
 
PHILPOTT, M., GREEN, M. R. and KEALEY, T. (1989): 
Studies on the biochemistry and morphology of freshly isolated and maintained rat 
hair follicles. 
J. Cell Sci. 93, 409-418 
 
PHILPOTT, M. P., GREEN, M. R. and KEALEY, T. (1990): 
Human hair growth in vitro. 
J. Cell Sci. 97, 463-471 
 
PHILPOTT, M. P., SANDERS, D. A. and KEALEY, T. (1994): 
Effects of insulin and insulin-like growth factors on cultured human hair follicles: IGF-I 
at physiologic concentrations is an important regulator of hair follicle growth in vitro. 
J. Invest. Dermatol. 102, 857-861 
 
PIGOTT, R. and POWER, C. (1993): 
The adhesion molecule facts book. 
Academic Press, New York 
 
 
 
 



 

 

REFERENCES  

 216 

PINKUS, F. (1897): 
Das Mantelhaar. 
Arch. Dermatol. Syphilol. 61, 1-10 
 
PINKUS, H. (1958): 
Embryology of the hair. 
In: MONTAGNA, W. and ELLIS; R. (eds.): 
The biology of hair growth. 
Academic Press, New York, 1-32 
 
PINTO DO, O. P., RICHTER, K. and CARLSSON, L. (2002): 
Hematopoietic progenitor / stem cells immortalized by Lhx2 generate functional 
hematopoietic cells in vivo. 
Blood 99, 3939-3946 
 
PITTS, J. D., HAMILTON, A. E., KAM, E., BURK, R. R. and MURPHY, J. P. (1986): 
Retinoic acid inhibits junctional communication between animal cells. 
Carcinogenesis 7, 1003-1010 
 
POBLET, E., JIMENEZ-ACOSTA, F. and ROCAMORA, A. (1994): 
QBEND/10 (anti-CD34 antibody) in external root sheath cells and follicular tumors. 
J. Cutan. Pathol. 21, 224-228 
 
POBLET, E., ORTEGA, F. and JIMENEZ, F. (2002): 
The arrector pili muscle and the follicular unit of the scalp: a microscopic anatomy 
study. 
Dermatol. Surg. 28, 800-803 
 
POBLET, E., JIMENEZ, F., GODINEZ, J. M., PASCUAL-MARTIN, A. and IZETA, A. 
(2006): 
The immunohistochemical expression of CD34 in human hair follicles: a comparative 
study with the bulge marker CK15. 
Clin. Exp. Dermatol. 31, 807-812 
 
PÖSCHL, E., MAYER, U., STETEFELD, J., BAUMGARTNER, R., HOLAK, T. A., 
HUBER, R. and TIMPL, R. (1996): 
Site-directed mutagenesis and structural interpretation of the nidogen binding site of 
the laminin gamma1 chain. 
EMBO J. 15, 5154-5159 
 
PORTER, F. D., DRAGO, J., XU, Y., CHEEMA, S. S., WASSIF, C., HUANG, S. P., 
LEE, E., GRINBERG, A., MASSALAS, J. S., BODINE, D., ALT, F. and 
WESTPHAL, H. (1997): 
Lhx2, a LIM homeobox gene, is required for eye, forebrain, and definitive erythrocyte 
development. 
Development 124, 2935-2944 
 



 

 

 REFERENCES 

 217 

POTTEN, C. S. and BOOTH, C. (2002): 
Keratinocyte stem cells: a commentary. 
J. Invest. Dermatol. 119, 888-899 
 
PULKKINEN, L. and UITTO, J. (1999): 
Mutation analysis and molecular genetics of epidermolysis bullosa. 
Matrix Biol. 18, 29-42 
 
PUTNAM, E. A., ZHANG, H., RAMIREZ, F. and MILEWICZ, D. M. (1995): 
Fibrillin-2 (FBN2) mutations result in the Marfan-like disorder, congenital contractural 
arachnodactyly. 
Nat. Genet. 11, 456-458 
 
QIU, C., COUTINHO, P., FRANK, S., FRANKE, S., LAW, L. Y., MARTIN, P., 
GREEN, C. R. and BECKER, D. L. (2003): 
Targeting connexion 43 expression accelerates the rate of wound repair. 
Curr. Biol. 13, 1697-1703 
 
QUAINI, F., URBANEK, K., BELTRAMI, A. P., FINATO, N., BELTRAMI, C. A., 
NADAL-GINARD, B., KAJSTURA, J., LERI, A. and ANVERSA, P. (2002): 
Chimerism of the transplanted heart. 
N. Engl. J. Med. 346, 5-15 
 
QUINLAN, R. A., SCHILLER, D. L., HATZFELD, M., ACHTSTATTER, T., MOLL, R., 
JORCANO, J. L., MAGIN, T. M. and FRANKE, W. W. (1985): 
Patterns of expression and organization of cytokeratin intermediate filaments. 
Ann. N. Y. Acad. Sci. 455, 282-306 
 
RAGHAVAN, S., BAUER, C., MUNDSCHAU, G., LI, Q. and FUCHS, E. (2000): 
Conditional ablation of β1 integrin in skin. Severe defects in epidermal proliferation, 
basement membrane formation, and hair follicle invagination. 
J. Cell Biol. 150, 1149-1160 
 
RAGHUNATH, M., UNSOLD, C., KUBITSCHECK, U., BRUCKNER-TUDERMAN, 
L., PETERS, R. and MEULI, M. (1998): 
The cutaneous microfibrillar apparatus contains latent transforming growth factor-β 
binding protein-1 (LTBP-1) and is a repository for latent TGF-β1. 
J. Invest. Dermatol. 111, 559-564 
 
RAMALHO-SANTOS, M., YOON, S., MATSUZAKI, Y., MULLIGAN, R. C. and 
MELTON, D. A. (2002): 
´Stemness`: transcriptional profiling of embryonic and adult stem cells. 
Science 298, 597-600 
 
 
 
 



 

 

REFERENCES  

 218 

RAMANI, P., BRADLEY, N. J. and FLETCHER, C. D. (1990): 
QBEND/10, a new monoclonal antibody to endothelium: assessment of its diagnostic 
utility in paraffin sections. 
Histopathology 17, 237-242 
 
RANDO, T. A. (2006): 
Stem cells, ageing and the quest for immortality. 
Nature 441, 1080-1086 
 
RAPOSIO, E., GUIDA, C., BALDELLI, I., CURTO, M., FIOCCA, R., KUNKL, A., 
ROBELLO, G. and SANTI, P. L. (2007): 
Characterization of multipotent cells from human adult hair follicles. 
Toxicol. In Vitro 21, 320-323 
 
RATHJEN, F. G., WOLFF, J. M. and CHIQUET-EHRISMANN, R. (1991): 
Restrictin: a chick neural extracellular matrix protein involved in cell attachment co-
purifies with the cell recognition molecule F11. 
Development 113, 151-164 
 
REICHRATH, J., SCHILLI, M., KERBER, A., BAHMER, F. A., CZARNETZKI, B. M. 
and PAUS, R. (1994): 
Hair follicle expression of 1,25-dihydroxyvitamin D3 receptors during the murine hair 
cycle. 
Br. J. Dermatol. 131, 477-482 
 
REINHARDT, D. P., SASAKI, T., DZAMBA, B. J., KEENE, D. R., CHU, M. L., 
GOHRING, W., TIMPL, R. and SAKAI, L. Y. (1996): 
Fibrillin-1 and fibulin-2 interact and are colocalized in some tissues. 
J. Biol. Chem. 271, 19489-19496 
 
RETTIG, W. J., TRICHE, T. J. and GARIN-CHESA, P. (1989): 
Stimulation of human neuronectin secretion by brain-derived growth factors. 
Brain Res. 487, 171-177 
 
REYA, T. and CLEVERS, H. (2005): 
Wnt signalling in stem cells and cancer. 
Nature 434, 843-850 
 
REYNOLDS, A. J., LAWRENCE, C., CSERHALMI-FRIEDMAN, P. B., 
CHRISTIANO, A. M. and JAHODA, C. A. (1999): 
Trans-gender induction of hair follicles. 
Nature 402, 33-34 
 
RHEE, H., POLAK, L. and FUCHS, E. (2006): 
Lhx2 maintains stem cell character in hair follicles. 
Science 312, 1946-1949 
 



 

 

 REFERENCES 

 219 

RICHARD, G. (2000): 
Connexins: a connection with the skin. 
Exp. Dermatol. 9, 77-96 
 
RICHARDSON, G. D., ARNOTT, E. C., WHITEHOUSE, C. J., LAWRENCE, C. M., 
REYNOLDS, A. J., HOLE, N. and JAHODA, C. A. (2005): 
Plasticity of rodent and human hair follicle dermal cells: implications for cell therapy 
and tissue engineering. 
J. Invest. Dermatol. Symp. Proc. 10, 180-183 
 
RIIKONEN, T., WESTERMARCK, J., KOIVISTO, L., BROBERG, A., KAHARI, V. M. 
and HEINO, J. (1995): 
Integrin α2β1 is a positive regulator of collagenase (MMP-1) and collagen α1(I) gene 
expression. 
J. Biol. Chem. 270, 13548-13552 
 
RISEK, B., KLIER, F. G. and GILULA, N. B. (1992): 
Multiple gap junction genes are utilized during rat skin and hair development. 
Development 116, 639-651 
 
RISEK, B., KLIER, F. G. and GILULA, N. B. (1994): 
Developmental regulation and structural organization of connexins in epidermal gap 
junctions. 
Dev. Biol. 164, 183-196 
 
RISEK, B., POZZI, A. and GILULA, N. B. (1998): 
Modulation of gap junction expression during transient hyperplasia of rat epidermis. 
J. Cell Sci. 111, 1395-1404 
 
