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Abstract 

The hair follicle is a complex mini-organ formed as a result of epithelial­
mesenchymal interactions, provided by three different stem cell sources: 
epithelial, neural crest and mesenchymal. Hair follicle morphogenesis is directed 
by a distinct set of molecular signals which are unique to each stage of 
development. These interactions continue into the adult cycle, represented by 
periods of rapid growth (anagen), apoptosis driven regression (catagen), a period 
of relative quiescence (telogen) and shedding of the club hair (exogen). Many of 
the molecules involved have been elucidated such as Wnts, Bmps, Fgfs, TGF-~s 
and Shh amongst others. However, the nature of their regulation and effect on 
gene expression is still unclear. 

Id proteins are emerging as powerful players in the transcriptional control of 
many fundamental biological processes, such as the cell cycle, proliferation and 
differentiation, apoptosis and lineage commitment. As a result, the expression 
patterns of Id2 and Id3 were investigated by immunocytochemistry in developing 
and adult vibrissae. Wistar rats aged E 14 to P4 were used to cover all stages of 
vibrissae development (stages 0-6+) and 3 - 6 month old rats for the adult stages. 
This thesis reports that high ld2 expression was seen in specialised 
neuroendocrine cells (Merkel cells) of the hair follicle and basal epidermis, 
confirmed by co-expression of the Merkel cell marker, cytokeratin-20. This 
post-mitotic Id2 expression continued through postnatal ages and into the adult 
follicle. 

Staining with Id3 was characterised by cytoplasmic, basally polarised expression 
in the epithelia of stage 1-4 follicles. After this stage, expression switched to 
being nuclear with high levels in many different cell types including the dermal 
papilla, dermal sheath and outer root sheath. Id2 and Id3 expression was also 
investigated in retinoic acid induced differentiation ofE13.5 and E14 mystacial 
pads, studying the glandular morphogenesis of vibrissae and the effect on ld 
protein expression. Id2 and Id3 immunoreactivity was cytoplasmic and polarised 
but no evidence of nuclear staining was seen. 

Id2 and Id3 expression in developing vibrissae is reported here for the first time, 
describing the profiles of these proteins during hair follicle development and 
differentiation. These fmdings highlight an important cytoplasmic role for Id 
proteins in development and may have implications for reciprocal epithelial­
mesenchymal interactions, pattern formation and stem cells in the hair follicle. 
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1.0 Introduction 

1.1 The Hair Follicle 

The hair follicle is a very complex, highly sensitive mini-organ capable of cyclic 

regression and physiological regeneration (Stenn and Paus, 2001), a feature which is 

unique to hair follicles and occurs over the lifetime of the mammal. The production 

of a hair shaft is the most obvious function of the hair follicle and this fibre is 

involved in many different roles both in humans and other mammals. These range 

from providing insulation and mechanisms of skin cleansing to sensory roles and as a 

medium of social communication, the latter being particularly important in humans. 

This variety is achieved by follicles differing from site to site, producing hair shafts 

of different sizes, shapes and colours, for example the large specialised sinus follicles 

(whiskers/vibrissae) and the smaller pelage follicles (body hairs) (Stenn and Paus, 

2001). 

The formation of hair follicles occurs during embryogenesis and as a result of signals 

being sent between the dermal cells and overlying epithelial cells. This interaction 

results in the development of an epidermal downgrowth, forming a peg where further 

differentiation gives rise to the different epithelial layers of the follicle (Hardy, 

1992). The dermal cells form a condensation and interact with the epidermal peg to 

eventually give rise to the dermal papilla (DP). Signalling between these discreet 

cell populations continues whilst the follicle is maturing and throughout the postnatal 

adult cycle. All hairs share the same basic structure but some have different structure 
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not present in all hair types, such as the arrector pili muscle in human follicles and 

the mesenchymal capsule in vibrissae. 

Hair follicle morphogenesis generally occurs once in the lifetime of an individual but 

the follicle cycles and regenerates throughout its adult life (Stenn and Paus, 2001 ). 

This growth cycle consists of periods of growth (anagen), regression (catagen), rest 

(telogen) (Dry, 1926) and shedding (exogen). During the cycle the inferior follicle 

undergoes dramatic reformation whilst the upper, permanent follicle is subject to 

substantial remodelling (Lindner et al, 2000). The permanent portion of the human 

follicle includes the sebaceous gland and the region of the follicle above the muscle 

insertion, including the so-called bulge region (Stenn and Paus, 2001 ). 

1.2 Anatomy of the Hair Follicle 

Although hair follicles differ from site to site and some have specialised functions, 

the general structure is common to all. The hair follicle can be split into four regions, 

the bulb (the lower segment containing the dermal papilla and matrix cells), 

suprabulbar area (area above the bulb extending to the site of insertion of the arrector 

pili muscle), isthmus (from the erector pili muscle to the entrance of the sebaceous 

gland) and infundibulum (comprising the upper quarter from the sebaceous gland to 

the follicular orifice) (Sperling, 1991) (Figure 1.1 ). 
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Infundibulum 

Isthmus 

Supra bulbar 

Bulb 

Figure 1.1. Hair follicle anatomy 
The hair follicle (human) is divided into four regions named the bulb, suprabulbar, isthmus and 
infundibulum regions. The diagram shows the follicle in its growing phase (modified from 
Whiting & Howsden, 1998). 

Outer root sheath 

Hair cortex 

Hyaline basement --.-Hmirr11: ~t4:A'\-- Pool of undlffar~tntillted 
membrane cells in shaft 

Figure 1.2. The hair bulb 
The structure of the hair bulb showing the diversity of cell lineages (modified from Whiting & 
Howsden, 1998). 
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During hair follicle morphogenesis, the epidermal peg differentiates into three 

enclosed epithelial cylinders. The central cylinder forms the hair shaft, the outer 

cylinder the outer root sheath (ORS) and the middle cylinder the inner root sheath 

(IRS). The dermal papilla (DP), derived from mesenchymal cells sits at the base of 

the follicle protruding into the hair bulb, and is held close to the base of the 

epidermal derived cells by the dermal sheath (DS) which runs the length of the 

follicle. Surrounding the DP in the hair bulb is the epidermal hair matrix. This 

region consists of actively proliferating and differentiating epithelial cells, which 

under the influence of the DP give rise to six different types of cells that make up the 

layers of the hair shaft and IRS. In pigmented hair, it is in the matrix cells that active 

melanocytes are primarily located. These cells produce pigment molecules, melanin, 

which is incorporated into the growing hair shaft in the form of melanosomes. 

Separating the epithelial derived cells (ORS) from the mesenchymal cells (DP) is a 

thin layer called the basement membrane. Above the bulb this layer thickens and is 

known as the glassy membrane (Figure 1.2). Acting as a barrier between the two cell 

lineages it plays an important role in immunological protection (Stenn and Paus, 

2001). 

1.2.1 Dermal Papilla 

The DP is formed from the recruitment and condensation of mesenchymal cells early 

in hair follicle morphogenesis and plays a crucial role in inducing follicle 

development from the epidermis and production of the hair fibre. 
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Early studies by Oliver et al revealed that removal of the DP stops hair growth. 

However, follicle regrowth was possible due to the lower third of the DS supplying 

new cells for regeneration of a new DP at the site of the original (Oliver, 1966a, 

1966b, 1966c; Jahoda, 1992). However, when more than the lower third of DS was 

removed, regeneration of the DP did not occur. Both the DS and DP cells develop 

from the mesenchymal condensation in embryonic skin. This common origin is 

believed to account for the similarities in characteristics between the two 

populations. 

Many studies have shown that a hair follicle must have extensive epithelial-epithelial 

and epithelial-mesenchymal interactions in order for it to grow and form properly. 

The hair follicle is unique in that this epithelial-mesenchymal crosstalk persists from 

embryonic development into the adult cycle (Fuchs et al, 2001 ). The powerful 

ability of the DP to induce follicular growth was demonstrated when a whisker 

follicle DP was transplanted into the upper dermis of a rat ear, resulting in not only 

growth of a follicle in this region but also showing characteristics from where the DP 

originated, ega whisker (Jahoda, 1992). This inductive capacity is even retained in 

low passage DP cells in vitro where the cells show aggregative properties, a feature 

essential for formation of the DP. When implanted in vivo the cells retained this 

behaviour and induced follicle formation (Jahoda et al, 1984, Jahoda and Oliver, 

1984). 

More recently these inductive properties have been demonstrated in humans. When 

a scalp DP was transplanted from an adult male to the forearm of an adult female, a 

follicle was induced producing a scalp hair shaft (Reynolds et al, 1999). Central to 
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all these studies it is apparent that the characteristics of a follicle reflect the 

properties of its papilla (Van Scott eta/, 1963). Various studies have revealed clues 

to the molecular pathways active in the DP and how these change over development 

and cycling. These molecules include WNTs, Fibroblast growth factors (FGFs), 

Bone morphogenetic proteins (BMPs ), SHH (Sonic hedgehog), Hepatocyte growth 

factor (HGF) and Platelet-derived growth factor (PDGF) amongst others (Stenn and 

Paus, 2001). 

1.2.2 Hair Matrix and Fibre 

The hair fibre or shaft is composed of three layers all of which differentiate from the 

highly proliferative hair matrix cells surrounding the DP. This region in the bulb 

where keratinocytes proliferate rapidly is called the critical region or hair matrix zone 

(Auber, 1950, Orwin, 1979). The outer layer is the cuticle and is composed of matrix 

cells outside the centre of the hair follicle. Just above the bulb, these cells are not 

fully keratinised and arrange themselves in an overlapping tiled orientation but in the 

middle follicle they are fully keratinised. Cells in the centre of the matrix 

differentiate to become the cortex, the middle layer of the hair shaft. This layer 

forms the majority of the hair. As these cells move upwards, they differentiate into 

cortical cells changing in appearance from round into flattened cells. These cells are 

then squeezed together to form the lamellae of the cortex and gradually become 

keratinised and harden. The innermost layer is the medulla, forming a tube at the 

centre of the hair fibre and consists of a central strand of cells that are loosely 

organised. The medulla is not present in every type of hair but where present it is 

more prominent in rodents (Chase, 1954). 
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In pigmented hair, melanocytes produce the pigment molecule melanin which is 

incorporated into the cortex of the developing hair fibre in the bulb region. These 

dendritic cells are essential for pigmentation and are neural-crest derived (Rawles, 

194 7). The body of the melanocytes lies on the basement membrane at the apex of 

the DP, surrounding it whilst their dendrites extend to the precortical keratinocytes, 

defining the hair melanin unit. Melanin granules are found mostly within the cortex 

and medulla cells in the hair follicle with few found outside these compartments 

(Chase, 1954). 

1.2.3 Inner Root Sheath 

The IRS consists of three layers, all formed from the matrix cells of the hair bulb in 

the critical region. Adjacent to the hair fibre cuticle is the IRS cuticle which is a 

single cell thick. Next is the Huxley layer, consisting of up to four cells thick in 

human follicles, and outermost the Henle layer running adjacent to the ORS (Chase, 

1954, Sengel, 1976) (Figure 1.2). The cells destined to become IRS gradually 

become differentiated and keratinised as they are pushed further away from the bulb 

region. The differentiation process has been suggested to begin earlier in the IRS 

progenitor cells as these cells have begun to keratinise by forming trichohyalin 

granules in the upper bulb region, whereas the hair shaft progenitor cells are still 

dividing at the same level (Hashimoto and Shibazaki, 1976). Pinkus also observed 

formation of the IRS first then the cortex (Pinkus, 1978). This is consistent with 

Chase's observations decades earlier, remarking on how the IRS keratinises forming 

a hollow cone of cells above the matrix bulb, with the hair shaft being formed and 

moulded inside later (Chase, 1954). 
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The pattern of keratinisation in the IRS cuticle is such that it compliments that of the 

hair shaft cuticle. The scales of the IRS are flared downwards and those of the hair 

shaft are flared upwards, resulting in interlocking of the two cuticles. The IRS grows 

at the same rate as the hair shaft moving upwards together, but the IRS is broken 

down at the level of the sebaceous gland and does not protrude from the follicle like 

the hair shaft (Chase, 1954). This region is known as the zone of sloughing and is 

where the IRS debris is mixed with products of the sebaceous gland to form sebum. 

The sebaceous gland is known to play an important role in the process of breaking 

down the IRS. When follicles were grown in culture without such a gland or with 

the gland ablated, both resulting hairs retained their sheath (Williams and Stenn, 

1994, Philpott eta/, 1994). 

1.2.4 Outer Root Sheath and Bulge 

The ORS is continuous with the epidermis, the only follicular component to do so. 

This sheath surrounds the IRS extending down to the hair bulb to the base of the 

dermal papilla, but not enclosing it (Chase, 1954). The ORS is at its thinnest around 

the bulb but thickens significantly in the isthmus region. In human follicles, it is in 

the ORS of the isthmus that the bulge resides, below the sebaceous gland where the 

erector pili muscle is attached. The bulge consists of a cluster of cells which are 

biochemically distinct expressing several distinct markers including cytokeratin 15 

(Lyle eta/, 1998) and have properties characteristic of epithelial stem cells (Paus and 

Cotsarelis, 1999). 

Hair follicle stem cells are thought to be slow-cycling cells with a superior 

clonogenicity and proliferative capacity, and are also able to effect this over a long 
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period of time (Lavker and Sun, 1982, 2000). The current understanding of stem 

cells are they divide rarely, giving rise to a stem cell and a transient amplifying (TA) 

cell. The T A cells have a limited proliferative potential and once this has been 

exhausted, the highly proliferative TA cells undergo terminal differentiation (Ma et 

a/2004). This TA population is thought to be responsible for increasing the number 

of differentiated cells produced by each stem cell division (Watt and Hogan, 2000). 

The lack of specific stem cell markers has made locating these stem cells very 

difficult. Taking advantage of the cells slow-cycling nature, studies were done 

investigating the label retention oftritiated thymidine eH-T) and bromodeoxyuridine 

(BrdU) (Morris and Potten, 1999, Taylor eta/, 2000), realising that only cells that 

rarely divide and persist for a long time will retain these labels . Early work by 

Cotsarelis and colleagues found label-retaining cells (LRCs) exclusively in the bulge 

ofthe mouse hair follicle (Cotsarelis eta/, 1990). Further work by Kobayashi and 

colleagues on rat vibrissa follicles found that the cells of the bulge had the greatest 

colony-forming capacity in vitro (Kobayashi et al, 1993) and paved the way for 

further research into these poorly understood cells. 

Tumbar and colleagues developed a strategy to fluorescently label the slow cycling 

cells of the bulge by engineering mice to express a fluorescent histone protein. This 

method was used to purify the LRCs based on their label-retaining properties 

(Tumbar eta/, 2004). Other strategies included utilising the bulge-preferred 

promoter activity of the Keratin 15 (K15) gene to fluorescently label bulge cells and 

fluorescence-activated cell sorting (F ACS) to isolate the cells (Morris et al, 2004). 

Both of these research groups demonstrated in vivo labelling and multi potency of 
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hair follicle bulge cells. These strategies allowed transcriptional profiling of LRCs to 

be undertaken revealing a unique set of expressed genes defining the stem cell niche 

(Morris et al, 2004; Tumbar et al, 2004). Furthermore, it has been demonstrated that 

there are two distinct populations of cells within the bulge (Blanpain et al, 2004). 

These cells are growth inhibited in the bulge but can self renew in vitro and make 

epidermis and hair when grafted, suggesting that the niche microenvironment 

imposes features of 'sternness' on this cell population (Blanpain et al, 2004). It has 

also been demonstrated that stem cells in the bulge region also form the secondary 

germ in the cycling hair follicle. Furthermore, these progenitor cells have been 

shown to dedifferentiate and repopulate the bulge following injury due to hair 

depilation (Ito et al, 2004). 

The ORS is also host to a number of other specialised cells; melanocytes which can 

be activated and repopulate the skin (Staricco, 1963), Langerhans' cells involved in 

activating the immune system (Gilliam et al, 1998) and Merkel cells (Kim and 

Holbrook, 1995), specialised mechano-receptors whose function in the hair follicle is 

the subject of much discussion. Just like the IRS, the ORS is also subject to 

keratinisation but only above the level of the isthmus. In this region trichilemmal 

keratinisation takes place up until the level of the infundibulum where the ORS 

changes to normal epidermal keratinisation (Sperling, 1991 ). 

1.3 Hair Follicle Morphogenesis 

At the heart of formation of the hair follicle is a complex communication between the 

ectoderm and underlying mesoderm, which later give rise to the epidermis and 

dermis respectively. These signals are inherent to the embryonic epithelium and 
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mesenchyme and do not need intact neural or hormonal signals, as both pelage and 

vibrissa follicles can form de novo from organ cultured fragments of embryonic skin 

(Hardy, 1969). The following description of hair follicle morphogenesis is based on 

the pelage follicle but all other mammalian types exhibit the same basic principles of 

development (Paus eta/, 1999). 

1.3.1 The Stages of Morphogenesis 

The process of morphogenesis is divided into nine specific stages after Hardy (1949, 

1951, 1992), stages 0 to 8 showing the key developmental changes throughout the 

process (Figure 1.3 ). The first stage of development (stage 0) was originally 

described as the pregerm stage (Pinkus, 1958) and refers to the morphologically 

homogenous epidermis. During stage I, the pre germ develops into an epidermal 

thickening in the basal epidermis, recognised as the epidermal placode (Hardy and 

Vielkind, 1996), in response to the initial signal arising in the dermis known as the 

first dermal message (Hardy, 1992). These cells display a vertically polarised 

orientation in contrast to the adjacent epidermal keratinocytes. Below this thickening 

the dermal fibroblasts increase in number and change their orientation (Paus, 1999), 

thought to be in response to an epithelial signal arising from the placode (Hardy, 

1992). 

Stage 2 is characterised by the hair germ developing into a broad column of 

epidermal keratinocytes (Pinkus, 1958) with a convex proximal end covered by a 

mesenchymal 'cap', the whole structure is described as the hair plug (Hardy, 1949). 

This downgrowth is a result of massive epithelial cell proliferation (Pinkus, 1958). 

The hair plug also starts to show an anterior-posterior orientation during stage 2 
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(Paus et a/ 1999). By stage 3 the hair peg has started to surround the dermal 

fibroblasts, which have now condensed into a ball to form the DP. This is where the 

second dermal message is reported to be transmitted to the adjacent epidermal cells 

of the hair plug instructing them to make a hair follicle (Hardy, 1992). 

During stage 4 of morphogenesis, the elongated hair peg develops a bulb-like 

thickening of its proximal portion and elongation of the DP cavity resulting in most 

of the DP being enclosed by the hair peg (Paus eta/, 1999). Also differentiation of 

Henle's layer begins to form the IRS-cone, described earlier as the hair cone stage by 

Hardy (Hardy, 1949). At stage 5 or the bulbus peg stage (Pinkus 1958), the IRS­

cone has developed halfway up the follicle, the bulge region is visible and the first 

sebocytes are evident at the neck of the hair peg (Paus eta/, 1999). By stage 6, the 

hair follicle has reached the subcutis level of the skin. The hair canal has started to 

develop and the IRS has differentiated into its three layers complete with growing 

hair shaft up to the level of the hair canal. Also the sebocytes, first seen at stage 5, 

begin to form the sebaceous gland (Paus et a/, 1999). Hardy previously characterised 

this as the hair formation stage (Hardy, 1949). 

Stage 7 is characterised by the hair shaft entering the hair canal at the level of the 

fully developed sebaceous gland and the DP narrowing, now almost completely 

enclosed by the bulb. At the final stage, the hair follicle reaches its final length at the 

subcutaneous muscle layer with a hair shaft now visible through the epidermis (Paus 

et a/, 1999). The hair follicle in this stage now resembles a mature anagen 

morphologically (Parakkal, 1969) 
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Figure 1.3. Hair follicle morphogenesis classification. 
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Stage 0: Uniform epidermis with no visible hair follicles. Stage 1: Visible hair germ 
morphogenesis with the development of an epidermal thickening and aggregation of 
mesenchymal cells in the dermis below. Stage 2: Elongation of the hair germ with a convex 
proximal end and adjacent dermal fibroblast condensate. Stage 3: Hair peg with formation of 
the keratinocytes into a column around the follicular axis and a concave proximal end with a 
closely associated DP cell condensate. Stage 4: First development of the bulb region and 
visible IRS cone, enclosure of the DP cells. Stage 5: Elongation of the bulbous hair peg and 
IRS, first recognition of the bulge region, sebocytes, and melanin granules. Stage 6: Hair fibre 
shaft with melanin granules visible within the IRS, DP cells almost completely surrounded by 
keratinocytes. Stage 7: Hair fibre shaft leaves the IRS and enters the hair canal. Stage 8: 
Mature first anagen stage. Hair fibre emerges from the epidermis (modified after McElwee and 
Hoffmann, 2000). 
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1.3.2 Nature of the Signals 

The epithelial-mesenchymal interactions of the hair follicle have been fascinating 

developmental biologists for over 50 years when the first recombination experiments 

were performed. It was found that the process of development of the hair follicle 

was very similar to that of feathers and scales in the embryonic skin of birds and 

lizards, even in culture (Sengel, 1975). When dermis from the back of a mouse 

(capable of interacting with epidermis to form pelage follicles in that region) was 

separated and recombined with mouse epidermis from a hair-free region, hair follicle 

formation would result (Hardy, 1992). Indeed further experiments by Dhouailly 

(1973, 1975, 1978) on recombinations using mouse, chick and lizard skin tissues 

gave consistent results, indicating the formation of appendage is epidermis dependant 

whereas the initiation and patterning of the appendage is dermis dependant (Olivera­

Martinez et al, 2004). A classic example of this was when mouse upper lip dermis 

(vibrissa-forming) was recombined with lizard embryo dorsal epidermis, with the 

result of formation of large scale buds arranged in a whisker pattern (Dhouailly, 

1975). These experiments revealed the existence of developmental signals which are 

only now beginning to be elucidated at the molecular level. The developmental 

pathways at the heart of hair follicle formation include WNTs, BMPs, SHH, TGFB 

and others (Figure 1.4). 

Early experiments with tissue recombinations between reptiles, birds and mammals 

(Sengel, 1971, 1976; Dhouailly, 1973) revealed that skin appendages are initiated by 

a series of three tissue interactions. These interactions relate to specific stages in 

morphogenesis and were found that this sequence of events could be interrupted by 

addition of above physiological levels of retinol or retinyl acetate (Hardy et al, 
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1990). Further experiments revealed pelage follicles treated with excess retinoids 

regressed at the point where they should be receiving the second dermal message 

(stage 3c). Likewise vibrissae were also arrested around stage 3c, but many 

developed lateral buds that grew into branching, mucous-secreting glands leading to 

speculation the epithelium was responding to a new and different second dermal 

signal from the general dermis (Hardy, 1968; Bellows and Hardy, 1977). Active 

metabolites in vitamin A were found to be all-trans retinoic acid (tRA) and 9-cis 

retinoic acid (9cRA) with two receptor families subsequently identified, RAR and 

RXR, each with three isotypes a,~ andy. Together members of these families form 

RARIRXR heterodimers to the polymorphic cis-acting response elements of RA 

target genes (RAREs) (Chambon, 1996). Most RAREs that have been identified 

consist of a direct repetition (DR) of two core hexameric motifs separated by a spacer 

of several nucleotides, -(A/G)G(Gh)TCA- n -(A/G)G(Gh)TCA-, however there are 

many subtle variations of these motifs (Balmer and Blomhoff, 2005). Owing to the 

diversity of RAREs and the complexity of direct or indirect targets of RA, there is 

still much to be learned from these powerful morphogens. 

An initial signal arising in the dermis, known as the first dermal message, was found 

to initiate placode formation in the overlying epidermis. Mouse dermis was capable 

of initiating feather buds from chick foot epidermis and scale placodes from lizard 

epidermis, indicating the dermis was instructing the epidermis to make an appendage 

appropriate to its class of origin (Hardy, 1992). On formation of the placode, an 

epithelial signal from the placode is thought to instruct the mesenchymal cells below 

to from the dermal condensation (Millar, 2002), which eventually will become the 

DP. There is then a second dermal message from this condensation to the adjacent 
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proliferating hair peg stimulating these cells to further proliferate and grow 

downwards eventually interacting with the DP and differentiating into the hair 

follicle structures (Hardy, 1992). 

The first dermal signal, known to arise from the dermis and act on undifferentiated 

epithelium, has currently not been elucidated and its mode of action is still poorly 

understood (Millar, 2002). So far the most credible theory is that the dermal signal 

occurs uniformly rather than a periodic signal, and triggers the activation of follicle 

promoters and repressors to produce a regular pattern of follicles (Slack 1991; Barsh 

1999). Studies into P-catenin expression by Noramly and colleagues have 

highlighted this molecule as playing a significant role, not just in the first dermal 

signal but also in the formation ofplacodes. Transient nuclear P-catenin (active) was 

found uniformly within the dermis and 1 day later appeared in the overlying 

epithelium in the chick, suggesting activation of the WNT signalling pathway. Also 

nuclear P-catenin becomes elevated in regions destined to become placodes, as does 

the expression of specific WNTs (Noramly eta/, 1999). Placode formation has been 

shown to be a competition between promoters and repressors. Activation of 

ectodysplasin (EDA) and its receptor (EDAR) signalling in the epithelium followed 

by WNT and FGF signalling strive to promote placode formation, whereas 

subsequent activation of the bone morphogenetic protein (BMP) signalling pathway 

represses placode formation in adjacent skin (Millar, 2002). 

The first epithelial signal, which induces formation of the dermal condensation, has 

been reported as most likely to be as a result of WNT signalling, as the dermal 

condensation fails to develop in the absence of epithelial P-catenin (Huelsken et a/, 
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2001). Work by Chuong and colleagues on feather placode formation greatly 

increased knowledge of the key morphogenetic molecules involved in placode 

formation (Chuong eta/, 1996). Further evidence was provided when DasGupta and 

Fuchs generated transgenic mice with a TOPGAL reporter gene which indicated 

which cells had active WNT signalling. The results showed expression in both the 

dermal condensation and follicular epithelium (DasGupta and Fuchs, 1999). 

Karlsson eta/ also found that platelet-derived growth factor-A (PDGF-A) was 

present in the placode, whereas its receptor was present in the dermal condensation, 

indicating signalling between the two tissues. Gene knockout studies on PDGF-A in 

mice supported this (Karlsson et a/, 1999). Another major secreted protein involved 

in epithelial-mesenchymal signalling is sonic hedgehog (SHH) (Bitgood and 

McMahon, 1995). Although it is not an element of the first epithelial signal, its 

signalling from the epithelium is essential in regulating proliferation of the hair peg 

development ofthe DP (Karlsson eta/, 1999). SHH expression is dependent on 

WNT signalling, and like PDGF-A, its receptor Patched1 (PTC1) and transcription 

effector GLI1, are both found in the epithelium and dermal condensation indicating 

SHH signalling is necessary in both tissues (Dahmane eta/, 1997; Miller, 2002). 