RIZVI, A. Z. and WONG, M. H. (2005): 
Epithelial stem cells and their niche: there's no place like home. 
Stem Cells 23, 150-165 
 
ROGERS, M. A., WINTER, H., LANGBEIN, L., WOLF, C. and SCHWEIZER, J. 
(2000): 
Characterization of a 300 kbp region of human DNA containing the type II hair keratin 
gene domain. 
J. Invest. Dermatol. 114, 464-472 
 
ROGERS, M. A., WINTER, H., LANGBEIN, L., BLEILER, R. and SCHWEIZER, J. 
(2004): 
The human type I keratin gene family: characterization of new hair follicle specific 
members and evaluation of the chromosome 17q21.2 gene domain. 
Differentiation 72, 527-540 
 
 
 



 

 

REFERENCES  

 220 

ROH, C., TAO, Q., PHOTOPOULOS, C. and LYLE, S. (2005): 
In vitro differences between keratinocyte stem cells and transit-amplifying cells of the 
human hair follicle. 
J Invest. Dermatol. 125, 1099-1105 
 
ROSENBLUM, M. D., OLASZ, E. B., YANCEY, K. B., WOODLIFF, J. E., 
LAZAROVA, Z., GERBER, K. A. and TRUITT, R. L. (2004): 
Expression of CD200 on epithelial cells of the murine hair follicle: a role in tissue-
specific immune tolerance? 
J. Invest. Dermatol. 123, 880-887 
 
ROSENQUIST, T. A. and MARTIN, G. R. (1996): 
Fibroblast growth factor signalling in the hair growth cycle: expression of the 
fibroblast growth factor receptor and ligand genes in the murine hair follicle. 
Dev. Dyn. 205, 379-386 
 
ROTH, K. A., ADLER, K. and BOBROW, M. N. (1999): 
9 enhanced tyramide signal amplification immunohistochemical detection. 
J. Histochem. Cytochem. 47, 1644D-1645 
 
ROTHNAGEL, J. A. and ROOP, D. R. (1995): 
Hair follicle companion layer: reacquainting an old friend. 
J. Invest. Dermatol. 104, 42S-43S 
 
RUOSLAHTI, E. (1996): 
RGD and other recognition sequences for integrins. 
Annu. Rev. Cell Dev. Biol. 12, 697-715 
 
SAEZ, J. C., CONNOR, J. A., SPRAY, D. C. and BENNETT, M. V. (1989): 
Hepatocyte gap junctions are permeable to the second messenger,  
inositol 1,4,5-trisphosphate, and to calcium ions. 
Proc. Natl. Acad. Sci. U S A 86, 2708-2712 
 
SAGA, Y., YAGI, T., IKAWA, Y., SAKAKURA, T. and AIZAWA, S. (1992): 
Mice develop normally without tenascin. 
Genes Dev. 6, 1821-1831 
 
SAHARINEN, J. and KESKI-OJA, J. (2000): 
Specific sequence motif of 8-Cys repeats of TGF-β binding proteins, LTBPs, creates 
a hydrophobic interaction surface for binding of small latent TGF-β. 
Mol. Biol. Cell 11, 2691-2704 
 
SAHARINEN, J., TAIPALE, J. and KESKI-OJA, J. (1996): 
Association of the small latent transforming growth factor-β with an eight cysteine 
repeat of its binding protein LTBP-1. 
EMBO J. 15, 245-253 
 



 

 

 REFERENCES 

 221 

SAHARINEN, J., TAIPALE, J., MONNI, O. and KESKI-OJA, J. (1998): 
Identification and characterization of a new latent transforming growth  
factor-β-binding protein, LTBP-4. 
J. Biol. Chem. 273, 18459-18469 
 
SAHARINEN, J., HYYTIAINEN, M., TAIPALE, J. and KESKI-OJA, J. (1999): 
Latent transforming growth factor-β binding proteins (LTBPs)-structural extracellular 
matrix proteins for targeting TGF-β action. 
Cytokine Growth Factor Rev. 10, 99-117 
 
SAITOH, M., OYAMADA, M., OYAMADA, Y., KAKU, T. and MORI, M. (1997): 
Changes in the expression of gap junction proteins (connexins) in hamster tongue 
epithelium during wound healing and carcinogenesis. 
Carcinogenesis 18, 1319-1328 
 
SAKAI, L. Y., KEENE, D. R. and ENGVALL, E. (1986): 
Fibrillin, a new 350-kD glycoprotein, is a component of extracellular microfibrils. 
J. Cell Biol. 103, 2499-2509 
 
SAKAMOTO, H., BROEKELMANN, T., CHERESH, D. A., RAMIREZ, F., 
ROSENBLOOM, J. and MECHAM, R. P. (1996): 
Cell-type specific recognition of RGD- and non-RGD-containing cell binding domains 
in fibrillin-1. 
J. Biol. Chem. 271, 4916-4922 
 
SALMIVIRTA, K., TALTS, J. F., OLSSON, M., SASAKI, T., TIMPL, R. and 
EKBLOM, P. (2002): 
Binding of mouse nidogen-2 to basement membrane components and cells and its 
expression in embryonic and adult tissues suggest complementary functions of the 
two nidogens. 
Exp. Cell Res. 279, 188-201 
 
SALOMON, D., MASGRAU, E., VISCHER, S., ULLRICH, S., DUPONT, E., 
SAPPINO, P., SAURAT, J. H. and MEDA, P. (1994): 
Topography of mammalian connexins in human skin. 
J. Invest. Dermatol. 103, 240-247 
 
SAWAYA, M. E. and PENNEYS, N. S. (1992): 
Immunohistochemical distribution of aromatase and 3B-hydroxysteroid 
dehydrogenase in human hair follicle and sebaceous gland. 
J. Cutan. Pathol. 19, 309-314 
 
SAWAYA, M. E. and PRICE, V. H. (1997): 
Different levels of 5α-reductase type I and II, aromatase, and androgen receptor in 
hair follicles of women and men with androgenetic alopecia. 
J. Invest. Dermatol. 109, 296-300 
 



 

 

REFERENCES  

 222 

SCADDEN, D. T. (2006): 
The stem-cell niche as an entity of action. 
Nature 441, 1075-1079 
 
SCHALKWIJK, J., STEIJLEN, P. M., VAN VLIJMEN-WILLEMS, I. M., 
OOSTERLING, B., MACKIE, E. J. and VERSTRAETEN, A. A. (1991a): 
Tenascin expression in human dermis is related to epidermal proliferation. 
Am. J. Pathol. 139, 1143-1150 
 
SCHALKWIJK, J., VAN VLIJMEN, I., OOSTERLING, B., PERRET, C., KOOPMAN, 
R., VAN DEN BORN, J. and MACKIE, E. J. (1991b): 
Tenascin expression in hyperproliferative skin diseases. 
Br. J. Dermatol. 124, 13-20 
 
SCHMIDT-ULLRICH, R. and PAUS, R. (2005): 
Molecular principles of hair follicle induction and morphogenesis. 
BioEssays 27, 247-261 
 
SCHMIDT-ULLRICH, R., AEBISCHER, T., HULSKEN, J., BIRCHMEIER, W., 
KLEMM, U. and SCHEIDEREIT, C. (2001): 
Requirement of NF-kappaB / Rel for the development of hair follicles and other 
epidermal appendices. 
Development 128, 3843-3853 
 
SCHMIDT-ULLRICH, R., TOBIN, D. J., LENHARD, D., SCHNEIDER, P., PAUS, R. 
and SCHEIDEREIT, C. (2006): 
NF-kappaB transmits Eda A1 / EdaR signalling to activate Shh and cyclin D1 
expression, and controls post-initiation hair placode down growth. 
Development 133, 1045-1057 
 
SCHOLZEN, T. and GERDES, J. (2000): 
The Ki-67 protein: from the known and the unknown. 
J. Cell Physiol. 182, 311-322 
 
SCHULTZ, S. S. and LUCAS, P. A. (2006): 
Human stem cells isolated from adult skeletal muscle differentiate into neural 
phenotypes. 
J. Neurosci. Methods. 152, 144-155 
 
SCHULTZ, S. S., ABRAHAM, S. and LUCAS, P. A. (2006): 
Stem cells isolated from adult rat muscle differentiate across all three dermal 
lineages. 
Wound Repair Regen. 14, 224-231 
 
SCHWARTZ, M. A., SCHALLER, M. D. and GINSBERG, M. H. (1995): 
Integrins: emerging paradigms of signal transduction. 
Annu. Rev. Cell Dev. Biol. 11, 549-599 



 

 

 REFERENCES 

 223 

SCHWEIZER, J., LANGBEIN, L., ROGERS, M. A. and WINTER, H. (2007): 
Hair follicle-specific keratins and their diseases. 
Exp. Cell Res. 313, 2010-2020 
 
SCHYMEINSKY, J., NEDBAL, S., MIOSGE, N., POSCHL, E., RAO, C., BEIER, D. 
R., SKARNES, W. C., TIMPL, R. and BADER, B. L. (2002): 
Gene structure and functional analysis of the mouse nidogen-2 gene: nidogen-2 is 
not essential for basement membrane formation in mice. 
Mol. Cell Biol. 22, 6820-6830 
 
SEJERSEN, T. and LENDAHL, U. (1993): 
Transient expression of the intermediate filament nestin during skeletal muscle 
development. 
J. Cell Sci. 106, 1291-1300 
 
SENGEL, P. (1976): 
Morphogenesis of skin. 
Oxford University Press, London 
 
SHIKATA, N., OYAIZU, T., ANDACHI, H. and TSUBURA, A. (1994): 
Tenascin expression in normal human adult skin and skin appendage tumours. 
Virchows Arch. 424, 511-516 
 