The second dermal signal, which regulates the proliferation and down growth of the 

hair peg is also as yet unknown, but has been reported to be likely to be activated by 

SHH (Millar, 2002). St-Jacques eta/ found that SHH signalling was essential for 

proliferation of the epidermal down growth as morphogenesis was arrested in SHH­

null mice at this stage. It also indicated SHH was not required for initiating hair 

follicle development (St-Jacques eta/, 1998). 
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Figure 1.4. Intercellular signals in hair follicle morphogenesis 
(a) Formation of hair follicle placodes is initiated by an unknown signal (green arrows) from the 
dermis (black dots) to the surface epithelium (pink). (b) Hair follicle placode formation is 
promoted by fibroblast growth factor (FGF); WNT, acting via its effectors 13-catenin and 
lymphocyte enhancer factor 1 (LEF1 ); ectodysplasin (EDA) and ectodysplasin receptor 
(EDAR); transforming growth factor 132 (TGFI32); and Noggin (green arrows with 'plus' signs) . 
Placode formation is inhibited by bone morphogenic proteins (BMPs) (dark pink arrows with 
'minus' signs). For simplicity, placode promoting and repressing signals are diagrammed only 
in the epithelium. In reality, however, noggin and BMP4 are expressed in follicular 
mesenchyme, and 13-catenin, LEF1, TGF132 and BMP2 are expressed in both epithelium and 
mesenchyme. (c) Formation of the dermal condensate, shown as red dots, is induced by an 
epithelial signal (green arrows), possibly including a WNT. Development of the dermal 
condensate into a dermal papilla requires the activity of sonic hedgehog (SHH) and platelet 
derived growth factor-A (PDGF-A). (d) A second dermal signal, possibly including activin I3A 
(ACTI3A) or Hepatocyte growth factor (HGF) (green arrows), instructs the follicular epithelium 
to grow down into the dermis. Proliferation of the follicular epithelial cells is regulated in part by 
SHH (blue arrows). Transforming growth factor a (TGFa), epidermal growth factor receptor 
(EGFR), follistatin (FS) and FGFR2-IIIb are requ ired for normal follicle architecture (orange 
arrows). (e) Differentiation of inner root sheath precursor cells (pale blue) is regulated by 
unknown signals (green arrows). (modified from Cotsarelis and Miller, 2001 ; Schmidt-UIIrich 
and Paus, 2005) 
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Other molecules have been highlighted as possible candidates, such as activin ~A 

(Act~A) and its regulator, follistatin (FS) which have been found in the dermal 

condensation and follicular epithelium respectively. Mice lacking this activin 

displayed defective morphogenesis of vibrissae (Roberts and Barth 1994; Matzuk et 

al, 1995). Hepatocyte growth factor (HGF) and its receptor, Met, have similar 

expression patterns with HGF present in the dermal condensation and Met in the 

follicular epithelium. Overexpression studies have revealed a possible role in 

morphogenesis in signalling between the two tissues (Lindner et al, 2000). Recently 

the discovery of a novel protein, MAEG, was found expressed in the mesenchyme at 

the basement membrane of developing hair follicles but diminished towards the tip of 

the hair peg. The adhesion receptor a8~ 1 integrin was found to be a possible target 

of MAEG through the common RGD-motif, which was expressed in the placode but 

later restricted to the tip of the hair peg (Osada et al, 2005). MAEG is structurally 

and functionally similar to nephronectin, which is known to play a crucial role in 

kidney morphogenesis (Miner, 2001) and has been speculated that MAEG may be 

important in hair follicle morphogenesis (Osada et al, 2005). 

1.4 The Adult Hair Cycle 

One of the most unique features of the hair follicle is its ability to cycle throughout 

its adult life. The reasons for cycling are speculated as allowing animals to control 

the length of body hair from site to site, to expand and grow, to change its body 

cover in response to environmental stimuli and to protect against improper or 

malignant follicle formation (Stenn and Paus, 200 I). In most rodents, pelage 

follicles develop as a wave sweeping posteriorly and dorsally in a synchronised 

manner, ensuring hairs in the same region are in the same phase of growth. A 
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striking example of this was when Durward and Rudall (1949) rotated a piece of skin 

180 degrees showing the wave of follicle growth continued as it would have done in 

the original position, also indicating the factors responsible are intrinsic to the 

follicles. In humans and guinea pig follicle growth is asynchronous with each 

follicle having its own innate rhythm (Chase, 1954). The molecular nature ofthis 

rhythm is one of the key questions being asked in hair follicle biology but is as yet 

elusive. Once understood it could have profound clinical implications (Paus and 

Foitzik, 2004). 

The adult hair follicle undergoes successive cyclical transformations from stages of 

rapid growth (anagen) to apoptosis driven regression (catagen), a period of relative 

quiescence (telogen), shedding ofthe club hair (exogen) and back to anagen (Dry, 

1926) (Figure 1.5). The first spontaneous adult cycle has been recognised as 

beginning with catagen after the development of the first anagen follicle during 

morphogenesis (Paus and Cotsarelis, 1999). Although these stages of the cycle have 

been devised it is important to remember that these are dynamic, flowing processes 

(Chase, 1954). 

1.4.1 Anagen 

The anagen stage involves the complete regeneration of the lower cycling part of the 

follicle, known as the region below the bulge. This period of active growth has been 

divided into six stages, anagen I-VI (Chase eta/, 1951). In the early stages ofanagen 

(I-ll) the secondary germ (a cluster of epithelial cells at the base of the telogen 

follicle) (Silver and Chase, 1970) undergoes a burst of mitotic activity and 

subsequently grows down around the papilla, resulting in elongation and thickening 
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of the keratinocyte strand. During anagen III the follicle reaches its maximum 

length, extending deep into the subcutis. The hair bulb also has reached its 

maximum size. The cells of the secondary germ proliferate rapidly due to continued 

mitotic activity and form the IRS, moulding the developing hair shaft as it extends up 

to the level of the permanent sebaceous gland and capsule of the club hair (Chase, 

1954; Muller-Rover eta/, 2001 ). By anagen IV the hair shaft is still being formed 

but emerges into the hair canal by stage V and subsequently emerges through the 

epidermis in anagen VI. It is in this fmal stage which is the substantial growth phase 

of anagen, spending some 8-9 days growing for mouse and two or more years for 

humans (Chase, 1954). The length ofthe growing hair is determined by the 

proliferative capacity of the matrix cells, whilst the thickness of the hair shaft 

corresponds to the size ofthe DP (Auber, 1952). 

1.4.2 Catagen 

Catagen is a highly controlled stage involving very precise cell differentiation and 

apoptosis resulting in substantial remodelling of the cycling portion of the follicle 

and shrinkage towards the bulge region (Stenn and Paus, 2001 ). The whole process 

has been divided into eight sub-stages, termed catagen I-VIII (Muller-Rover eta/, 

2001). Catagen I is morphologically identical to anagen VI. During catagen II-IV 

the DP withdraws its fibroblast projections from the basement membrane (De Weert 

et a/, 1982) and the papilla narrows and shrinks to a compact ball shape, due to loss 

of its extracellular matrix (Stenn and Paus, 2001 ). Between stages IV-VI the hair 

follicle begins to regress with formation of the club hair surrounded by the germ 

capsule (originally the ORS), and thickening of the glassy membrane enclosing the 

elongating epithelial strand (Muller'"Rover eta/, 2001 ). By catagen VII the club hair 
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has a characteristic brush-like appearance and has regressed distally to the level of 

dennis/subcutis border, whilst the epithelial strand followed by the DP and trailing 

connective tissue sheath (CTS) follow suit. In the final stage, the epithelial strand 

undergoes programmed cell death (Weedon eta/, 1979; Lindner et al, 1997) and the 

DP resides at the border of the dermis/subcutis with the relatively long CTS trailing 

behind (Muller-Rover eta/, 2001). 

1.4.3 Telogen 

In the telogen phase the trailing CTS seen in catagen VIII is absent and the 

regressing IRS has completely disappeared. The compact ball-shaped DP is now 

closely attached to the small cap of the secondary hair germ which has a flattened 

appearance (Muller-Rover eta/, 2001). This secondary hair germ consists of 

relatively quiescent cells (Wilson eta/, 1994) and is separated from the DP by the 

basement membrane which is relatively thick and multilayered (Jahoda et al, 1992). 

After telogen the hair follicle progresses into anagen I. Morphologically these stages 

are distinct in with the elongation of the keratinocyte strand in anagen I. Although 

the phase of telogen is widely seen as a "resting" phase, it is still debated whether 

this is really the case with some taking the view of Chase (1954) that telogen is an 

anagen brake, implying the cells must be actively inhibiting anagen although 

evidence of this has not been found (Stenn and Paus, 2001 ). Despite this uncertainty 

no stages oftelogen have yet been proposed (Muller-Rover eta/, 2001). 

1.4.4 Exogen 

Exogen is a very poorly understood stage given to the process of shedding ofthe club 

hair which usually occurs sometime between telogen and anagen (Stenn et a/, 1998). 
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It was initially suggested that the new growing hair in the anagen phase mechanically 

pushes the club hair out (Kligman, 1961) but this alone cannot account for this 

process as it is known that rodent follicles can contain two or three hairs whilst one is 

still growing (Chase eta/, 1953). As the shedding phase is recognised to be separate 

from telogen and anagen it is thought that the process is also under a different set of 

controls (Stenn and Paus, 2001 ). 

At the end of telogen, the club hair is held in place by trichilemmal keratinisation of 

the ORS cells surrounding it. Studies of desmosomes on transgenic mice have 

indicated that desmoglein 3 null mice have inadequately secured club hairs, indicating 

a possible role for these molecules. Recently proteolytic pathways have been 

implicated in the control of exogen with the discovery that stratum corneum 

chymotryptic enzyme (SCCE) is expressed in the sebaceous gland and keratinised 

ORS cells (Ekholm and Egelrud, 1998) whilst another protease, plasminogen 

activator-inhibitor type 2 (PAI-2) has been found expressed in the ORS cells 

surrounding the pelage club hair (Lavker eta/, 1998). 
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Figure 1.5. The adult hair cycle 
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The diagram shows the three stages of follicular cycling in a human hair (anagen, catagen, 
telogen and exogen). The roman numerals indicate morphologic substages of anagen and 
catagen. The pie chart shows the proportion of time the hair follicle spends in each stage 
(modified after Paus and Cotsarelis, 1999). 
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1.5 Vibrissa Follicles 

Vibrissa follicles are found in rodents on the mystacial pad and represent the largest 

of the hair producing organs, reflected in the size of the hair shafts produced. 

Whereas pelage follicles develop as a wave, vibrissae have a well defined pattern of 

development. They are arranged in ventro-dorsal and anterior-posterior rows on the 

mystacial pad (Oliver, 1969) with each follicle labelled accordingly (Figure 1.6). 

The size of each follicle is also predictable with the largest follicle at A1 down to the 

small ones at F5. The patterning of vibrissae is mirrored in the opposite mystacial 

pad, even down to follicle length and stage of cycling making vibrissae an excellent 

experimental model (Oliver, 1969). 

Whilst the cycles of both pelage and vibrissae undergo the same stages proposed by 

Chase (1965), the vibrissa! cycle is both distinctive and different in many ways 

(Figure 1. 7). The anagen phase is very similar to the pelage cycle, producing a 

growing hair at its maximum rate until there is a decrease in the volume of the matrix 

and a decline in the proliferation of the matrix cells (Young and Oliver, 1976). 

During catagen, there is no epidermal shortening and the basic structure of the 

follicle remains the same. The production of the club hair is distinctive in that it has 

a very pointed tip and is asymmetrical in relation to the nerve entry (Jahoda and 

Oliver, 1984). Once the club hair has been released from the DP, the DP shrinks to 

resemble that of a pelage telogen stage. Unique to vibrissae, the club hair is still 

maturing during the relatively short telogen and into the next anagen. Whilst the 

club is still moving distally towards the sebaceous gland the next anagen cycle 

begins and it is not until anagen V that the club hair has fully matured (Young and 

Oliver, 1976). This is in contrast to the pelage cycle where telogen marks the end of 
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formation of the club. The shedding of the club hair in vibrissae is a predictable 

event where it is released when the growing hair nears its full length. Comparing this 

to the pelage cycle, exogen is random and is thought to be independent of the hair 

cycle (Stenn and Paus, 2001 ). 

Anatomically, vibrissae are different from pelage in that they possess an outer 

collagen capsule containing ring and cavernous sinuses surrounding the central 

follicular core (Young and Oliver, 1976) (Figure 1.8). These follicles are richly 

innervated and have a specialised sensory function. Two main nerves innervate the 

follicle and these are the deep vibrissa! nerve (DVN) and superficial vibrissa! nerve 

(SVN). The DVN enters below the mid-follicle and innervates the sinus whilst the 

SVN supplies innervation to the epidermal rete ridge collar and the inner conical 

body at the neck of the follicle (Rice et al, 1986). 

1.6 Innervation of Vibrissa Follicles 

Vibrissae are a unique sensory system of mammals that are characterised by a rich 

and diverse innervation involved in numerous sensory tasks (Maklad eta!, 2004). 

The vibrissa follicle, termed follicle-sinus complex (F-SC), has sensory endings 

distributed to as many as six distinct locales within each F -SC. These are ( 1) the 

epidermal rete ridge collar, (2) the inner conical body, (3) the mesenchymal sheath at 

the level of the ring sinus, (4) the ORS at the level of the ring sinus, (5) the 

mesenchymal sheath and trabeculae at the level of the cavernous sinus, and ( 6) the 

DP of the bulb. The innervation to both sinuses is provided by a large deep vibrissal 
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Figure 1.6. Rat vibrissae patterning. 
Sketch showing the position and labelling of vibrissae on the rat mystacial pad (from Oliver, 1969) 
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Figure 1.7. The vibrissa follicle cycle. 
Diagram showing vibrissa! follicle growth. In the vibrissa follicle, shape of the dermal papilla 
(DP) and the position of the growing (GF) and club fibres (CF) are indicators of cycle stage. 
Outer root sheath (ORS), Sebaceous gland (SG), Collagen capsule (CC) (adapted from Oliver 
1966). 
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Figure 1.8. The rat vibrissa follicle. 
Diagram showing the rat vibrissa follicle (modified from Matsuzaki and Yoshizato, 1998) 
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nerve (DVN). The innervation to the inner conical body and rete ridge collar is 

provided by several smaller superficial vibrissa! nerves (SVN) (Rice et a/, 1986) 

(Figure 1.9). 

1.6.1 Deep Vibrissal Nerve 

Each F-SC is innervated by a single DVN that is a unique branch from a major 

fascicle of the intraorbital nerve (Dorfl, 1985). These fascicles lie in the dermis 

between each row ofF-SCs and supply DVNs to the adjacent ventral row ofF-SCs. 

The posterodorsal aspect of the sinus capsule is penetrated by the DVN at the level of 

the cavernous sinus (Rice eta/, 1986). As it ascends and traverses this sinus, it 

breaks into smaller bundles of axons that become distributed around the follicle. 

Occasionally some axons leave these bundles and innervate the cavernous sinus but 

most go on to innervate at the level of the ring sinus (Rice eta/, 1986). At the ring 

sinus, the axons branch and form sensory endings at various levels, becoming 

distributed separately in the mesenchymal sheath around the follicle (Rice eta/, 

1986). Innervation at the level of the ring sinus is consistently the densest in many 

species. The mesenchymal sheath, between the ringwulst and conus, is innervated by 

lanceolate endings (rapidly adapting mechanoreceptors). These are characterised by 

their flat, blade-like appearance and may be branched or unbranched. The lanceolate 

endings are orientated longitudinally and parallel to the hair shaft completely 

surrounding the follicle. There are also numerous Merkel endings (slowly adapting 

mechanoreceptors) located between the ringwulst and the conus (Rice et a/, 1986). 
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1.6.2 Superficial Vibrissa! Nerve 

The fascicles or row nerves, which branch from the major infraorbital nerve, also 

give rise to smaller superficial skin nerves (Dorfl, 1985). These ascend in the dermis 

both dorsal and ventral in close proximity to each F -SC and branch just deep to the 

epidermis. These skin nerves provide SVNs to the F-SCs in addition to supplying 

nerves that form a superficial plexus innervating the intervibrissal fur (Munger and 

Rice, 1986). As many as six SVNs converge upon each F-SC, but depending on the 

species these nerves may send ascending branches to the rete ridge collar, and 

descending branches to the inner conical body (Rice et a/, 1986). 

The rete ridge is innervated in most mammals but not in Rabbit. This innervation 

consists of scattered Merkel endings that completely surround the mouth of the 

vibrissa! follicles. SVNs almost exclusively innervate the inner conical body, and 

compared to other locales has the greatest interspecies variation. Studies by Andres 

in the rat revealed Ruffini (low threshold mechanoreceptors) and free nerve endings 

as well as long thin lanceolate endings in this locale (Andres, 1966). The ORS at the 

level of the ring sinus is also innervated by Merkel endings that traverse the glassy 

membrane to terminate among specialised sensory mechanoreceptors, Merkel cells. 

The Merkel endings are supplied by axons which ascend in the mesenchymal sheath 

with branches that are orientated circumferentially around the follicle and 

perpendicularly to lanceolate endings. Interestingly in Rabbit, the SVNs are poorly 

developed and the F-SCs lack a rete ridge collar and associated Merkel cells (Rice et 

a/, 1986). 
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Figure 1.9. Innervation of vibrissa I follicle sinus-complex (F-SC) 
A schematic, three dimensional view of a vibrissa! follicle sinus-complex (F-SC). On the left 
side only the capsule has been cut away to demonstrate the three-dimensional distribution of 
the innervation supplied by several superficial vibrissa! nerves (SVN) (large open arrows) and 
one large deep vibrissa! nerve (DVN) (large solid arrow). On the ride side, several 
components have been cut away to illustrate detailed relationships of the innervation. Some 
specific types of sensory terminals are indicated: Merkel endings (small solid arrows), 
lanceolate endings (small open arrows), encapsulated endings (small solid arrowheads) and 
Ruffini endings and free nerve endings (small double arrowheads). The SVNs branch to 
innervate the rete ridge collar and inner conical body. The rete ridge contains Merkel endings. 
The inner conical body contains a circular array of axons, lanceolate terminals, Ruffini 
terminals and free nerve endings. The main DVN branches inside the capsule to innervate 
structures at the level of the cavernous sinus and ring sinus. At the leVel of the ring sinus, 
Merkel terminals penetrate the glassy membrane to end within the external root sheath. 
(from Rice eta/, 1986) 
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1.6.3 Merkel Cells 

Merkel cells were first discovered in 1875 by Friedrich Sigmund Merkel. He noticed 

these cells were in close contact with nerve fibres in the hair follicle and glaborous 

skin and called them 'Tastzellen' (Merkel, 1875). These cells have now been 

renamed as Merkel cells (MCs). MCs are predominantly located in sensitive skin 

areas and oral mucosa, in particular basal epidermis, the touch dome, hair follicle, 

vermillion border of the lip, and palate (Winkelmann and Breathnach, 1973; 

Breathnach, 1980; Hartschuh eta/, 1986; Whitear, 1989; Tachibana, 1995). In 

contrast, MCs in birds are found in the dermis (Halata eta/, 2003). These cells are 

characterised by dense-cored osmophilic granules (MC granules), microvilli-like 

projections which protrude from the cell surface, intermediate filaments, small 

desmosomes connecting them to keratinocytes and a pale lobular nucleus containing 

few nucleoli. Most MCs also form a synaptic contact with a sensory axon terminal 

(Tachibana and Nawa, 2002). This complex of MC and a synaptic contact have been 

given many titles, Merkel's corpuscle (Cauna, 1962), Merkel cell-neurite complex 

(Munger, 1965) and most recently, Merkel ending (Halata, 1975). 

In vibrissae, MCs can be found in two prominent locations: superficially near the 

rete-ridge collar, close to where the hair shaft penetrates through the epidermis and in 

the epithelial thickening of the hair follicle below the sebaceous gland (Halata and 

Sames, 2002). Much larger numbers ofMCs (up to 2000) are found basally in this 

location and are oval in shape, orientated with a long axis perpendicular to the hair 

shaft. The nerve endings associated with MCs are located on the IRS aspect ofMCs, 

with its cytoplasmic protrusions extending between neighbouring keratinocytes or 
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through the glassy membrane into the blood sinus (Halata and Sames, 2002) (Figure 

1.10). 

The function ofMCs is thought to act as slowly adapting type I mechanoreceptors 

transducing steady indentation in hairy and glabrous skin (Iggo and Findlater, 1984; 

Ogawa, 1996; Szeder eta/, 2003). However, it is still debated whether it is MCs or 

their afferents acting as mechanical transducers as removing MCs by enzymatic 

treatment, photoablation or genetic modification abolished the responses of slowly 

adapting afferents in some studies (Mills and Diamond, 1995; Kinkelin eta/, 1999), 

but not in others (Ikeda eta/, 1994). If indeed MCs are sensory receptor cells then 

signals must be transmitted through synaptic contacts with somatosensory neurons 

(Haeberle eta/, 2004). In keeping with this MCs contain dense-core vesicles that 

resemble neurosecretory vesicles (Hartschuh et a/, 1990). Various studies have 

confirmed the presence of many neuropeptides such as vasoactive intestinal peptide 

(VIP), calcitonin gene-related peptide (CGRP), peptide histidine isoleucine (PHI), 

synaptophysin and substance P, with some of these detected in the MC granules 

themselves (Hartschuh and Weihe, 1988; Weihe eta/, 1991; Cheng-Chew and 

Leung, 1991, 1994, 1996; Tachibana, 1995). 
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Figure 1.1 0. Ultrastructure and location of Merkel cells. 
(A) High power electron microscopy of a Merkel cell (M) with nerve terminal (T) from the rete 
pig skin of the cat nose. Synapse-like contacts can be seen between Merkel cell and nerve 
terminal (arrow). The Merkel cell is characterised by a lobular nucleus and an accumulation of 
dense-cored granules in the synaptic cytoplasm (from Halata eta/, 2003). (B) Xgal-reaction 
product in a tangential section through an adult Wnt1-cre/R26R whisker follicle. The bulge 
area is characterised by the presence of Merkel cells ( cytokeratin-18 peroxidase reaction 
product; arrow). Blue Xgal-positive cells show cells of neural-crest in origin (from Sieber-Bium 
and Grim, 2004). (C) Ultrathin longitudinal section from a rhesus monkey sinus hair, through 
the thickened portion of the follicle below the sebaceous gland. Merkel cells (M) and nerve 
terminals (T) are arranged obliquely to the glassy membrane (*) like the scales of a pine cone, 
with the Merkel cells always directed towards the glassy membrane. A lanceolate nerve 
terminal (L) in close contact with the glassy membrane(*) is seen on the outer side (Halata et 
a/, 2003). 
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Recently, microarray work by Haeberle and colleagues highlighted over 300 Me­

enriched transcripts including neuronal transcription factors, presynaptic molecules 

and ion-channel subunits. Further analysis revealed that MCs are poised to release 

glutamate and other neuropeptides and also possess voltage-gated ci+ channels. 

These have been shown to trigger release of synaptic vesicles, demonstrating that 

MCs express the molecular tools to send both excitatory and modulatory signals to 

sensory neurons (Haeberle et al, 2004). It should be noted however that there is 

evidence ofheterogeneous subpopulations ofMCs, some which are non-innervated 

but have secretory granules and cytoplasmic processes (Tachibana et al, 1997, 1998). 

These subpopulations ofMCs have been shown to be irregular in shape, populating 

rodent oral mucosae (Tachibana eta/, 1997). It has been postulated these irregularly 

shaped cells may have trophic roles for growing nerve fibres and keratinocytes 

(Tachibana and Nawa, 2002). Because the sensory role ofMCs is still controversial, 

other possible functions have been proposed. Pasche and colleagues proposed that 

MCs may release neuromodulators to regulate the sensitivity of mechanoreceptive 

neurons (Pasche et al, 1990). MCs have also been implicated to influence the 

innervation or development of epithelia (Pasche et a/, 1990; Cronk et a/, 2002). 

Until recently the origin of MCs was also highly contested with scientists opting for 

one of two explanations: ( 1) the neural crest origin hypothesis, and (2) the epidermal 

origin hypothesis (Tachibana, 1995). However, Szeder and colleagues have settled 

this by demonstrating the neural crest origin ofMCs. This group used Wnt1-

cre/R26R compound transgenic mice in which neural crest cells were permanently 

marked. They found that murine MCs both in vibrissae and interfollicular locations 

were neural crest in origin, displaying the p-galactosidase transgene (Szeder et al, 
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2003). This is particularly interesting given that a population of pluripotent neural 

crest stem cells, termed epidermal neural crest stem cells (eNCSC), has been found 

in the bulge region of adult mouse vibrissae (Sieber-Blum eta/, 2004). It has been 

suggested that MCs can detach from the epithelium and migrate (Moll eta/, 1986). It 

is tempting to speculate that MCs, with follicular stem cells, can migrate out of the 

follicle to populate interfollicular regions and may explain the prominent locations 

found in vibrissae. Given the location ofMCs in the follicle, neural crest-derived 

melanocyte precursors (Peters eta/, 2002; Mishimura eta/, 2002) and pluripotent 

eNCSC in the bulge it is tempting to postulate a link between these stem cells and 

MC development. 

1. 7 Inhibitor of DNA-Binding (I d) Proteins 

Since the discovery of Id proteins over a decade ago, extensive research has revealed 

information about their role in proliferation, differentiation, cell fate and lineage 

commitment, cell cycle control and tumourigenesis. To date four members of the Id 

family of proteins have been found in mammals, Idl-Id4, all displaying overlapping 

but distinct expression profiles in a variety of cell types and tissues (Jen eta/, 1996). 

Id proteins consist of a highly conserved helix-loop-helix (HLH) domain and less 

conserved N and C terminal regions. It is via this HLH domain that they exert their 

functions by dimerising with the basic helix-loop-helix (bHLH) family of proteins. 

These bHLH proteins can form transcriptionally active complexes of either hetero or 

homodimers initiating tissue-specific gene expression. The dimerisation of bHLH 

proteins allows DNA binding via the canonical 'E-box' or 'N-box' sequences 

allowing expression of genes containing these sequences. Id proteins, which lack a 
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basic region critical for DNA binding, can block this process by forming 

transcriptionally inactive heterodimers with bHLH proteins, suppressing gene 

expression (Figure 1.11 ). More than 350 bHLH proteins have been identified so far, 

some ofwhich are ubiquitously expressed (eg. E12, E47) and others which are 

tissue-specific (eg. NeuroD, Mashl). The diversity ofthe bHLH family and the 

unique overlapping expressions of the ld proteins are thought to contribute to the 

specific differentiation process during development (Coppe et al, 2003). 