SIEBER-BLUM, M. and GRIM, M. (2004): 
The adult hair follicle: cradle for pluripotent neural crest stem cells. 
Birth Defects Res. C: Embryo Today 72, 162-172 
 
SIEBER-BLUM, M., SZEDER, V. and GRIM, M. (2004b): 
The role of NT-3 signaling in Merkel cell development. 
Prog. Brain Res. 146, 63-72 
 
SIEBER-BLUM, M., GRIM, M., HU, Y. F. and SZEDER, V. (2004a): 
Pluripotent neural crest stem cells in the adult hair follicle. 
Dev Dyn. 231, 258-269 
 
SIEBER-BLUM, M., SCHNELL, L., GRIM, M., HU, Y. F., SCHNEIDER, R. and 
SCHWAB, M. E. (2006): 
Characterization of epidermal neural crest stem cell (EPI-NCSC) grafts in the 
lesioned spinal cord. 
Mol. Cell Neurosci. 32, 67-81 
 
SIMMONS, D. L., SATTERTHWAITE, A. B., TENEN, D. G. and SEED, B. (1992): 
Molecular cloning of a cDNA encoding CD34, a sialomucin of human hematopoietic 
stem cells. 
J. Immunol. 148, 267-271 
 
 



 

 

REFERENCES  

 224 

SINGER, A. J., THODE, H. C., JR. and MCCLAIN, S. A. (2000): 
Development of a histomorphologic scale to quantify cutaneous scars after burns. 
Acad. Emerg. Med. 7, 1083-1088 
 
SINGH, R. D., HOLICKY, E. L., CHENG, Z. J., KIM, S. Y., WHEATLEY, C. L., 
MARKS, D. L., BITTMAN, R. and PAGANO, R. E. (2007): 
Inhibition of caveolar uptake, SV40 infection, and β1-integrin signalling by a 
nonnatural glycosphingolipid stereoisomer. 
J. Cell Biol. 176, 895-901 
 
SIRGI, K. E., WICK, M. R. and SWANSON, P. E. (1993): 
B72.3 and CD34 immunoreactivity in malignant epithelioid soft tissue tumours. 
Adjuncts in the recognition of endothelial neoplasms. 
Am. J. Surg. Pathol. 17, 179-185 
 
SLOMINSKI, A. and PAUS, R. (1993): 
Melanogenesis is coupled to murine anagen: toward new concepts for the role of 
melanocytes and the regulation of melanogenesis in hair growth. 
J Invest Dermatol. 101, 90S-97S 
 
SLOMINSKI, A., WORTSMAN, J., PLONKA, P. M., SCHALLREUTER, K. U., 
PAUS, R. and TOBIN, D. J. (2005): 
Hair follicle pigmentation. 
J. Invest. Dermatol. 124, 13-21 
 
SLOMINSKI, A., PAUS, R., PLONKA, P., CHAKRABORTY, A., MAURER, M., 
PRUSKI, D. and LUKIEWICZ, S. (1994): 
Melanogenesis during the anagen-catagen-telogen transformation of the murine hair 
cycle. 
J. Invest. Dermatol. 102, 862-869 
 
SMITH, F. J., JONKMAN, M. F., VAN GOOR, H., COLEMAN, C. M., COVELLO, S. 
P., UITTO, J. and MCLEAN, W. H. (1998): 
A mutation in human keratin K6b produces a phenocopy of the K17 disorder 
pachyonychia congenita type 2. 
Hum. Mol. Genet. 7, 1143-1148 
 
SMITH, J. and OCKLEFORD, C. D. (1994): 
Laser scanning confocal examination and comparison of nidogen (entactin) with 
laminin in term human amniochorion. 
Placenta 15, 95-106 
 
SOMA, T., TSUJI, Y. and HIBINO, T. (2002): 
Involvement of transforming growth factor-β2 in catagen induction during the human 
hair cycle. 
J Invest Dermatol. 118, 993-997 
 



 

 

 REFERENCES 

 225 

SOMMER, L. (2005): 
Checkpoints of melanocyte stem cell development. 
Sci. STKE 2005, 42 
 
SOPPER, S., STAHL-HENNIG, C., DEMUTH, M., JOHNSTON, I. C., DORRIES, R. 
and TER MEULEN, V. (1997): 
Lymphocyte subsets and expression of differentiation markers in blood and lymphoid 
organs of rhesus monkeys. 
Cytometry 29, 351-362 
 
SPRING, J., BECK, K. and CHIQUET-EHRISMANN, R. (1989): 
Two contrary functions of tenascin: dissection of the active sites by recombinant 
tenascin fragments. 
Cell 59, 325-334 
 
SPRINGER, T. A. and WANG, J. H. (2004): 
The three-dimensional structure of integrins and their ligands, and conformational 
regulation of cell adhesion. 
Adv. Protein Chem. 68, 29-63 
 
STAQUET, M. J., LEVARLET, B., DEZUTTER-DAMBUYANT, C., SCHMITT, D. and 
THIVOLET, J. (1990): 
Identification of specific human epithelial cell integrin receptors as VLA proteins. 
Exp. Cell Res. 187, 277-283 
 
STARK, H. J., BREITKREUTZ, D., LIMAT, A., BOWDEN, P. and FUSENIG, N. E. 
(1987): 
Keratins of the human hair follicle: ´Hyperproliferative` keratins consistently 
expressed in outer root sheath cells in vivo and in vitro. 
Differentiation 35, 236-248 
 
STEINERT, P. M. and LIEM, R. K. (1990): 
Intermediate filament dynamics. 
Cell 60, 521-523 
 
STEINERT, P. M., CHOU, Y. H., PRAHLAD, V., PARRY, D. A., MAREKOV, L. N., 
WU, K. C., JANG, S. I. and GOLDMAN, R. D. (1999): 
A high molecular weight intermediate filament-associated protein in BHK-21 cells is 
nestin, a type VI intermediate filament protein. Limited co-assembly in vitro to form 
heteropolymers with type III vimentin and type IV α-internexin. 
J. Biol. Chem. 274, 9881-9890 
 
STEINGRIMSSON, E., COPELAND, N. G. and JENKINS, N. A. (2005): 
Melanocyte stem cell maintenance and hair graying. 
Cell 121, 9-12 
 
 



 

 

REFERENCES  

 226 

STENMAN, S. and VAHERI, A. (1978): 
Distribution of a major connective tissue protein, fibronectin, in normal human 
tissues. 
J. Exp. Med. 147, 1054-1064 
 
STENN, K. S. and PAUS, R. (2001): 
Controls of hair follicle cycling. 
Physiol. Rev. 81, 449-494 
 
STENN, K. S. and COTSARELIS, G. (2005): 
Bioengineering the hair follicle: fringe benefits of stem cell technology. 
Curr. Opin. Biotechnol. 16, 493-497 
 
STEPHENS, L. E., SUTHERLAND, A. E., KLIMANSKAYA, I. V., ANDRIEUX, A., 
MENESES, J., PEDERSEN, R. A. and DAMSKY, C. H. (1995): 
Deletion of β1 integrins in mice results in inner cell mass failure and peri-implantation 
lethality. 
Genes Dev. 9, 1883-1895 
 
STRAILE, W. E., CHASE, H. B. and ARSENAULT, C. (1961): 
Growth and differentiation of hair follicles between periods of activity and quiescence. 
J. Exp. Zool. 148, 205-221 
 
SUTHERLAND, D. R. and KEATING, A. (1992): 
The CD34 antigen: structure, biology, and potential clinical applications. 
J. Hematother. 1, 115-129 
 
TADA, J. and HASHIMOTO, K. (1997): 
Ultrastructural localization of gap junction protein connexin 43 in normal human skin, 
basal cell carcinoma, and squamous cell carcinoma. 
J. Cutan. Pathol. 24, 628-635 
 
TAIPALE, J., MIYAZONO, K., HELDIN, C. H. and KESKI-OJA, J. (1994): 
Latent transforming growth factor-β1 associates to fibroblast extracellular matrix via 
latent TGF-β binding protein. 
J. Cell Biol. 124, 171-181 
 
TAIPALE, J., SAHARINEN, J., HEDMAN, K. and KESKI-OJA, J. (1996): 
Latent transforming growth factor-β1 and its binding protein are components of 
extracellular matrix microfibrils. 
J. Histochem. Cytochem. 44, 875-889 
 
TAKADA, Y. and PUZON, W. (1993): 
Identification of a regulatory region of integrin β1 subunit using activating and 
inhibiting antibodies. 
J. Biol. Chem. 268, 17597-17601 
 



 

 

 REFERENCES 

 227 

TANI, H., MORRIS, R. J. and KAUR, P. (2000): 
Enrichment for murine keratinocyte stem cells based on cell surface phenotype. 
Proc. Natl. Acad. Sci. U S A 97, 10960-10965 
 
TAYLOR, G., LEHRER, M. S., JENSEN, P. J., SUN, T. T. and LAVKER, R. M. 
(2000): 
Involvement of follicular stem cells in forming not only the follicle but also the 
epidermis. 
Cell 102, 451-461 
 
TERAUCHI, M., KOI, H., HAYANO, C., TOYAMA-SORIMACHI, N., KARASUYAMA, 
H., YAMANASHI, Y., ASO, T. and SHIRAKATA, M. (2003): 
Placental extravillous cytotrophoblasts persistently express class I major 
histocompatibility complex molecules after human cytomegalovirus infection. 
J. Virol. 77, 8187-8195 
 
TERLING, C., RASS, A., MITSIADIS, T. A., FRIED, K., LENDAHL, U. and 
WROBLEWSKI, J. (1995): 
Expression of the intermediate filament nestin during rodent tooth development. 
Int. J. Dev. Biol. 39, 947-956 
 
TIEDE, S. and PAUS, R. (2006): 
Lhx2-decisive role in epithelial stem cell maintenance, or just the ´tip of the iceberg`? 
Bioessays 28, 1157-1160 
 
TIEDE, S., KLOEPPER, J. E., WHITING, D. A. and PAUS, R. (2007b): 
The ´follicular trochanter`: an epithelial compartment of the human hair follicle bulge 
region in need of further characterization. 
Br. J. Dermatol. 157, 1013-1016 
 
TIEDE, S., KLOEPPER, J. E., BODO, E., TIWARI, S., KRUSE, C. and PAUS, R. 
(2007a): 
Hair follicle stem cells: walking the maze. 
Eur. J. Cell Biol. 86, 355-376 
 
TIEDEMANN, K., BATGE, B., MÜLLER, P. K. and REINHARDT, D. P. (2001): 
Interactions of fibrillin-1 with heparin / heparan sulfate, implications for microfibrillar 
assembly. 
J. Biol. Chem. 276, 36035-36042 
 
TIMPL, R. and BROWN, J. C. (1996): 
Supramolecular assembly of basement membranes. 
Bioessays 18, 123-132 
 
TIMPL, R., DZIADEK, M., FUJIWARA, S., NOWACK, H. and WICK, G. (1983): 
Nidogen: a new, self-aggregating basement membrane protein. 
Eur. J. Biochem. 137, 455-465 



 

 

REFERENCES  

 228 

TOBIN, D. J. and PAUS, R. (2001): 
Graying: gerontobiology of the hair follicle pigmentary unit. 
Exp. Gerontol. 36, 29-54 
 
TOBIN, D. J., HAGEN, E., BOTCHKAREV, V. A. and PAUS, R. (1998): 
Do hair bulb melanocytes undergo apoptosis during hair follicle regression 
(catagen)? 
J. Invest. Dermatol. 111, 941-947 
 
TOBIN, D. J., GUNIN, A., MAGERL, M., HANDIJSKI, B. and PAUS, R. (2003): 
Plasticity and cytokinetic dynamics of the hair follicle mesenchyme: implications for 
hair growth control. 
J. Invest. Dermatol. 120, 895-904 
 
TOMA, J. G., MCKENZIE, I. A., BAGLI, D. and MILLER, F. D. (2005): 
Isolation and characterization of multipotent skin-derived precursors from human 
skin. 
Stem Cells 23, 727-737 
 
TOMA, J. G., AKHAVAN, M., FERNANDES, K. J., BARNABE-HEIDER, F., 
SADIKOT, A., KAPLAN, D. R. and MILLER, F. D. (2001): 
Isolation of multipotent adult stem cells from the dermis of mammalian skin. 
Nat. Cell Biol. 3, 778-784 
 
TRAN VAN NHIEU, G. and ISBERG, R. R. (1993): 
Bacterial internalization mediated by β1 chain integrins is determined by ligand 
affinity and receptor density. 
EMBO J. 12, 1887-1895 
 
TREMPUS, C. S., MORRIS, R. J., BORTNER, C. D., COTSARELIS, G., 
FAIRCLOTH, R. S., REECE, J. M. and TENNANT, R. W. (2003): 
Enrichment for living murine keratinocytes from the hair follicle bulge with the cell 
surface marker CD34. 
J. Invest. Dermatol. 120, 501-511 
 
TUMBAR, T., GUASCH, G., GRECO, V., BLANPAIN, C., LOWRY, W. E., RENDL, 
M. and FUCHS, E. (2004): 
Defining the epithelial stem cell niche in skin. 
Science 303, 359-363 
 
TUNGGAL, J., WARTENBERG, M., PAULSSON, M. and SMYTH, N. (2003): 
Expression of the nidogen-binding site of the laminin gamma1 chain disturbs 
basement membrane formation and maintenance in F9 embryoid bodies. 
J Cell Sci. 116, 803-812 
 
 
 



 

 

 REFERENCES 

 229 

TYNER, A. L. and FUCHS, E. (1986): 
Evidence for posttranscriptional regulation of the keratins expressed during 
hyperproliferation and malignant transformation in human epidermis. 
J. Cell Biol. 103, 1945-1955 
 
TYNER, A. L., EICHMAN, M. J. and FUCHS, E. (1985): 
The sequence of a type II keratin gene expressed in human skin: conservation of 
structure among all intermediate filament genes. 
Proc. Natl. Acad. Sci. USA 82, 4683-4687 
 
UENO, H., YAMADA, Y., WATANABE, R., MUKAI, E., HOSOKAWA, M., 
TAKAHASHI, A., HAMASAKI, A., FUJIWARA, H., TOYOKUNI, S., YAMAGUCHI, 
M., TAKEDA, J. and SEINO, Y. (2005): 
Nestin-positive cells in adult pancreas express amylase and endocrine precursor 
cells. 
Pancreas 31, 126-131 
 
UNNA, P.G. (1876): 
Beiträge zur Histologie und Entwicklungsgeschichte der menschlichen Oberhaut und 
ihrer Anhangsgebilde. 
Arch. Mikroskop Anat. Entwicklungsmechan. 12, 665-741 
 
VAITTINEN, S., LUKKA, R., SAHLGREN, C., HURME, T., RANTANEN, J., 
LENDAHL, U., ERIKSSON, J. E. and KALIMO, H. (2001): 
The expression of intermediate filament protein nestin as related to vimentin and 
desmin in regenerating skeletal muscle. 
J. Neuropathol. Exp. Neurol. 60, 588-597 
 
VAN BAAR, H. M., PERRET, C. M., VAN VLIJMEN-WILLEMS, I. M., CLEUTJENS, 
J. P., MACKIE, E. J., HAPPLE, R. and SCHALKWIJK, J. (1991): 
Expression of tenascin in perifollicular connective tissue: comparison of normal scalp 
and alopecia areata. 
Arch. Dermatol. Res. 283, 86-90 
 
VAN DER NEUT, R., KRIMPENFORT, P., CALAFAT, J., NIESSEN, C. M. and 
SONNENBERG, A. (1996): 
Epithelial detachment due to absence of hemidesmosomes in integrin β4 null mice. 
Nat. Genet. 13, 366-369 
 
VAN GENDEREN, C., OKAMURA, R. M., FARINAS, I., QUO, R. G., PARSLOW, T. 
G., BRUHN, L. and GROSSCHEDL, R. (1994): 
Development of several organs that require inductive epithelial-mesenchymal 
interactions is impaired in LEF-1-deficient mice. 
Genes Dev. 8, 2691-2703 
 
 
 



 

 

REFERENCES  

 230 

VANDERWINDEN, J. M., RUMESSEN, J. J., DE LAET, M. H., VANDERHAEGHEN, 
J. J. and SCHIFFMANN, S. N. (2000): 
CD34 immunoreactivity and interstitial cells of Cajal in the human and mouse 
gastrointestinal tract. 
Cell Tissue Res. 302, 145-153 
 
VEENSTRA, R. D. (1996): 
Size and selectivity of gap junction channels formed from different connexins. 
J. Bioenerg. Biomembr. 28, 327-337 
 
VIDAL, V. P., CHABOISSIER, M. C., LUTZKENDORF, S., COTSARELIS, G., MILL, 
P., HUI, C. C., ORTONNE, N., ORTONNE, J. P. and SCHEDL, A. (2005): 
Sox9 is essential for outer root sheath differentiation and the formation of the hair 
stem cell compartment. 
Curr. Biol. 15, 1340-1351 
 
VIEITES, J. M., DE LA TORRE, R., ORTEGA, M. A., MONTERO, T., PECO, J. M., 
SANCHEZ-POZO, A., GIL, A. and SUAREZ, A. (2003): 
Characterization of human cd200 glycoprotein receptor gene located on 
chromosome 3q12-13. 
Gene 311, 99-104 
 
WAGERS, A. J. and WEISSMAN, I. L. (2004): 
Plasticity of adult stem cells. 
Cell 116, 639-648 
 
WAIKEL, R. L., KAWACHI, Y., WAIKEL, P. A., WANG, X. J. and ROOP, D. R. 
(2001): 
Deregulated expression of c-Myc depletes epidermal stem cells. 
Nat. Genet. 28, 165-168 
 
WANG, Z., WONG, P., LANGBEIN, L., SCHWEIZER, J. and COULOMBE, P. A. 
(2003): 
Type II epithelial keratin 6hf (K6hf) is expressed in the companion layer, matrix, and 
medulla in anagen-stage hair follicles. 
J. Invest. Dermatol. 121, 1276-1282 
 
WANG, Y., ZHANG, Y., ZENG, Y., ZHENG, Y., FU, G., CUI, Z. and YANG, T. 
(2006): 
Patterns of nestin expression in human skin. 
Cell Biol. Int. 30, 144-148 
 
WASEEM, A., LANE, E. B., HARRISON, D. and WASEEM, N. (1996): 
A keratin antibody recognizing a heterotypic complex: epitope mapping to 
complementary locations on both components of the complex. 
Exp. Cell Res. 223, 203-214 
 



 

 

 REFERENCES 

 231 

WASEEM, A., DOGAN, B., TIDMAN, N., ALAM, Y., PURKIS, P., JACKSON, S., 
LALLI, A., MACHESNEY, M. and LEIGH, I. M. (1999): 
Keratin 15 expression in stratified epithelia: downregulation in activated 
keratinocytes. 
J. Invest. Dermatol. 112, 362-369 
 
WATT, F. M. (2002): 
Role of integrins in regulating epidermal adhesion, growth and differentiation. 
EMBO J. 21, 3919-3926 
 
WATT, S. M., KARHI, K., GATTER, K., FURLEY, A. J., KATZ, F. E., HEALY, L. E., 
ALTASS, L. J., BRADLEY, N. J., SUTHERLAND, D. R., LEVINSKY, R. and ET AL. 
(1987): 
Distribution and epitope analysis of the cell membrane glycoprotein (HPCA-1) 
associated with human hemopoietic progenitor cells. 
Leukemia 1, 417-426 
 