1.7.11d2 

The HLH protein Id2 has a much more restricted expression pattern compared to the 

ubiquitously expressed Id3 (Norton, 2000). During embryogenesis ld2 has been 

found to be specifically expressed in a sub-population of migrating neural crest cells 

(Martinsen and Bronner-Fraser, 1998). Ectopic expression and overexpression 

studies revealed that the neural crest specification is regulated by Id2, directing 

ectodermal precursors into neural rather than ectodermal lineages (Martinsen and 

Bronner-Fraser, 1998). Furthermore, Id2 has been found in cardiac neural crest cells 

of chick. Ablation of these cells led to an altered Id2 expression and abnormal heart 

development. The same phenotype was observed across species suggesting a 

conserved role for Id2 in cardiac neural crest cells and normal development 

(Martinsen et al, 2004). Studies by Samanta and Kessler revealed ld2 playing a role 

in lineage commitment of oligodendrocyte precursors (OLPs), whereby Id2 (and Id4) 

was able to bind the bHLH proteins responsible for oligodendrogenesis (Oligl/2) 

thereby inhibiting differentiation but instead promoting astrocyte differentiation 

(Samanta and Kessler, 2004). Similarly, Wang and colleagues also found Id2 

overexpression blocked oligodendrocyte differentiation and enhanced proliferation. 
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The timing of this differentiation was found to coincide with Id2 translocating out of 

the nucleus (Wang eta!, 2001). The ability ofld2 to control lineage commitment 

was also demonstrated in the foetal thymus of mice. T and natural killer (NK) cells 

develop from common progenitors but in Id2_1
_ mice, NK cell numbers were severely 

reduced. In addition to absence ofNK cells, there was also a lack ofPeyer's patches 

and peripheral lymph nodes (Yokota et a!, 1999). It was found that in ldT1
- mice 

these progenitors could only form T cells, revealing that in wild type mice, Id2 

restricts these bipotent progenitors to the NK lineage (Ikawa et al, 2001). 

In B cell development ld2 has a highly specific role in keeping IgE levels low by 

inhibiting class switch recominations (CSR). This may be important during normal 

immune responses to prevent serious complications such as allergic hypersensitivity 

(Sugai et al, 2003). In addition to ld2's numerous roles in cell cycle control, 

proliferation, differentiation and lineage commitment, ld2 has also been linked with 

apoptosis. Alway and colleagues demonstrated a link between high Id2 expression 

and muscle atrophy via proteolytic caspases (Alway eta/, 2003). Furthermore, other 

research has highlighted a role in neuronal apoptosis, whereby ld2 was induced 

during serum and potassium-induced apoptosis in cerebellar granule neurons. The 

cells were protected from apoptosis via targeted deletion of the ld2 gene in neurons 

(Gleichmann et al, 2002). 

During the cell cycle, Ids are regulated at many levels; transcription regulation, 

protein stability and post-translational modification (Zebedee and Hara, 2001). In 
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Figure 1.11. Model for ld effects on bHLH transcription. 
(A) In the absence of ld proteins, dimers of bHLH proteins can bind DNA and activate 
transcription of differentiation-associated genes. (B) With expression of ld proteins, bHLH-Id 
dimers form which are unable to bind DNA and expression of differentiation-associated genes 
is inhibited (from Hashmat eta/, 2003) 
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Figure 1.12. Model for ld gene function in cell cycle progression. 
Common cell cycle regulatory pathways in which ld gene regulation has been implicated are 
shown above. ld phosphorylation by cyclin-dependent kinases in late G1 is shown. This 
modified ld protein inhibits ld-bHLH dimer formation as shown. bHLH-mediated activation of 
the cdk-inhibitory proteins p15, p16, and p21 is also shown. This activity is also inhibited by ld 
proteins. The particular function of ld2 and its association with the retinoblastoma family of 
proteins (pRB) is also noted. ld2 interactions with pRB allow for release of E2F, expression of 
S phase genes, and cell cycle progression. Allld interactions noted support the role of ld 
proteins in cell cycle progression (from Halata eta/, 2003). 
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addition to binding members of the bHLH family, Id2 is the only Id protein to bind 

the 'pocket proteins' (Rb, p 107, p 130) (Lasorella eta/, 1996). T oma and colleagues 

demonstrated this interaction by overexpression studies with ld2. The apoptotic 

phenotype was rescued by expression of a constitutively active, hyperphosphorylated 

form of retinoblastoma, pRb (Toma eta/, 2000). Rb and its family members are key 

regulators of the cell cycle, involved in the GO to S 1 transition. Rb acts by 

sequestering ld2, providing a crucial checkpoint for proliferation (Weinberg, 1995) 

(Figure 1.12). Deregulated expression of Id2 is known to lead to inactivation of the 

Rb pathway leading to uncontrolled proliferation, a process which is a tell-tale sign 

of cancer (Iavarone eta/, 1994; Lasorella eta/, 1996). In addition to inactivation of 

Rb, ld2 is known to be a target of the ~-catenin!TCF pathway in colon 

adenocarcinoma, leading to deregulation of ld2 (Rockman et a/, 2001 ). Because of 

the potential role ld proteins play in development of cancer, Id genes and their 

proteins are excellent candidates for molecular targeted therapies (Pong eta/, 2004) 

and represent an exciting new approach to cancer research. 

Various signalling pathways have been implicated with Id2 transcription. One such 

pathway is the Transforming Growth Factor (TGF)-beta family and bone 

morphogenetic proteins (BMP). Valcourt and colleagues have shown that TGF -~ 

and not BMP induces epithelial-mesenchymal transitions (EMT) in human and 

mouse epithelial cells, which is accompanied with downregulation of Id2 (Valcourt 

et a/, 2005). Furthermore, studies by Kondo and colleagues found that Id2 interacted 

with E2A proteins prior to EMT. Upon TGF-~ signalling ld2 levels were 

downregulated leaving E2A in molar excess and able to initiate EMT (Kondo et al, 

2004). The type I insulin-like growth factor receptor (IGF-IR) has also been 
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implicated in controlling ld2, both positively and negatively regulating 

differentiation in a murine hematopoietic cell line (Bellati et al, 2001; Prisco et al, 

2001; Navarro eta/, 2001). 

Recently, ld1 and Id2 have been found to be important retinoic acid responsive genes 

in acute promyelocytic leukaemia (APL). Idl and Id2 were dramatically upregulated 

upon treatment with tRA, whereas Id3 and ld4 could not be detected (Nigten eta/, 

2005). Given the modulating effects retinoic acid treatment has on vibrissae and 

fmdings by Nigten and colleagues on APL cells, investigation into the expression of 

Id proteins on retinoic acid treated mystacial pads may further knowledge in this 

area. As a result of all these studies it is clear that ld2 can have many differing roles 

in the cell depending on the stimulus it receives and its cellular niche. There is still 

much to learn from these influential proteins and more studies are needed to 

elucidate their complex interactions at the molecular level. 

According to the literature, no studies have been published on ld2 expression in the 

hair follicle, either during early development, the adult cycle or in response to 

retinoic acid treatment. Id proteins are widely accepted as keeping cells in a 

proliferative, undifferentiated state and needed for the timing of various cellular 

events. They confer stem-cell like qualities and as such have not been extensively 

investigated either in embryonic or adult stem cell populations. In light of this, the 

hair follicle is an attractive organ in which to study the expression of ld2 from a 

development perspective. 
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1.7.21d3 

Id proteins traditionally have been viewed as negative regulators of differentiation, 

and Id3 is no exception. However, since the discovery of the proteins many studies 

have highlighted a much wider role for these proteins. In support of the traditional 

model, ld3 is known to negatively regulate muscle differentiation by inhibiting the 

DNA-binding activities of the myogenic regulatory factors (Melnikova and Christy, 

1996). Furthermore, in adult epidermis Id3 is downregulated in differentiating 

keratinocytes cultured in vitro, and also within in vivo skin sections. In contrast, 

levels of ld3 are high in the proliferating basal layers of the epidermis (Langlands et 

a/, 2000), agreeing with the established view of promoting proliferation and 

inhibiting differentiation. During embryogenesis and development ld1-2-3 display 

overlapping but distinct expression patterns whereas ld4 shows a unique expression 

pattern (Jen eta/, 1996). Expression is stage-dependent and region-specific (Jen et 

a/, 1996, 1997) reflecting the important roles of Id proteins in normal development 

and differentiation (Yokota, 2001 ). 

As with Id2, ld3 is also involved in lineage commitment in the foetal thymus. Here 

the common progenitors ofNK and T cells are also influenced by ld3, inhibiting T 

cells and promoting NK development. Constitutive expression of ld3 demonstrated 

this, conversely absence of Id3 lead to the default pathway ofNK development 

(Heemskerk et a/, 1997). Furthermore Spits and colleagues revealed both ld2 and 

Id3 inhibit development ofCD34+ stem cells into predendritic cells (pre-DC)2, 

favouring the NK lineage, supporting the idea that DC2 precursors, T and B cells are 

from a common origin (Spits eta/, 2000). However, in cells that have already 

committed to T cell development, and initiated T cell receptor (TCR) gene 
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rearrangements (pre-T cells), overexpression of Id3 inhibits development into 

TCRalpha-beta but not gamma-delta T cells. Evidence was also found of cells 

displaying properties ofNK and pre-T cells, highlighting the important role of Id3 

and bHLH proteins in T cell development (Blom et a/, 1999). 

Significant advances in ld function have been realised through knockout studies in 

mice. Id1 and Id3 are co-expressed temporally and spatially during murine 

neurogenesis (Duncan eta/, 1992; Ellmeier and Weith; 1995; Jen eta/, 1997) and 

angiogenesis (Jen eta/, 1997). Because ofthe overlapping expression ofld1 and Id3 

during embryogenesis, it was suggested that redundant functions existed between 

these two members of the Id family. Indeed, mice null for both ld1 and Id3 were 

found to be embryonic lethal at mid-gestation, showing abnormal neurogenesis and 

angiogenesis (Lyden eta/, 1999). Ids were investigated in tumour angiogenesis 

because of the similarities between brain and tumour invasion by vascular tissue. It 

was found that Id knockout mice (ld1 +/-, Id3-/-) failed to support growth and/or 

metastasis of three different tumours, all showing poor vascularisation (Lyden eta/, 

1999). However, a single copy of Id 1 or ld3 is sufficient to rescue embryonic 

angiogenesis in the brain but it appears not in neovascularisation of tumours 

(Benezra eta/, 2001). Clearly further research is needed to understand the role ld1 

and Id3 play in angiogenesis and tumourigenesis. 

A number of studies have illustrated the pathways by which ld3 is regulated. A 

number of studies showed that both ld2 and Id3 are phosphorylated by cyclin­

dependent kinase 2 (CDK2) in late G 1 of the cell cycle (Hara eta/, 1997; Deed eta/, 

1997). Indeed in vascular smooth muscle, Id3 has been shown to be phosphorylated 
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both in vitro and in vivo, providing a switch with which to control the regulation of 

the cell cycle inhibitor p21Cip1, and VSMC growth (Forrest eta/, 2004). ld3 and the 

bHLH proteins E 12 and E4 7 have also been found to play key roles in thymocyte 

development. Upon signalling via the TCR, it was shown that Id3 is rapidly induced 

and regulated in a dose dependent manner by the extracellular signal-regulated 

kinase (ERK) MAPK module. Such a pathway is involved in differentiation and 

proliferation in a wide variety of cell types (Bain et a/, 2001 ). In addition to the ERK 

MAPK pathway, ld3 has also been shown to be regulated by BMP and TGF-~ 

signalling pathways (Hollnagel eta/, 1999; Kee eta/, 2001). Hollnagel and 

colleagues demonstrated that expression of BMP-4 in ES cells resulted in induction 

of Id2 and ld3 expression (Hollnagel et a/, 1999), whereas when cultured B­

lymphocyte progenitors were treated with TGF -~, Id3 expression was also rapidly 

induced (Kee eta/, 2001). 

In the hair follicle during morphogenesis and during hair cycling there is complex 

cross-talk between various signalling pathways. During morphogenesis, BMP 

signalling has been shown to be important in inhibiting placodal fate of cells 

surrounding newly developing follicles and is also involved in the differentiation of 

the hair shaft. Signalling via the TGF -~ pathway has been attributed to promotion of 

the placode and shape of the follicle (Schmidt-Ullrich and Paus, 2005). To date there 

has only been one report of ld3 in the hair follicle and this focussed on the role of 

BMP signalling in the control ofld3. O'Shaughnessy and colleagues reported that 

ld3 expression in the DP corresponded with BMP signalling during middle anagen of 

the adult cycle in both pelage and vibrissae, but interestingly during telogen when no 

BMP signalling is present, ld3 expression was found. This highlighted the 
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possibility that not only BMPs are involved in regulating Id3, but also cell-cell 

contacts (O'Shaughnessy eta/, 2004). Cultured DP cells were found to lose Id3 

expression through passages, but levels were restored on addition of BMP-4 

(O'Shaughnessy eta/, 2004). 

Previous studies into Id proteins in the hair follicle by this lab (Whitehouse et a/, 

2002; O'Shaughnessy eta/, 2004) have demonstrated much is still to be learned from 

their spatial and temporal expression patterns and how they are regulated during the 

complex epithelial-mesenchymal interactions during morphogenesis and adult 

cycling. Because of this, ld3 represents an ideal protein to study in greater depth in 

the hair follicle. 

1.8 Multidrug Resistance Proteins 

The ATP-binding cassette (ABC) superfamily comprise over fifty proteins that 

perform many and varied functions (Klein et a/, 1999; Muller, 2001) and represent 

the largest family of transmembrane proteins (Muller, 2001). Some of these 

members mediate drug transport and as a result have been associated with drug 

resistance in cancer cell lines (Gottesman eta/, 1996; Longley and Johnston; 2005). 

These drug efflux proteins fall into two main groups, termed the multidrug resistance 

(MDR) and multidrug resistance-associated protein (MRP) type transporters. The 

three major multidrug resistance ABC proteins are MDR1 (P-glycoprotein, ABCBl), 

multidrug resistance associated protein 1 (MRPl, ABCCl) and ABCG2 

(BCRP/ABCPIMXR) (Sarkadi eta/, 2004). These transporters are increasingly 

found overexpressed in tumours but their expression is widespread in normal tissues, 

particularly excretory tissues such as the liver, kidney and intestine (Chan eta/, 
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2004). Recently, some of these transporters have been implicated with stem cell 

populations in many different tissues (Goodell eta/, 1997; Storms eta/, 2000; Zhou 

eta/, 2001; Scharenberg eta/, 2002; Martin eta/, 2004;) and it is emerging as an 

important new field of stem cell biology (Bunting, 2002). 