WAYNER, E. A., GIL, S. G., MURPHY, G. F., WILKE, M. S. and CARTER, W. G. 
(1993): 
Epiligrin, a component of epithelial basement membranes, is an adhesive ligand for 
α3β1 positive T lymphocytes. 
J. Cell Biol. 121, 1141-1152 
 
WEBB, A., LI, A. and KAUR, P. (2004): 
Location and phenotype of human adult keratinocyte stem cells of the skin. 
Differentiation 72, 387-395 
 
WEBER, P., MONTAG, D., SCHACHNER, M. and BERNHARDT, R. R. (1998): 
Zebrafish tenascin-W, a new member of the tenascin family. 
J. Neurobiol. 35, 1-16 
 
WEGNER, M. and STOLT, C. C. (2005): 
From stem cells to neurons and glia: a Soxist's view of neural development. 
Trends Neurosci. 28, 583-588 
 
WEISS, R. A., EICHNER, R. and SUN, T. T. (1984): 
Monoclonal antibody analysis of keratin expression in epidermal diseases: a 48- and 
56-kdalton keratin as molecular markers for hyperproliferative keratinocytes. 
J. Cell Biol. 98, 1397-1406 
 
WHITING, D. A. (2004): 
The structure of the human hair follicle.  
Canfield Publishing, Fairfield New Jersey 
 
WHITTARD, J. D. and AKIYAMA, S. K. (2001): 
Positive regulation of cell-cell and cell-substrate adhesion by protein kinase A. 
J. Cell Sci. 114, 3265-3272 



 

 

REFERENCES  

 232 

WIESE, C., ROLLETSCHEK, A., KANIA, G., BLYSZCZUK, P., TARASOV, K. V., 
TARASOVA, Y., WERSTO, R. P., BOHELER, K. R. and WOBUS, A. M. (2004): 
Nestin expression--a property of multi-lineage progenitor cells? 
Cell Mol. Life Sci. 61, 2510-2522 
 
WILGENBUS, K. K., KIRKPATRICK, C. J., KNUECHEL, R., WILLECKE, K. and 
TRAUB, O. (1992): 
Expression of Cx26, Cx32 and Cx43 gap junction proteins in normal and neoplastic 
human tissues. 
Int. J. Cancer. 51, 522-529 
 
WILLEM, M., MIOSGE, N., HALFTER, W., SMYTH, N., JANNETTI, I., BURGHART, 
E., TIMPL, R. and MAYER, U. (2002): 
Specific ablation of the nidogen-binding site in the laminin gamma1 chain interferes 
with kidney and lung development. 
Development 129, 2711-2722 
 
WINTER, H., LABREZE, C., CHAPALAIN, V., SURLEVE-BAZEILLE, J. E., 
MERCIER, M., ROGERS, M. A., TAIEB, A. and SCHWEIZER, J. (1998a): 
A variable monilethrix phenotype associated with a novel mutation, Glu402Lys, in the 
helix termination motif of the type II hair keratin hHb1. 
J. Invest. Dermatol. 111, 169-172 
 
WINTER, H., LANGBEIN, L., PRAETZEL, S., JACOBS, M., ROGERS, M. A., 
LEIGH, I. M., TIDMAN, N. and SCHWEIZER, J. (1998b): 
A novel human type II cytokeratin, K6hf, specifically expressed in the companion 
layer of the hair follicle. 
J. Invest. Dermatol. 111, 955-962 
 
WOJCIK, S. M., LONGLEY, M. A. and ROOP, D. R. (2001): 
Discovery of a novel murine keratin 6 (K6) isoform explains the absence of hair and 
nail defects in mice deficient for K6a and K6b. 
J. Cell Biol. 154, 619-630 
 
WONG, P., COLUCCI-GUYON, E., TAKAHASHI, K., GU, C., BABINET, C. and 
COULOMBE, P. A. (2000): 
Introducing a null mutation in the mouse K6α and K6β genes reveals their essential 
structural role in the oral mucosa. 
J. Cell Biol. 150, 921-928 
 
WRIGHT, G. J., JONES, M., PUKLAVEC, M. J., BROWN, M. H. and BARCLAY, A. 
N. (2001): 
The unusual distribution of the neuronal / lymphoid cell surface CD200 (OX2) 
glycoprotein is conserved in humans. 
Immunology 102, 173-179 
 



 

 

 REFERENCES 

 233 

WRIGHT, G. J., PUKLAVEC, M. J., WILLIS, A. C., HOEK, R. M., SEDGWICK, J. D., 
BROWN, M. H. and BARCLAY, A. N. (2000): 
Lymphoid / neuronal cell surface OX2 glycoprotein recognizes a novel receptor on 
macrophages implicated in the control of their function. 
Immunity 13, 233-242 
 
WRIGHT, G. J., CHERWINSKI, H., FOSTER-CUEVAS, M., BROOKE, G., 
PUKLAVEC, M. J., BIGLER, M., SONG, Y., JENMALM, M., GORMAN, D., 
MCCLANAHAN, T., LIU, M. R., BROWN, M. H., SEDGWICK, J. D., PHILLIPS, J. H. 
and BARCLAY, A. N. (2003): 
Characterization of the CD200 receptor family in mice and humans and their 
interactions with CD200. 
J. Immunol. 171, 3034-3046 
 
WU, H., STANLEY, J. R. and COTSARELIS, G. (2003): 
Desmoglein isotype expression in the hair follicle and its cysts correlates with type of 
keratinization and degree of differentiation. 
J. Invest. Dermatol. 120, 1052-1057 
 
YAMAMOTO, O., HAMADA, T., DOI, Y., SASAGURI, Y. and HASHIMOTO, H. 
(2002): 
Immunohistochemical and ultrastructural observations of desmoplastic 
trichoepithelioma with a special reference to a morphological comparison with normal 
apocrine acrosyringeum. 
J. Cutan. Pathol. 29, 15-26 
 
YANG, J., CHENG, L., YAN, Y., BIAN, W., TOMOOKA, Y., SHIURBA, R. and JING, 
N. (2001): 
Mouse nestin cDNA cloning and protein expression in the cytoskeleton of transfected 
cells. 
Biochim. Biophys. Acta. 1520, 251-254 
 
YANO, K., BROWN, L. F. and DETMAR, M. (2001): 
Control of hair growth and follicle size by VEGF-mediated angiogenesis. 
J. Clin. Invest. 107, 409-417 
 
YIN, W., SMILEY, E., GERMILLER, J., MECHAM, R. P., FLORER, J. B., 
WENSTRUP, R. J. and BONADIO, J. (1995): 
Isolation of a novel latent transforming growth factor-β binding protein gene (LTBP-
3). 
J. Biol. Chem. 270, 10147-10160 
 
YOUNG, P. E., BAUMHUETER, S. and LASKY, L. A. (1995): 
The sialomucin CD34 is expressed on hematopoietic cells and blood vessels during 
murine development. 
Blood 85, 96-105 
 



 

 

REFERENCES  

 234 

YU, H., FANG, D., KUMAR, S. M., LI, L., NGUYEN, T. K., ACS, G., HERLYN, M. 
and XU, X. (2006): 
Isolation of a novel population of multipotent adult stem cells from human hair 
follicles. 
Am. J. Pathol. 168, 1879-1888 
 
ZHANG, H., HU, W. and RAMIREZ, F. (1995): 
Developmental expression of fibrillin genes suggests heterogeneity of extracellular 
microfibrils. 
J. Cell Biol. 129, 1165-1176 
 
ZHANG, Y., XIANG, M., WANG, Y., YAN, J., ZENG, Y., YU, J. and YANG, T. 
(2006): 
Bulge cells of human hair follicles: segregation, cultivation and properties. 
Colloids Surf B: Biointerfaces 47, 50-56 
 
ZHANG, H., APFELROTH, S. D., HU, W., DAVIS, E. C., SANGUINETI, C., 
BONADIO, J., MECHAM, R. P. and RAMIREZ, F. (1994): 
Structure and expression of fibrillin-2, a novel microfibrillar component preferentially 
located in elastic matrices. 
J. Cell Biol. 124, 855-863 
 
ZHENG, Y., DU, X., WANG, W., BOUCHER, M., PARIMOO, S. and STENN, K. 
(2005): 
Organogenesis from dissociated cells: generation of mature cycling hair follicles from 
skin-derived cells. 
J. Invest. Dermatol. 124, 867-876 
 
ZHOU, M., LI, X. M. and LAVKER, R. M. (2006): 
Transcriptional profiling of enriched populations of stem cells versus transient 
amplifying cells. A comparison of limbal and corneal epithelial basal cells. 
J. Biol. Chem. 281, 19600-19609 
 
ZIMMERMAN, L., PARR, B., LENDAHL, U., CUNNINGHAM, M., MCKAY, R., 
GAVIN, B., MANN, J., VASSILEVA, G. and MCMAHON, A. (1994): 
Independent regulatory elements in the nestin gene direct transgene expression to 
neural stem cells or muscle precursors. 
Neuron. 12, 11-24 
 



 

 

 ANNEX 

 235 

9 ANNEX 

Tab. 9.1: Reported IR patterns of human HF in situ 

Previously reported human immunophenotyping results in situ of HFs. APM: Arrector pili muscle, BM: 
Basement membrane, CTS: Connective tissue sheath, DP: Dermal papilla, EGA: Estimated 
gestational age, FT: Follicular trochanter, HF: Hair follicle, HM: Hair matrix, HS: Hair shaft, IR: 
Immunoreactivity, IRS: Inner root sheath, MK: Matrix keratinocyte, ORS: Outer root sheath, SG: 
Sebaceous gland. 
 