1.8.1 BCRP 

Breast cancer resistance protein was originally isolated from human MCF-7 breast 

cancer cells (Doyle eta/, 1998) and also human placenta (Allikmets eta/, 1998) and 

given the variable names BCRP and ABCP respectively. To further confuse matters, 

Miyake and colleagues characterised the same transporter in mitoxantrone-resistant 

cell lines, giving it a third name, MXR (Miyake et al, 1999). Under the new 

nomenclature this protein is classified as ABCG2 (Parker et al, 1998). 

BCRP is a half transporter consisting of 6 trans-membrane (TM) domains and an 

intracellular A TP-binding region located towards theN-terminus (Sarkadi et al, 

2004), believed to be active as a homo-dimer (Litman et al, 2001) (Figure 1.13). 

Since the early studies isolating and cloning BCRP, it has been established that this 

protein functions as a high capacity drug transporter with wide substrate specificity. 

BCRP can transport large hydrophobic molecules including cytotoxic compounds 

(mitoxantrone, topotecan, flavopiridol, methotrexate), fluorescent dyes (e.g., Hoechst 

33342) and even toxic compounds found in normal food (PhiP) (Sarkadi eta/, 2004). 

Many ABC half-transporters are found in subcellular locations but BCRP has been 

found localised to the plasma membrane, consistent with its role as a drug export 

pump (Rocchi et al, 2000). 
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Hematopoietic stem cells (HSCs) have long been known to efflux certain fluorescent 

dyes such as rhodamine 123 and Hoechst 33342, routinely exploited for isolation of 

these cells by fluorescence-activated cell sorting (F ACS) (Ploemacher and Brons, 

1985; Pallavicini et al, 1985; Spangrude and Johnson, 1990). More recently this 

method has been developed to target a specific side population (SP) of progenitors 

(Goodell eta!, 1996). Schlarenberg and colleagues found that BCRP was a potent 

Hoeschst efflux pump and the protein contributed significantly to the generation of 

the SP phenotype in HSCs (Schlarenberg et al, 2002). It was also found that BCRP 

was not just restricted to HSCs but was expressed in a wide variety of stem cells 

(Zhou et al, 2001). Furthermore, BCRP expression has been found to be exclusive to 

skeletal muscle SP cells (Meeson et al, 2004), present in neural stem cells (Cai et al, 

2002, 2004) and carciac SP cells in the developing and adult heart (Martinet al, 

2004). More recently, de Paiva and colleagues reported BCRP expression in human 

limbal epithelial stem cells and SP cells (de Paiva et al, 2005). 

1.8.2 MRP1 

Multidrug resistance-associated protein 1 (ABCC1) was originally cloned from a 

multidrug resistant human small cell lung cancer cell line that did not express P-gp 

(ABCB1) (Cole et al, 1992). In this subfamily of at least 9 members, MRP1 is the 

only known member to confer drug resistance, however the newest member (MRP7) 

has yet to be characterised (Borst et al, 2000). Each of these members falls into one 

of two categories depending on their trans-membrane domains (TMDs). MRP1 has 

an extra TMD, denoted by TMDo, which consists of 5 helices linked to two other 

TMDs each containing an intracellular nucleotide-binding domain (NBD) (Figure 

1.13). 
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Figure 1.13. Transmembrane arrangement of ABC efflux proteins. 
(A) Pgp (MDR1), MDR3, BSEP (SPgp), MRP4, MRP5, and MRP8, have 12 TM 
(transmembrane) regions and two NBDs (nucleotide binding domains). (B) Typical MRP 
transporters (MRP1 -3 and 6-7) have five extra TM regions towards theN terminus. (C) 'Half­
transporters' such as BCRP have just six TM regions and one NBD (from Chan et at, 2004). 
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Other members fall into this category, such as MRP2, MRP3 and MRP6, however 

the TMD0 has been shown not to be essential for transport activity (Bakos et al, 

1998). The role ofMRPl in SP and stem cells has been found to be very limited. 

Ros and colleagues reported that high expression ofMRPl, along with MRP3 and 

MDRI was seen in regenerating bile ductules in the hepatic progenitor cell 

compartment and was also upregulated in hepatocytes in severe human liver disease 

(Ros eta!, 2003). A study on mouse ES cells showed MRPl was absent, but when 

stimulated to differentiate along a hepatocyte lineage these differentiated cells 

expressed MRPl (Tanaka eta!, 2003). However, it has been suggested that MRPI 

(and P-gp) may protect hematopoietic progenitor cells from chemotherapy-induced 

toxicity. Knockout mice against both these transporters revealed that bone marrow 

was up to 25-fold more sensitive to vincristine than wild-type bone marrow, and also 

that the presence of both transporters conveyed greater protection (van Tellingen et 

a!, 2003). 

1.9 Current Challenges in Hair Follicle Biology 

Despite a resurgence of research into this fascinating appendage over the past 

decade, many critical questions remain unresolved that have implications for a broad 

range of biological disciplines. During hair follicle morphogenesis, it still remains a 

mystery where exactly the crucial follicle initiation signal arises. Follicle formation 

requires many different interacting signalling cascades which all need to be precisely 

timed. Many pathways have been discovered in the developing follicle, but exactly 

how all these molecules and pathways communicate is still unresolved and is a major 

challenge posed to hair follicle researchers, for example the molecular pathway 
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which favours the formation of a hair follicle instead of a sweat gland in a given 

location is unknown (Schrnidt-Ullrich and Paus, 2005). 

It has been known for some time that the bulge region of the hair follicle harbours 

slow-cycling, label-retaining cells with a high proliferative potential and 

clonogenicity. However, despite much research into this area the elucidation of a 

specific hair follicle stem cell marker has been unfruitful. Many candidates have 

been proposed but distinguishing stem cells from their transit -amplifying progeny 

has proved difficult, with conflicting reports (Ma eta/, 2004). Elucidation of 

definitive hair follicle stem cell markers, coupled with a greater understanding of 

how the bulge cells relate to interfollicular keratinocyte stem cells, the DP 

mesenchymal cells and how this all fits into cycling (Ma eta/, 2004) will yield 

exciting prospects for therapeutic treatments, notably in tissue and wound repair. 

The search for the so-called 'Hair Cycle Clock' (HCC) is equally as elusive. It is 

undisputed that the biological "clock" that drives cycling of the hair follicle resides 

in the hair follicle itself, but the molecular nature of this system is unknown. Some 

have postulated that the heart of the hair follicle rests in the epithelial stem cell 

region while others have opted for the mesenchymal DP (Stenn eta/, 1999). What is 

clear however is that elucidation of this mechanism will have a significant impact on 

other biological problems and have implications for clinical therapy since the vast 

majority of patients with hair growth disorders suffer from an undesired alteration of 

hair follicle cycling (Paus and Foitzik, 2004). 
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1.10 Aims of this Study 

The ld protein family comprise a group of proteins which due to their function of 

regulating transcription are powerful players in the control of the cell cycle and 

differentiation. The hair follicle is a fascinating appendage and a great model to 

study from a developmental perspective. ld3 has not been extensively studied during 

hair follicle morphogenesis and ld2 has not been investigated at all in the hair 

follicle. This epithelial appendage is also the focus of much research into the 

multiple stem cell populations present in the follicle and the elucidation of specific 

stem cell markers. Multidrug resistance proteins represent potential novel markers of 

such populations, being recently implicated in some stem and SP cells (Cai et al, 

2002, 2004, Meeson et al, 2004; Martinet al, 2004). Therefore the aims were: 

1) To investigate the expression ofld2 and Id3, covering early follicle 

morphogenesis through to neonatal and the adult follicle cycle. 

2) To investigate any relationship between ld expression and high proliferating 

cell populations, such as the putative stem cell bulge region. 

3) To investigate the presence ofmultidrug resistance proteins in the hair follicle 

and their potential protective role in stem cell populations. 

4) To study glandular morphogenesis of vibrissae treated with retinoic acid and 

how this affects ld protein expression. 
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2.0 Materials and Methods 

2.1 Animals 

Wistar rats (LSSU, Durham University) of either sex (3-12 months) were killed 

and tissue was obtained and frozen for subsequent immunocytochemistry. The 

same rats were also used for expression and culture studies. 

2.1.1 Adult Vibrissa Follicles 

An L-shaped incision was made postero-ventral to the mystacial pad, clamped at 

one end and then peeled back towards the snout using artery clamps (Figure 2.2). 

The connective tissue surrounding the vibrissa follicles was removed with fine 

forceps under a low-powered dissection microscope (Nikon SMZ-1 0, Japan) 

allowing the follicles to stand up on end. The follicles were pulled clean from the 

face by holding them where they meet the skin surface and pulling away, giving a 

clean vibrissa follicle, intact hair fibres and nerve. These individually isolated 

follicles were put into MEM (Sigma, UK) ready to be staged. 

The isolated follicles were initially staged based on the number of hair fibres, 

length of the growing hair and follicle morphology; early anagen (EA) where a 

fine growing fibre is present above the neck of the follicle, with a length up to one 

quarter of the thick club fibre; mid-anagen (MA) where the growing fibre is 

between one quarter and three quarters the length of the club fibre; late anagen 

(LA) where the growing fibre is more than three quarters the length of the club 

fibre; and catagen I telogen where a single fibre is present (Figure 2.3). The 

follicle was further classified according to whether the end bulb was swollen 

indicating the start of catagen, or a narrowing of the end bulb region suggesting 
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the follicle was in telogen (Williams et al, 1994). The purpose was to give an 

indication of the growing cycle of the follicle as a guide for when sectioning using 

a cryostat. 

Once staged each follicle was transectioned at the neck, mounted in plastic base 

moulds in TissueTek O.C.T (Agar Scientific) and orientated so that the nerve 

emerging from the follicle was on the right hand side and parallel to the bottom of 

the base mould. As with all samples, the follicle was pushed to the bottom of the 

mould to ensure it was orientated horizontally. The samples were then snap 

frozen in liquid nitrogen and stored at -80°C ready for sectioning. 

2.1.2 Neonatal Mystacial Pads 

Mystacial pads were taken from neonates ranging :from new born to 4 day old rats. 

In each case, a rectangular sample of pad was taken making incisions parallel to 

the rows of follicles going as deep as the facial cavity. Once removed the pad was 

carefully trimmed to provide a straight edge for mounting ensuring the follicles 

are in line. The pads were mounted in plastic base moulds in TissueTek O.C.T at 

90° to the base, snap frozen in liquid nitrogen and stored at -80°C. When 

preparing the 4 day pads, the whiskers were trimmed to allow for easier mounting. 
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2.1.3 Embryo Heads and Snouts 

Embryos ranging in age from E 14 to E20 were taken, and depending on their size 

their heads or snouts were removed and embedded. For all embryos, an incision 

was made using a scalpel with a flat blade at the opening of the mouth below the 

upper lip and running back towards the top of the head. The embryo heads were 

placed on the cut edge, with E14 and E16 being mounted as so. E18 and E20 

heads had a further incision made vertically down leaving the snout. These were 

orientated as for E 14 and E 16 samples but were mounted in foil boats and snap 

frozen as previously. 

2.1.4 Embryo Mystacial Pads for Culture 

All procedures were carried out under strict aseptic techniques. Mystacial pads 

were dissected from embryos aged E13.5 and E14 into a culture dish spotted with 

MEM (Sigma, UK). The pads were dissected by cutting round all four sides using 

a pair of fine dissection scissors being careful not to take too much dermis below 

the pad. Dissected pads of same aged embryos were stock piled in spots of MEM 

ready for culturing. 
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Figure 2.2. Mystacial pad dissection 
Sketch showing the rat mystacial pad with arrowed line (red) showing where to make 
incisions. The pad was clamped along the newly made flap and rolled back towards the 
snout, revealing the vibrissae and intact nerves (modified from Oliver 1969) . 
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Figure 2.3. Vibrissa follicle staging 

Late 
Anagen 

Diagram showing the relative length of the growing hair and club fibre. In early anagen 
(EA) the growing hair is less than 1/3 of the club fibre length, mid anagen (MA) where the 
growing hair is 1/2 of the club fibre length and late anagen (LA) where growing hair is 
more than 2/3 the club fibre length. 
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2.2 Immunohistochemistry 

2.2.1 Cryostat Sectioning 

All samples were cut on a Leica 3050S cryostat. Sections were cut at 6Jlm 

thickness at a temperature of -20°C. Before sectioning, samples were trimmed 

using a razor blade then orientated and mounted on the 'chuck' using TissueTek 

O.C.T. Serial sections were put alternatively onto fresh poly-1-lysine coated slides 

with each slide holding a maximum of 10 sections. The slides were left to adhere 

to the surface for up to 30mins before being fixed. 

2.2.2 Fixing of Samples 

All sections were fixed in ice cold 5% acetone in methanol to dehydrate and 

permeabilise the cells allowing unhindered access of the antibodies to all cell 

compartments. This fixation was chosen to ensure damage to cell architecture and 

morphology was minimal. 

Methanol-Acetone Fixing 

Slides were rinsed in filtered PBS for 5 minutes to remove the TissueTek O.C.T 

compound then fixed with methanol-acetone at -20°C for 20 minutes. The slides 

were removed and left to air dry for 15 minutes. They were then either stored at 

-80°C until needed or rehydrated in filtered PBS for 2 x 5 minutes in preparation 

for blocking. 

57 



2.2.3 Blocking 

Blocking was performed to reduce non-specific antibody binding and reduce any 

background. Slides were incubated for 30 minutes in fresh FSG (Sigma, UK) 

(0.2% in PBS). After incubation, each slide was removed and areas between 

samples dried using tissue to enable neat spots of primary antibody to be applied. 

Care was taken to ensure the sections did not dry out. Blocking was continuous as 

both primary and secondary antibodies were diluted in blocking solution. 

Blocking was initially performed using normal serum raised in the same species of 

host as the fluorochrome conjugated secondary antibody, but was subsequently 

replaced with FSG because it performed as well if not better than the host serum 

against a panel of antibodies. 

2.2.4 Controls 

The following controls were used for each experiment: no primary antibody, and 

no secondary antibody. 

2.2.5 Primary Antibody 

The primary antibody (Table 2.1) was diluted in blocking solution (0.2% FSG in 

PBS) and applied ensuring a neat spot over each sample. The slides were 

incubated in a humidity chamber either for I hour at room temperature or 

overnight at 4°C. All controls had the primary antibody omitted and were 

incubated in blocking solution instead. 
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2.2.6 Secondary Antibody 

The primary antibody was removed with 3 x 5 minute washes in PBS and dried 

around the samples as previously. The secondary antibody (Table 2.2), 

conjugated to FITC or TRITC fluorochromes, was diluted in blocking solution and 

applied over the samples. Slides were incubated in a humidity chamber in the 

dark for 1 hour at room temperature. 

2.2. 7 Double-labelling Immunofluorescence 

Some sections were labelled with two primary antibodies, raised in different 

species. At the addition of the primary antibody both antibodies were diluted 

together to the correct working titre in blocking solution and added to the slides. 

The slides were incubated as described in 2.2.5. 

Secondary antibodies conjugated to FITC and TRITC fluorochromes were also 

diluted in blocking solution and applied to the slides. The slides were incubated in 

the dark as described in 2.2.6. Immunocytochemistry was performed on at least 3 

and up to 5 different specimens for each sample, ensuring the results were of high 

quality and consistent. 

2.2.8 Hematoxylin and Eosin Staining (H&E) 

Slides used to examine the general histology of the samples were stained using 

Mayer's hematoxylin and eosin. The samples were fixed methanol:acetone for 20 

minutes at -20°C (see 2.2.2), then rehydrated through 95% and 70% ethanol to 

distilled water for 1 minute each. Following this, the samples were incubated in 

Mayer's hematoxylin for 5-10 minutes (adjusted for each sample), dipped in 

alkaline water to blue the nuclei and rinsed in distilled water several times. The 
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samples were then dehydrated through 70% and 95% ethanol for 1 minute each 

then incubated in eosin for 10-30 seconds (adjusted for each sample), then dipped 

into 95% and absolute ethanol. The slides were cleaned by incubating in 

Histoclear for 1 minute, then repeating with fresh Histoclear. In preparation for 

viewing, the slides were dried at the edges and a glass cover slip mounted using 

DPX. Slides were viewed as described below in 2.2.9 with the microscope being 

used as just a light microscope. 

The slides were viewed as described below in 2.2.9 with the microscope being 

used as just a light microscope. 

2.2.9 Mounting and Viewing 

After incubation of the secondary antibody, the slides were washed 3 x 5mins in 

PBS. Mowiol:Dabco (see Appendix 5.1.2) was used as the mounting agent with 

80J.!l added uniformly to the slide and a coverslip placed on top using tweezers to 

ensure no bubbles were present. The slides were left to dry and harden for 1-2 

hours before viewing. Mowiol:Dabco is effective in retarding photobleaching. 

The slides were examined using an inverted epi-fluorescence microscope (Zeiss 

Axiovert 135) using x5, x1 0, x20 and x40 objectives. All images were taken with 

a mounted digital camera (Spot RT) and processed using Adobe Photoshop CS 

graphics software. For slides which were double-labelled with FITC and TRITC, 

separate green and red fluorescent images were taken of the same section and 

combined to give a double-labelled image. 
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Table 2.1 Details of antibodies used for immunohistochemistry 

Working 

Host 
Antibody 

Isotype Epitope 
Concentration 

Source 
Specificity 

(Jlg/ml) 

Rabbit Id2 lgG C-20 1:20 
Santa Cruz 

Biotechnology 

Rabbit Id3 lgG C-20 1:20 
Santa Cruz 

Biotechnology 
0'\ -

Mouse ~-catenin lgG1 Clone 14 1:100 
Transduction 

Labs 

Mouse Cytokeratin-20 lgG1 IT-Ks 20.10 1:10 Progen 

Mouse Synaptophysin lgG1 Clone SVP-38 1:100 Sigma 

Prof. Chris 
Mouse Lamin-A IgGl Jol4 1:5 Hutchinson, 

Uni. ofDurham 
-- -



0"1 
N 

Table 2.2 Details of secondary antibodies used for immunohistochemistry 

Working 

Host Specificity Isotype Fluorophore 
Concentration 

(Jig/ml) 

Donkey Anti-Rabbit IgG (H+L) FITC 1:100 

Donkey Anti-Mouse IgG (H+L) TRITC 1:100 

Source 

Jackson 

Jackson 



2.3 RNA Isolation 

All techniques were carried out under RNase free conditions using filtered pipette 

tips (Starlabs). The workbench and pipettes were sprayed with 70% ethanol and 

RNA-Zap (Ambion) before commencing. 

Adult vibrissa follicles were isolated and staged from six rats (see 2.1.1 ). Once 

staged the follicles were cut transversely at the neck to remove the hair fibre/s and 

subsequently split into two groups (stored in culture dishes containing MEM) i) 

Mid-Anagen ii) other stages. The other stages were mounted and snap frozen for 

immunohistochemistry (see 2.2.1) so material was not wasted, as only RNA from 

the Mid-Anagen stage was required. Each follicle from the Mid-Anagen group 

was dissected into Upper Follicle (MA-UF), Mid Follicle (MA-MF) and End Bulb 

(MA-EB), with incisions made at the level ofthe ringwulst and just above the end 

bulb. To isolate the RNA, the kit To TALL Y™ RNA (Ambion) was used. 

Dissected follicle sections were put into the appropriate test tubes containing 

750J.!l Denaturising Solution. 

All samples were manually processed to homogenisation. Following 

homogenisation the samples were centrifuged for 2-3 minutes at top speed to 

remove any debris present in the lysate. After lysate preparation, each sample was 

ready to continue with the RNA isolation. 
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2.3.1 Phenoi:Chloroform:IAA Extraction 

The volume of the lysate at this point is now the Starting Volume. After 

centrifugation the lysate was transferred to another I.5ml tube where I Starting 

Volume ofPhenol:Chloroform:IAA was added to the lysate. Care was taken to 

ensure the organic phase of the solution was taken and not the interphase or below 

layers. The tube was then vortexed for 1 minute, incubated on ice for 5 minutes 

then centrifuged at II ,000 x g for 5 minutes. After centrifugation, the upper 

aqueous layer was carefully transferred to a new vessel and measured again. 

2.3.2 Acid Phenol Extraction 

III 0 of Aqueous Phase volume of Sodium Acetate solution was added to the 

phenol extracted lysate and mixed by shaking for approximately I 0 seconds. I 

Starting Volume ofPhenol:Chloroform:IAA was added to this mixture and then 

vortexed for 1 minute. The lysate and phenol were then stored on ice again for 5 

minutes and centrifuged at 1I ,000 x g for 5 minutes. After centrifugation, the 

upper aqueous layer was carefully transferred to a new RNase-free vessel and 

measured again. 

2.3.3 Isopropanol Precipitation of RNA 

Using the new measured volume, an equal volume of isopropanol was added to 

the RNA prep and mixed well. The tube was stored at -20°C overnight to allow a 

white precipitate to form, indicating the presence of RNA. 

The precipitation mixture was centrifuged at II ,000 x g for I5 minutes and the 

supernatant carefully removed and discarded using a fine-tipped pipette. The tube 

was re-spun briefly and any residual fluid was removed. 
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To remove any residual salts the pellet was washed in 70% ethanol. 300J..tl ethanol 

was added to the tube and gently vortexed for 2-3 minutes. The RNA was 

recovered by centrifugation at 3,000 x g for I 0 minutes and the supernatant was 

carefully removed. The pellet was resuspended in IOOJ..tl ofDEPC treated distilled 

water yielding a reasonable RNA concentration. 

2.3.4 Quality of RNA 

A small aliquot ofthe total RNA isolation was mixed with 5J..tl of lOX RNA 

loading buffer and loaded onto a 2% agarose gel (see Appendix 5.1.7). The gel 

was electrophoresed at 90 volts until the loading dye had moved 4-5 em and a 

Polaroid taken using a Gel Doc 2000 transilluminator (Bio-Rad, UK) running 

Quantity One software. This was performed to check the quality of RNA and to 

check for DNA contamination. 

2.3.5 DNase Treatment 

To remove genomic contamination from the total RNA preparation Ambion's 

DNA-free kit was used by the following method. I OJ..tl of I OX DNase I buffer and 

lJ..tl ofrDNase I (2U) was added to lOOJ..tl ofRNA and incubated for 30 minutes at 

37°C. lOJ..tl of resuspended DNase Inactivation Reagent was then added and 

incubated for 2 minutes at room temperature, mixing occasionally. The mixture 

was then centrifuged at 10,000 x g for 1 minute to pellet the DNase Inactivation 

Reagent. The supernatant containing the DNA-free RNA was transferred to a 

clean tube. The extracted RNA was stored at -80°C for long-term storage. 
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2.3.6 Quantification of RNA by Spectophotometry 

To check the purity and concentration of the DNase treated RNA a small sample 

was analysed in a spectrophotometer. The RNA was diluted 1:100 using DEPC 

treated distilled water and transferred to a clean glass cuvette. Absorbance 

readings were taken at 260 and 280nm against a DEPC water blank. The 

concentration of RNA was estimated by calculating the ratio of the OD readings. 

Readings above 1.7 were considered to indicate good quality RNA, according to 

the kit instructions. 

2.4 Reverse Transcription Polymerase chain reaction 

2.4.1 Reverse transcriptase (RT) 

Total RNA samples were reverse transcribed using the T7 oligo-dT primer 

(Invitrogen). 1 fll of the primer and 1 fll of dNTPs (Invitrogen) was added to the 

correct amount of RNA sample (1000ng/f.ll) then made up to 12fll with DEPC 

treated distilled water. The resulting mixture was heated at 65°C for 1 0 minutes to 

disrupt the RNA secondary structure then immediately ice cooled for a further 5 

minutes. 2fll ofO.lM DTT (Invitrogen) and 4fll of5X first strand buffer 

(Invitrogen) were added to each reaction, mixed gently by pipetting and heated at 

42°C for 2 minutes. 1 fll of Superscript II RT (Invitrogen) was added then made up 

to a final20fll volume by adding lfll ofDEPC treated distilled water. The 

resulting mixture was mixed by pipetting and incubated at 42°C for 50 minutes 

then at 70°C for 15 minutes to inactivate the enzyme. The eDNA samples were 

then stored at -20°C until required for PCR on the genes of interest. 
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The eDNA samples (MA-UF, MA-MF, MA-EB) together with -RT controls for 

each sample (the -RT is a mock reverse transcription containing all the RT-PCR 

reagents, except the reverse transcriptase) were used in a PCR (see 2.5.3) for the 

housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

Absence of product in the -RT wells was taken to indicate no detectable genomic 

contamination. 

2.4.2 Primer Design 

Specific primers (Table 2.3) were designed from the eDNA sequence of the gene 

of interest using data available from www.ncbi.nlm.nih.gov. Primers were 

designed complimentary to both rat and mouse eDNA sequences where possible. 

This was achieved by aligning both sequences (noting the accession number) for 

the same gene of interest using BLAST (bl2seq). Sequences towards the 3' end 

were chosen using the following criteria: between 20-30 base pairs (bp) long; 

having a GC content between 50-60%; giving a product between 300-600bp; 

having a basic melting temperature (T m) of around 60°C. An oligonucleotide 

properties calculator was used to assist in primer design 

(www.basic.nwu.edu/biotools/oligocalc.html). The resulting sequences were 

checked for specificity using a nucleotide-nucleotide blast search (blastn) before 

being sent to Sigma for production. The stock primers received from Sigma were 

diluted to give a concentration of 500pmoVJ.tl, with working stocks made up using 

a 1: 1 00 dilution giving a 5pmol/J.tl working concentration. All primers were kept 

at -20°C. 
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----- - - - - - -

2.4.3 Polymerase chain reaction (PCR) 

For the polymerase chain reaction the following reagents (Invitrogen) were added 

to each reaction tube with the eDNA added last (Note a master mix was made 

depending on the number of simultaneous reactions to reduce error between 

reactions): 

ddH20 
lOX Buffer 
eDNA sample 
50~MMgCh 
5' Primer 
3' Primer 
lOmMdNTP 
Taq Polymerase 

19.75~1 

2.5~1 
1.0~1 
0.75~1 
0.75~1 
0.75~1 
0.50~1 

0.25~1 

On addition of the eDNA, the reaction tubes were spun at 3000 x g for 20 seconds. 

The PCR reactions were carried out on a Perkin Elmer thermal cycler using the 

following programme: 

94°C 3 minutes 
94°C 1 minute 
'Primer Annealing Temperature' (Table 2.3) 1 minute 
72°C 2 minutes 
72°C 1 0 minutes 

1 cycle 

} 25-35 cycles 

1 cycle 

The PCR products were run down a 2% agarose gel (see Appendix 5.1.7) with 5~1 

of Molecular Marker (Invitrogen). The resulting images of the DNA bands were 

visualised using a Gel Doc 2000 transilluminator (Bio-Rad, UK) and a Polaroid 

taken for records. 