Antigen Primary 

antibody 
Previously reported 
IR pattern of human 
HF in situ 

Comments References 

CD8 (clone 
C8/144b) 

- Bulge in anagen, 
catagen, telogen and 
early anagen HFs 
- Isolated cells in the 
suprabulbar ORS as 
well 

- Lyle was the first 
describing CK15+ 
bulge cells 
- Bulge shown as: 
proximal part of the 
isthmus and distal part 
of the lower follicle 

(LYLE et al. 
1998) 

LHK15  - Absent in hair bulb, 
present in cells of the 
ORS located above the 
hair bulb 

- Waseem has 
produced the LHK15 
clone 

(WASEEM et 
al. 1999) 

Mouse anti-
human CK15 
(clone LHK15, 
Chemicon) 

- FT  (TIEDE et al. 
2007b) 

Mouse anti-
human CK15 
(clone LHK15, 
Chemicon) 

- Outermost layer of the 
ORS in the bulge and in 
the lower HF 

 (TIEDE et al. 
2007a) 

CK15 (clone 
C8/144B, 
DAKO) 

- No co-expression with 
CK19+ cells in upper 
ORS and lower ORS in 
anagen HF 

 (COMMO et 
al. 2000) 

No information 
about antibody 

- Bulge cells are 
detected preferentially 

- Bulge marks the 
lower end of the 
permanent follicle 

(COTSARELI
S 2006a) 

MAb C8/144 - Predominantly 
detected in the 
outermost layer of the 
ORS between the 
insertion point of the 
APM and the SG 

- Bulge shown as: 
ORS from the region, 
upper border SG and 
lower border APM 
insertion site  
- Using laser capture 
microdissection and 
microarray analysis  

(OHYAMA et 
al. 2006) 

Cytokeratin 
15  
(CK15) 

LHK15 
(Chemicon, 
Temecula, 
California) 
 

- Variable staining of the 
infundibulum 
- ORS just below the 
entrance of the SG 
involving the bulge 
region 
- No staining of the hair 
bulb  

- Laser-mediated hair 
removal 
- CD34 IR of 
suprabulbar ORS does 
not colocalize with 
CK15 

(ORRINGER 
et al. 2006) 
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LHK15 and 
C8/144B 

- Outermost layer of the 
ORS in the bulge in 
anagen, catagen and 
telogen HFs 
- A few positive cells 
were also detected in 
the ORS just above the 
bulb 
 

- At the level of the 
isthmus, between the 
SG duct and down to 
the insertion of the 
APM (bulge zone) 
- Does not overlap with 
CD34 
- LHK15 and C8/144B 
show the same IR 
pattern 

(POBLET et 
al. 2006) 

C8/144B 
(DAKO, 
Copenhagen, 
Denmark)  

- Basal cells of the ORS 
of the HF bulge show 
cytoplasmic labelling  

 (KANITAKIS 
et al. 1999) 

C8/144B 
(DAKO, 
Copenhagen, 
Denmark) 

- Basal cells of the ORS 
show cytoplasmic 
labelling, restricted to 
the bulge 

 (MINAMI et 
al. 2004) 

LHK15 
Neomarkers 
(Freemont, CA, 
USA) 
 

- Anagen HF: 1. 
Outermost layer of the 
ORS of the isthmus in 
the upper segment, 2. 
ORS above the hair 
bulb 
- Catagen HF: upper 
part of the epithelial 
strand and the germ 
capsule 
- Telogen HF: outermost 
layer of the ORS and 
weak IR in the 
secondary hair germ 
and matrix 

- Used normal human 
scalp skin 
- Isthmus is including 
the bulge area 
 

(OZAWA et 
al. 2004) 

C8/144B 
(DAKO, 
Copenhagen, 
Denmark) 

- In anagen, catagen 
and telogen HFs K15 
highlights the bulge area 

- A few Oct4-positive 
cells are present within 
the CK15-highlighted 
areas  

(YU et al. 
2006) 

LHK15 
(Novocastra, 
Newcastle, UK) 
 
C8/144B 
(DAKO, Kyoto, 
Japan) 

- IR in the basal cells of 
the bulge in vellus HF 
and terminal HF during 
all hair cycle stages 
 

- Both antibodies had 
no basic difference in 
IR patterns 
 

(MISAGO 
and 
NARISAWA 
2006) 

CK15 (clone 
LHK15 
Novocastra, 
New-castle-
upon-Tyne, UK) 

- Outermost layer of the 
upper and middle 
portions of the ORS and 
in a group of the cells in 
the bulge area 

 (YAMAMOT
O et al. 2002) 

LHK15 
(WASEEM et al. 
1999) 

- CK15 is only 
expressed from the mid 
region of the isthmus 
(middle of the upper 
ORS) to the lower ORS 
of the hair follicle bulb 
- CK15 was not 

- Region of attachment 
of the APM is defined 
as bulge 

(GHALI et al. 
2004) 
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expressed in either the 
upper ORS or the lower 
follicle bulb  
-Secondary hair germ of 
telogen HF is positive 
for CK15 

Mouse anti-
human CK19 
(Ks 19.1, IBL, 
Cambridge) 

- Bulge cells in anagen 
and telogen HFs 
 

- Bulge: below the SG, 
the deepest region of 
the permanent portion 
- Used hairy and 
glabrous skin 
- CK19 cells are also 
α3β1-bright cells 

(MICHEL et 
al. 1996) 

Mouse anti-
human CK19, 
LPK2 

- Cells in the bulge and 
the outermost layer of 
the ORS along the 
whole HF 

- Used lanugo HFs 
 

(AKIYAMA et 
al. 2000) 

Mouse anti-
CK19 (clone 
19.1, Progen) 

- FT  (TIEDE et al. 
2007b) 

CK19 (Am. Res. 
Products, clone 
Ks19.1) 

- Throughout the ORS; 
bulge and bulb areas 

- Bulge shown as: 
proximal part of the 
isthmus and distal part 
of the lower follicle 

(LYLE et al. 
1998) 

CK19 (clone 
Ks19.1, Progen, 
Heidelberg, 
Germany) 

- Cryosections: Upper 
ORS and lower ORS in 
anagen HFs  
- Catagen HFs: 
epithelial column and in 
the ORS at the club hair 
level and above 
- Early anagen HFs: 
around the club hair of 
the previous HF and in 
the lower part of the 
growing epithelium 
- Telogen HFs: 
throughout the telogen 
capsule  

- Stained whole HFs 
(dispase / micro-
dissected) 
 

(COMMO et 
al. 2000) 

Anti-human 
CK19  

- ORS in the bulge - Bulge is a protrusion 
- Used human scalp 
skin from the nape of 
the neck 

(ZHANG et 
al. 2006) 

Mouse anti-
human CK19 
(Santa Cruz) 

- IR restricted to the 
bulge ORS 

 (WANG et al. 
2006) 

CK19 (clone 
Ks.19.1, Sigma, 
St Louis, MO, 
USA) 

- ORS: 1. Below the 
entrance of the SG, 2. 
lower portion of the HF 

- Laser-mediated hair 
removal 
- CK15 and CD34 
colocalize with CK19 

(ORRINGER 
et al. 2006) 

Mab Ks19.1 - IR in the bulge and in 
the infundibulum 

 (NARISAWA 
et al. 1994a) 

Cytokeratin 
19 
(CK19) 

Mouse 
monoclonal 
antibody anti-
CK19 cod. 

- Positive cells in the 
ORS  

- CK19 and TUNEL-
positive cells should 
demonstrate stem cell 
apoptosis in HIV 

(BARCAUI et 
al. 2006) 
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NCLCK19, 
Novocastra 
Laboratory, 
Newcastle upon 
Tyne, UK 

patient with diffuse 
alopecia 
- Horizontal cut at the 
bulge level (the 
proximal APM insertion 
indicates the bulge 
level) 
 

LHP2K against 
CK19 

- Bulge and lower ORS 
of the HF 
- Sometimes IR was 
continuous in lower and 
upper ORS 
-Secondary hair germ of 
telogen HF  

 (GHALI et al. 
2004) 

Mouse anti-
CK19 (Sigma) 

- CK19-expressing 
bulge region 
 

 (MATIC et al. 
2002) 

CK19 (clones 
RCK108 and 
LP2K) 

- Two distinct areas 
from skin biopsies are 
positive (upper ORS 
and lower ORS) 
- Most peripheral layer 
of the ORS is positive 

 (GHO et al. 
2004) 

CK19 (clone 
RCK108, 
DAKO, 
Glostrup, 
Denmark) 

- Basal layer between 
the lower part of the 
isthmus and the upper 
transient portions of the 
ORS in early anagen 
phase and the telogen 
bulb 
- Outermost layer of the 
middle to lower ORS in 
some HFs 

 (YAMAMOT
O et al. 2002) 

mAb CK19 
(clone 
RPN1165) 
 

- Constant expression in 
the ORS and bulge 
region of vellus HFs 
- Showed variable 
expression in basal cell 
carcinoma ORS 

 (KRÜGER et 
al. 1999) 

CK19 (Santa 
Cruz 
Biotechnology, 
CA, USA) 
 

- Anagen HF: 1. 
Outermost layer of the 
ORS of the isthmus in 
the upper segment, 2. 
ORS above the hair 
bulb 
- Catagen HF: upper 
part of the epithelial 
strand and the germ 
capsule 
- Telogen HF: outermost 
layer of the ORS and 
weak IR in the 
secondary hair germ 
and matrix 
 

- Used normal human 
scalp skin 
 

(OZAWA et 
al. 2004) 
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CD200 
(Serotec, clone 
MRC OX104) 

- Expressed in the bulge 
ORS and in the 
companion layer of 
anagen HFs 

- Bulge: ORS from the 
region, upper border 
SG and lower border 
APM insertion site (per 
given definition: 
bulge=isthmus) 
- Used anti-desmin 
(D33) to show the 
APM 
- Using laser capture 
microdissection and 
microarray analysis 

(OHYAMA et 
al. 2006) 

Mouse anti-
human CD200 
(clone MRC 
OX104, 
Serotec) 

- FT  (TIEDE et al. 
2007b) 

CD200 

 - CD200 is identified on 
human bulge cells using 
laser capture 
microdissection and 
microarray analysis by 
(OHYAMA et al. 2006) 

- Bulge marks the 
lower end of the 
permanent follicle 
(bulge: proximal part of 
the isthmus and distal 
part of the lower 
follicle) 

(COTSARE-
LIS 2006a) 

Anti-human 
tenascin-C 
monoclonal 
antibody (RCB 
1) 

- Intense perifollicular 
staining in the lower part 
of the HF and the hair 
bulb 

 (SHIKATA et 
al. 1994) 

Monoclonal 
anti-human 
tenascin-C 
antibody (clone 
T2H5, Progen 
Biotechnik 
GmbH, 
Heidelberg, 
Germany) 

- Perifollicular 
mesenchyme around 
the hair peg especially 
in the upper part of the 
hair peg  
- DP cells in the lanugo 
HF 

- Skin samples from 
human fetal 
developing skin 
 

(AKIYAMA et 
al. 1999) 

Mouse anti-
tenascin-C 
(clone 143DB7, 
Biohit, Helsinki, 
Finnland) 

- Fibrous sheathes of 
HFs in some specimens 
 

- Punch biopsies taken (DANG et al. 
2006) 

Mouse anti-
human 
tenascin-C 
(clone DB7, 
Biomol) 

- FT  (TIEDE et al. 
2007b) 

Tenascin-C 

Antiserum 
against 
tenascin-C 
purified from rat 
embryo 
fibroblasts 
cultures raised 
in rabbits 

- Perifollicular CTS, 
connective tissue 
papilla, DP, APM 

- Normal human scalp 
used 

(VAN BAAR 
et al. 1991) 
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Antiserum 
against 
tenascin-C 
purified from rat 
embryo 
fibroblasts 
cultures raised 
in rabbits 

- Continuous and 
intense IR around HFs  

- Used normal human 
skin 

(SCHALKWIJ
K et al. 
1991b) 

Clone F9A5 (W. 
Carter, Fred 
Hutchinson 
Cancer 
Research 
Center, Seatle, 
WA, USA) 

-Tenascin-C IR 
remained prominent in 
the BM zone and 
extracellular matrix of 
the HF sheath during 
subsequent 
morphogenetic stages 

- HF morphogenesis in 
fetal human skin 
- Two forms of 
tenascin were revealed 
by Western blots 

(KAPLAN 
and 
HOLBROOK 
1994) 

α6 integrin 
(MoAb 1972, 
Chemicon, 
Billerica, USA) 

- Basal pole of the 
matrix cells surrounding 
the DP, vitreous 
membrane above the 
Auber’s line 
- Basal pole of the basal 
lower ORS cells 

- Unfixed cryosections (COMMO 
and 
BERNARD 
1997) 

Mouse anti-
human α6 
integrin (clone 
4F10, 
Chemicon) 

- FT  (TIEDE et al. 
2007b) 

α6 integrin (gift 
from Dr. 
Sonnenberg, 
Netherlands) 

- Strong IR in the upper 
part of the BM zone 
outside the HF, intensity 
became weaker towards 
the lower part 

 (JOUBEH et 
al. 2003) 

GoH3 (rat) (gift 
from Dr. 
Sonnenberg, 
Netherlands) 

- BM zone: upper and 
middle part of the HF, 
not detectable around 
the hair bulb, weak 
around DP 

 (CHUANG et 
al. 2003) 

α6 integrin 

4F10 against  
α6 integrin (LI et 
al. 1998) 

- Bulge and lower ORS 
of the HF 
- Sometimes IR was 
continuous in lower and 
upper ORS 
-Secondary hair germ of 
telogen HF 

 (GHALI et al. 
2004) 

Mouse anti-
human  
β1 integrin, 
clone DE9, 
Upstate 
Biotech. 

- Entire hair germ and 
outer cells of the hair 
peg 
- Outermost layer of the 
ORS and mid portion of 
the lanugo HF 

- Human fetus skin, 
lanugo HFs 

(AKIYAMA et 
al. 2000) 

β1 integrin 

FITC-conj. anti-
β1 integrin 
(DAKO, 
Copenhagen, 
Denmark) 

- Basal layer of the ORS 
in the upper portion of 
the anagen HF 

- Double exposure of 
β1 integrin and 
C8/144B 
- Bulge shown as: 
proximal part of the 
isthmus + distal part of 

(LYLE et al. 
1998) 



 

 

 ANNEX 

 241 

the lower follicle 
Anti-human β1 
integrin  

- ORS in the bulge - Bulge is a protrusion 
- Used human scalp 
skin from the nape of 
the neck 

(ZHANG et 
al. 2006) 

P5D2 against 
β1 integrin 
(DITTEL et al. 
1993) 

- Expressed throughout 
the basal layer of the 
ORS of the whole HF, 
not restricted to the 
bulge 

- Eccrine sweat glands 
were as well positive 

(GHALI et al. 
2004) 

Anti-human 
plasma 
fibronectin 
(Sigma) 

- APM  (GRASSEL 
et al. 1999) 

Human plasma 
fibronectin 
raised in rabbits 

- Especially abundant in 
BM  

- Studied different 
human tissues (skin, 
spleen, lymph node, 
artery, lung, muscle, 
liver, etc.) 

(STENMAN 
and VAHERI 
1978) 

Fibronectin 

Anti-plasma 
fibronectin 
(clone F7387, 
Sigma Chemical 
Co., St. Louis, 
USA) 

- Perifollicular CTS, DP, 
APM 

- Normal human scalp (VAN BAAR 
et al. 1991) 

Nidogen Rabbit anti-
human Nidogen 
(Calbiochem) 

- FT  (TIEDE et al. 
2007b) 

LTBP-1 Rabbit anti-
human LTBP-1 
(BD 
Pharmingen) 

- CTS of the HF  (ISOGAI et 
al. 2003) 

CD34 - Expression is low or 
absent in bulge ORS 
cells (2 out of 3) 
- Expressed in the 
suprabulbar ORS 

- RNA-expression as 
well 

(OHYAMA et 
al. 2006) 

 - Not expressed by 
bulge cells which do 
express CK15 (telogen 
HF) 
- Lower ORS cells 
express CD34 (anagen 
HF) 

- Bulge: proximal part 
of the isthmus and 
distal part of the lower 
follicle (double pos 
cells: CD34+ cells may 
be immediate 
descendents of CK15+ 
stem cells of the bulge) 
- Using laser capture 
microdissection and 
microarray analysis 

(COTSARELI
S 2006a) 

CD34 

Mouse anti-
human CD34 
(clone QBEND 
10, Acris, 
Hiddenhausen, 
Germany) 

- High expression in all 
the HF bulge regions 

- Used stripped HFs 
from the occipital scalp 
region 
- Say but do not show 
that CK15 and CK19 
are found in the ORS 
- We used the same 
antibody clone 

(RAPOSIO et 
al. 2007) 
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CD34 (clone 
QBEND 10, 
Biogenex, San 
Ramon, 
Californien, 
USA) 

- ORS above the hair 
bulb and often about 
half of the length of the 
HF 

- Laser-mediated hair 
removal 
- CD34 IR does not 
colocalize with CK15 
- Bulge: proximal part 
of the isthmus + distal 
part of the lower follicle  

(ORRINGER 
et al. 2006) 

CD34 (clone 
QBEND 10, 
DAKO, 
Copenhagen, 
Denmark) 

- Most peripheral layer 
of the ORS in the 
transient portion of the 
HF, below the isthmus 
and above the matrix 
cells 
- Not detected in 
catagen or telogen HFs 

- At the level of the 
isthmus, between the 
SG duct and down to 
the insertion of the 
APM (bulge zone)  
- Does not overlap with 
CK15 
- Same clone as we 
have used 

(POBLET et 
al. 2006) 

CD34 (clone 
QBEND 10, 
DAKO, 
Copenhagen, 
Denmark) 

- Membranous staining 
of the ORS cells 
- Limited to cells located 
below the attachment of 
the APM and above 
matrix cells 

- First who describe 
CD34 in human HF 
keratinocytes 
- Used normal human 
skin 

(POBLET et 
al. 1994) 

Rat Cx43 
(Chemicon, 
Temecula, CA, 
USA) 

- ORS and IRS express 
Cx43 
- ORS bulge shows no 
Cx43 IR 

- Bulge: position below 
the SG, position 
correlates with the 
insertion of the APM 
- Neonatal foreskin: 
Cx43 in suprabasal 
layers but not in the 
basal layers 

(MATIC et al. 
2002) 

Connexin 
43 
(Cx43) 

Mouse anti-
human Cx43 
(clone 4E6.2, 
Chemicon Int., 
Temecula, CA, 
USA) 

- 88d EGA: inner part of 
the hair peg 
- 135d EGA: IRS, HM, 
weak IR in the ORS 
- 163d EGA: inner part 
of the ORS, subset of 
cells in the bulge, IRS 
- Adult HFs: inner part of 
the ORS, subset of cells 
in the bulge, IRS 

- Looked at developing 
human HFs (fetal HFs) 
- At day 163 EGA 
lanugo HFs 
- Used also adult HFs 

(ARITA et al. 
2004) 

Mouse anti-
human nestin 
(Chemicon) 

- CTS, DP  (KRUSE et 
al. 2006) 

Nestin 

Mouse anti-
human nestin 
(Santa Cruz 
Biotechnology, 
CA, USA) 

- Bulge, strong IRS IR, 
SG cells with little IR 
- No IR in DP, MKs and 
HS 

 (WANG et al. 
2006) 
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Tab. 9.2: Specific HF IR pattern (anagen VI) in situ 

Immunophenotyping results of our current study. APM: Arrector pili muscle, BM: Basement 
membrane, DP: Dermal papilla, CL: Companion layer; CTS: Connective tissue sheath, FT: Follicular 
trochanter, HF: Hair follicle, HS: Hair shaft, IR: Immunoreactivity, IRS: Inner root sheath, ORS: Outer 
root sheath, SW: Sweat gland. 
 
Antigen Primary 

antibody 
Specific HF IR pattern 
(anagen VI) in situ 

Differences to published IR 
patterns 

IR upregulated in the human bulge region 
Cytokeratin 
15 
(CK15) 

Mouse anti-
human CK15 
lone LHK15, 
Chemicon, 
Billerica, USA) 

- Outermost layer of the 
ORS in the bulge and the 
proximal part of the isthmus 
(homogeneous IR intensity) 
- Often found also in the 
outermost layer of the ORS 
in the proximal HF 
(homogeneous IR intensity) 
- FT (for 
photodocumentation see 
TIEDE et al. 2007b)  

- (COMMO et al. 2000): Upper 
ORS and lower ORS in anagen HF 
are negative for CK15 
- (ORRINGER et al. 2006):Variable 
staining of the infundibulum 

Cytokeratin 
19 
(CK19) 

Mouse anti-CK19 
(clone 19.1, 
Progen, 
Heidelberg, 
Germany) 

- Outermost layer of the 
ORS in the bulge and the 
proximal part of the isthmus 
(heterogeneous IR pattern, 
some cells brighter than 
others, sometimes isolated 
cells) 
- Sometimes single cells in 
the outermost layer of the 
ORS of the lower HF 
- FT for photodocumentation 
see TIEDE et al. 2007b)  

- (AKIYAMA et al. 2000): In 
the lanugo HF cells in the bulge 
and the outermost layer of the 
ORS along the whole HF 
- (COMMO et al. 2000): Upper 
ORS and lower ORS in anagen HF 
are positive for CK19 
- (GHALI et al. 2004): Bulge and 
lower ORS of the HF, sometimes 
IR was continuous in lower and 
upper ORS 
- (GHO et al. 2004): Two distinct 
areas from skin biopsies are 
positive (upper ORS and lower 
ORS) 
-(KRÜGER et al. 1999): Constant 
expression in the ORS and bulge 
region of vellus HF 
- (LYLE et al. 1998): Throughout 
the ORS, bulge and bulb areas 
- (MATIC et al. 2002): CK19-
expressing bulge region 
- (MICHEL et al. 1996): Bulge cells 
in anagen and telogen HFs 
- (OZAWA et al. 2004): 1. 
Outermost layer of the ORS of the 
isthmus in the upper segment, 2. 
ORS above the hair bulb  
- (WANG et al. 2006): IR restricted 
to the bulge ORS 
- (ZHANG et al. 2006): ORS in the 
bulge 

CD200 Mouse anti-
human CD200 
(clone MRC 
OX104, Serotec, 

- Outermost layer of the 
ORS in the bulge and the 
proximal part of the isthmus 
(homogeneous IR intensity) 

- (OHYAMA et al. 2006): 
Expressed in the bulge ORS and in 
the companion layer of anagen 
HFs 
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Oxford, UK) - DP (including blood 
vessel), CL 
- FT (for 
photodocumentation see 
TIEDE et al. 2007b)  
- APM intensive IR and SW 
mesenchyme / epithelium 
most prominent IR 

Lhx2 Rabbit anti-
human Lhx2 
(Chemicon, 
Billerica, USA) 

- Isolated cells in the inner 
layers of the ORS in the 
bulge and the proximal part 
of the isthmus 
(heterogeneous IR 
intensity), CL 
- Sometimes single cells in 
the ORS of the lower HF, in 
the mesenchyme of the SG 
and in the infundibulum 
(heterogeneous IR intensity) 
- Negative FT 

- First report in human HF 

Tenascin-
C 

Mouse anti-
human tenascin-
C (clone DB7, 
Biomol, 
Hamburg, 
Germany)  

- CTS from the proximal part 
of the isthmus, the bulge 
and the lower HF including 
the hair bulb (most intensive 
IR in the bulge) 
- CTS of the FT (for photo 
documentation see TIEDE 
et al. 2007b)  
- Weak IR of the APM 

- (DANG et al. 2006): Fibrous 
sheathes of HFs in some 
specimens 
- (SCHALKWIJK et al. 1991b): 
Continuous and intense IR around 
HFs  
- (SHIKATA et al. 1994): Intense 
perifollicular staining in the lower 
part of the HF and the hair bulb 
- (VAN BAAR et al. 1991): 
Perifollicular connective tissue, 
APM, homogeneous IR in the DP 

IR unchanged in the human bulge region 
α6 integrin Mouse anti-

human α6 
integrin (clone 
4F10, Chemicon, 
Billerica, USA)  

- Outermost layer of the 
ORS and the BM of the 
whole HF (homogeneous IR 
intensity) 
- DP-IR, FT, CTS 
- APM shows weak IR 

- (CHUANG et al. 2003): BM zone: 
Upper and middle part of the HF, 
not detectable around the hair bulb 
- (COMMO and BERNARD 1997): 
Basal pole of the basal lower ORS 
cells 
- (GHALI et al. 2004): Bulge and 
lower ORS of the HF, sometimes 
IR was continuous in lower and 
upper ORS  
- (JOUBEH et al. 2003): Strong IR 
in the upper part of the BM zone 
outside the HF, intensity became 
weaker towards the lower part 

β1 integrin Rat Anti-human 
mAb13 
(K. Yamada, 
Washington, 
USA) 

- Outermost layer of the 
ORS and the BM of the 
whole HF (homogeneous IR 
intensity) 
- FT 
- CTS, DP 

- (LYLE et al. 1998): Basal layer of 
the ORS in the bulge and the 
upper portion of the anagen HF 
 
 

Fibronectin Mouse anti-
human 
fibronectin (clone 

- CTS and BM along the 
whole HF (homogeneous IR 
intensity) 
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P1H11, 
Chemicon, 
Billerica, USA) 

- Weak IR in the DP 
(APM most intensive IR) 

Nidogen Rabbit anti-
human Nidogen 
(Calbiochem, 
San Diego, USA)  

- CTS and BM along the 
whole HF (homogeneous IR 
intensity) 
- IR in the DP (including 
blood vessel), FT 
(APM most intensive IR) 

- First report in human HF 

LTBP-1 Mouse anti-
human LTBP-1 
(clone 35409, RD 
Systems, 
Minneapolis, 
USA) 

- CTS of the HF 
- Weak DP, APM 

 

Fibrillin-1 Rabbit anti-
human Fibrillin-2 
(D. P. Reinhardt, 
McGill University, 
Canada) 

- CTS of the HF 
- Weak DP, APM 

- First report in human HF 

IR absent in the human bulge region 
CD34 Mouse anti-

human CD34 
(clone QBEND 
10, Acris, 
Hiddenhausen, 
Germany) 

- Outermost layers of the 
ORS proximal to the bulge 
region shows homogeneous 
IR, the bulge and the 
isthmus and the 
infundibulum show no IR 
- Heterogeneous IR in the 
CTS 

- (OHYAMA et al. 2006): 
Sometimes low expression in 
bulge ORS cells (2 out of 3) 
- (RAPOSIO et al. 2007): High 
expression in all the HF bulge 
regions 

Connexin 
43 
 

Mouse anti-
human Connexin 
43 (clone 4E6.2, 
Chemicon, 
Billerica, USA) 

- Entire ORS proximal and 
distal to the bulge show a 
homogeneous IR, the bulge 
shows no IR 
- FT is negative 

- (ARITA et al. 2004): Adult HFs: 
Inner part of the ORS, subset of 
cells in the bulge, IRS  
- (MATIC et al. 2002): ORS and 
IRS express Connexin 43, ORS 
bulge shows no Connexin 43 IR  

Nestin Mouse anti-
human Nestin 
(Chemicon, 
Billerica, USA) 

- Isolated cells in CTS and 
the DP (including blood 
vessel)  
- No specific IR in the HF 
epithelium 
- SW epithelium 

- (WANG et al. 2006): Bulge, 
strong IRS IR; no IR in DP, MKs 
and HS 
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Naumann, Christian Plate, Katrin Reithmayer, Gabriele Scheel, Anne Spiegelberger, 

Ronny Wachtel, Friederike Wiersma, Antje Winter-Keil. 

 

… meinem Computerfachmann, Herrn Rainer Herrfurth, der alle meine 

Computerprobleme mit sehr viel Geduld und Humor ganz schnell beheben konnte. 

 

… meiner lieben Freundin und ehemaligen Kommilitonin Valérie Lusch, die mir 

immer mit Rat und Tat zur Seite stand und von deren Erfahrungsschatz zum Thema 

Promotion ich viel lernen durfte. 

 

… meiner lieben Mutter und meinem lieben Bruder für ihre guten Gedanken und die 

liebevolle Unterstützung. 

 

… meiner gesamten Familie und meinen lieben Freunden für den Rückhalt, das 

Vertrauen und die Zuversicht. 

 

… meiner besten Freundin Katrin Block, die immer ganz besonders stolz auf mich 

war und mich stets am besten motivieren konnte. 

 

... zwar an letzter Stelle, aber in erster Linie meinem geliebten Alex, der immer an 

mich geglaubt und mich in allen Lebenslagen bestmöglich unterstützt hat! 

Bewundernswert war vor allem seine geduldige Unterstützung bei all meinen 

diversen Problemchen und Vorhaben! 

 

 



 

 

 

 