To check that the concentration of eDNA in each sample (MA-UF, MA-MF, MA-

EB) was equal, a PCR was setup for GAPDH comparing the products for 0.5~1 

and 1~1 eDNA at 25 cycles. lfloading is equal all the 0.5~1 eDNA samples will 

have identical bands, as will the 1~1 samples. The 0.5~1 reactions were included 
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for comparison incase the 1 Jll reactions had passed through the exponential phase 

of the reaction and reached a plateau. All PCR reactions were repeated at least 

twice for consistency. 
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Table 2.3 Primers designed and used for RT -PCR analysis 

Gene Primer Sequence 

(F) CTGTGGATCA TCTGCTGGGCAGA 

MRPl 
(R)GCACCATCATCCCTGTAATCCACC 

(F) AGGCGGAGGCAAGTCTTCGTTG 

BCRP 
(R)GGGCTCATCCAGGAAGAGGATG 

(F)CACGGACATCAGCATCCTGTCCTT 

Id2 
(R)CAGTAGGCTCGTGTCAAAAAGGCC 

(F) CTGAGCTCACTCCGGAACTTGTGA 

ld3 
(R)CAGCTCTTATGCTGCCTTGGCAG 

(F) A TGGCCT ACA TGGCCTCCAAGG 

GAPDH 
(R)AGGCCCCTCCTGTTGTTATGGG 

Product Size Annealing 
Accession Number Temperature 

(bp) (oC) 

448 (R) NM_022281.2 (R) 
62 

448 (M) NM_008576.1 (M) 

391 (R) NM_181381.2 (R) 
61 

391 (M) NM_011920.1 (M) 

559 (R) BC086391.1 (R) 
61 

532 (M) NM_010496.2 (M) 

430 (R) BC064658.1 (R) 
62 

426 (M) NM_008321.1 (M) 

184 (R) BC_087743 (R) 
58 

184 (M) BC_083149 (M) 



2.5 Cell Culture 

2.5.1 Glandular Morphogenesis Experiment 

2 female Wistar rats (LSSU, Durham University) bred to obtain embryos of a 

known age provided the tissue for organ culture. Their age was calculated by 

regarding the appearance of a vaginal plug as the beginning of day 0. Skin was 

dissected from the developing mystacial pad of embryos aged 13.5 and 14 days 

(see 2.1.4 ). Because of variation in development of supposed same stage 

embryos, whisker pads from the same embryo were noted for analysis of results 

later. 

The retinoid used for culturing was all-trans retinoic acid (tRA; Sigma). RA was 

completely dissolved in absolute ethanol to give a stock concentration of 

500J.lg/ml. The stock was aliquoted into sterile 1.5ml tubes and kept at -20°C. 

Because of the instability of RA, this compound and mixtures containing it were 

handled in dim light, protected with aluminium foil and stored at either -20°C or 

4°C. lOml of fresh culture medium containing 20% FCS was prepared in a 

universal tube (see Appendix 5.1.5) with O.lml oftRA stock added to give a final 

working concentration of 5J.lg/ml. Control medium was prepared in the same way 

except RA was replaced by absolute ethanol. Cultures were incubated at 3 7°C in 

an atmosphere of 5% C02, 95% air. 

2.5.2 Embryo Mystacial Pad Culture 

The embryo mystacial pads were cultured in 24-well plates (Nunc) containing 

membrane inserts (Millipore) and 550f.ll of prepared culture medium (see 

Appendix 5.1.5). For each embryo, 13.5 and 14 day (E13.5 and El4), one pad 
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was set up in RA containing medium (+RA) and the complimentary pad set up in 

control medium ( -RA). 

The 13.5 day embryo mystacial pads were set up according to Figure 2.4, with a 

total of 4 RA and 4 control cultures. The 14d embryo mystacial pads were set up 

similarly with a total of 6 RA and 4 control cultures. All mystacial pads were 

placed dermis-side down and ensured they had enough medium but were never 

submerged or lacking in medium. The number of mystacial pads cultured was not 

equal due to differences in the number of embryos being carried by the female 

rats. 

Cultures were removed after 2.5, 4 and 5 days (no 2.5 day cultures were removed 

in the £13.5 mystacial pads because ofless mystacial pads to culture and it was 

preferred to have results from pads that had been cultured longer). The cultures 

were removed and either mounted and snap frozen in liquid nitrogen (see 2.1.1) 

for immunohistochemistry (see 2.5.3) or fixed in 4% formal saline for paraffin 

wax embedding (Table 2.4 and 2.5) (see 2.5.4). 

2.5.3 Immunohistochemistry 

Frozen mystacial pad cultures were used for immunohistochemistry following the 

procedure described in 2.3. Double-immunolabelling was performed using the 

antibodies Id2 and CK-20, Id2 and Synaptophysin and Id3 and f3-catenin (Table 

2.1 ). An H&E stain was also performed on the serial sections (see 2.2.8). 
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2.5.4 Paraffin Wax Embedding 

Cultures fixed in 4% formal saline were prepared for wax embedding. The 

samples were dehydrated through 70%, 90% and absolute alcohol for 30 minutes 

with 3 repetitions each. Following this the samples were incubated in Histoclear 

for 30 minutes, again with 3 repetitions. Molten wax was added to the samples 

and left in the oven for 1 hour at 60°C, repeated 3 times whilst discarding as much 

of the old wax as possible each time. The samples were then transferred to fresh 

wax in a hot glass mounting block, orientated whilst it was setting then left for a 

further hour in the fridge to set properly. 

2.5.5 Microtome Sectioning 

The wax embedded cultures were removed from their glass moulds, trimmed 

using a razor blade and mounted onto a wooden block. The sample was secured 

by melting wax chippings on the block and positioning the sample on the wax. 

The samples were sectioned using a Leica Microtome set to a thickness of I OJ..lm. 

Ribbons of sections were transferred to clean glass slides by floating them on 

water. The water had been boiled and allowed to cool to reduce air bubbles when 

sticking the sections to the slides. The slides were then left on a slide heater to 

evaporate the water and melt the wax sections enabling them to adhere to the 

slides. 
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Figure 2.4. Embryo mystacial pad cultures 
Diagram showing the set up of E13.5 and E14 mystacial pad cultures in a 24-well plate. 
The-RA controls {blue) and the +RA cultures {blue) were stopped after 2.5, 4 and 5 days 
as shown. E13.5 samples were stopped after 4 and 5 days only. The cultures were 
either snap frozen or fixed in 4% Formal Saline for analysis. Note: one well in E14 
cultures had 2 mystacial pads being cultured. 
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Table 2.4 Summary of E13.5 mystacial pad cultures detailing the duration of 

culture and method of preservation for analysis. 

Culture 
+RA -RA 

Length 
Frozen Fixed Frozen Fixed 

2.5d n/a n/a n/a n/a 

4d 1 1 1 1 

Sd 1 1 1 1 

Table 2.5 Summary of E14 mystacial pad cultures detailing the duration of 

culture and method of preservation for analysis. 

Culture +RA -RA 

Length 
Frozen Fixed Frozen Fixed 

2.5d 1 0 1 0 

4d 1 1 1 1 

Sd 2 1 0 1 
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3.0 Results 

Throughout the results and discussion, vibrissa follicle development is described in 

stages. Please refer to Figure 3.1 for a description. 

3.1 ld2 
Id2 expression was investigated in the mystacial pad of rats, covering early follicle 

development through to newborn and adult follicles. In early development (stage 1-

2) Id2 immunolabelling was significantly higher in the epithelial placode compared 

to the surrounding epidermis and dermis (Figure 3.2A,B; arrows). At stage 2-3 

follicles, ld2 staining was strong at the base of the hair peg (Figure 3.2C; arrows), 

although this expression was not consistent throughout every follicle. Interestingly, a 

few individual cells around the neck of developing follicles displayed very high 

expression ofld2 (Figure 3.2C-E; arrowheads). These cells were first apparent in 

embryonic day 16 (E16) sections (stage 1-4 follicles). 

Id2 expression was not limited to follicle development and the epidermis, but was 

also found significantly in the developing eye and palate of E 16 head sections. 

Nerve-like staining was seen with ld2 expression in the developing eye (Figure 

3.3A,B) whilst highly specific and polarised staining of the epithelial palate was 

demonstrated with ld2 targeted to the membrane of cells at the epithelial-

mesenchymal border (Figure 3.3C,D; arrows). Occasionally a few distinct cells in 

the basal layer of the palate also stained significantly for Id2 (Figure 3.2D; 

arrowhead). 
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Immunostaining of embryonic day 18 (E 18) sections revealed a population of Id2 

expressing cells in the outer root sheath (ORS) of stage 6+ follicles located around 

the bulge region (Figure 3.4B; arrows). Serial sections through the follicles revealed 

these cells to densely populate the ORS at the bulge level, surrounding the inner root 

sheath (IRS) and hair shaft. Similarly stained cells were also present in large 

numbers around the neck of the follicle, the rete ridge collar, with very few of these 

cells appearing to be between these distinct regions (Figure 3.4C). The basal layer of 

the epidermis was also found to contain many Id2-positive cells throughout the 

mystacial pad (Figure 3.4E; arrows). On the opposite side to deep vibrissa! nerve 

entry (DVN), Id2 staining was seen in cells lining the outside of the mesenchymal 

capsule, spanning the suprabulbar and isthmus regions (Figure 3.4A,G; arrowheads). 

These cells were not present on pelage follicles or developing vibrissae before stage 

6. In developing pelage follicles, high Id2 expression was seen in cells at the base of 

the epithelial peg (Figure 3.4D; arrows). Distinctive Id2 staining was also seen in 

basal cells ofthe interfollicular epidermis (Figure 3.4D; arrowhead). 

At this stage of development, a developing structure located in a region of the rat 

forebrain also showed distinct Id2 immunolabelling (Figure 3.4F). It should be noted 

that due to the fibrous and keratinizing nature of the hair shaft and cells above the 

matrix respectively, ambiguous staining was seen (Figure 3.4A,B,D,E,G; asterisk). 

Unfortunately this was quite common when staining vibrissa follicles with polyclonal 

antibodies. These results ·indicated that Id2 may be staining specialised nerve cells in 

the mystacial pad, but it was not labelling the main DVN or the large nerves of the 

hypodermis. To investigate nerve activity in vibrissae and the mystacial pad, double 

immunolabelling was performed with Id2 and synaptophysin (Syp ). 
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Figure 3.1. Stages of vibrissa morphogenesis 

- - - - - Dermal Sheath 

[==:J Inner Root Sheath 

- Keratinized Hair Fibre 

Diagram showing the developmental stages of vibrissa follicle morphogenesis. Stage 0, 
thickening of the epidermis results in the epidermal placode forming; Stage 1, epidermis 
begins to invade the underlying dermis; Stage 2, the epidermal plug is now surrounded by 
the densely packed dermal cells which will become the dermal papilla and sheath; Stage 3, 
the presumptive dermal papilla is now surrounded by the invaginating epidermal 
downgrowth; Stage 4, the characteristic bulbous shape of the follicle starts to appear as 
does the keratinized inner root sheath; Stage 5, cells at the surface of the epidermis begin 
to differentiate in preparation for formation of the hair canal; Stage 6, apoptosis occurs at 
the presumptive hair canal, the developing sebaceous gland is visible and keratinized hair 
fibre is present; Stage 7, the hair canal opens; Stage 8, keratinized hair fibre emerges from 
the follicle (adapted from Davidson & Hardy, 1952). 
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Figure 3.2. Immunocytochemical staining of E16 mystacial pads. 
Staining with ld2 in stage 1-2 developing follicles shows higher levels of ld2 in the epithelial 
placode and hair peg compared to the surrounding mesenchyme (A-C; arrows). High levels 
of ld2 expression is seen in some cells in the basal epithelium at the neck of the follicle (C­
E; arrowheads). Scale bar, 1 001-Jm (A-E). 
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Figure 3.3. Other structures expressing ld2 in E16 head. 
ld2 expression was seen in the developing eye and main nerves around the eye (A,B). 

High expression was also seen in cells in the basal layer of the epithelial palate (C,D). All 
expression appears to be cytoplasmic and basally polarised. Scale bar, 1 OO!Jm (A-H) . 
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Figure 3.4. ld2 expression patterns in E18 head. 
Cells very immunoreactive for ld2 were seen in the ORS of vibrissae at the bulge region , the 
rete ridge collar and spread throughout the basal epidermis of the skin (A-E) . ld2 staining 
also seen on the outside of the mesenchymal capsule (A,G; arrowheads) , on the opposite 
side to deep vibrissa! nerve (DVN) entry (A,G; arrows). In the developing rat forebrain , 
positive staining was also seen (F) . Note ambiguous staining of the hair shaft and cells in 
the keratin ising zone of the matrix (A,B,D,E,G; asterisk). Scale bar, 1 001-Jm (A-G). 
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3.2 ld2 and Synaptophysin 
Double immunolabelling was performed with Id2 and synaptophysin (Syp ), a marker 

of synaptic vesicles, covering early follicle development through to adult follicles. In 

E16 sections, at stages 1-2 no Syp was present in the epithelial placode or in the 

mesenchymal cells directly beneath it, however small amounts were detected deeper 

in the dermis below the developing placode (Figure 3.5A). By stage 3, the 

developing follicle had elongated into the dermis and the dermal condensation had 

started to aggregate to form the presumptive papilla. It was at this stage Syp 

labelling was intense around the dermal condensation, with small traces extending up 

the side of the epithelial hair peg. Syp expression was also much higher in the 

dermis between developing follicles. Interestingly, the Id2-positive cells in the basal 

epithelium of the developing follicle showed no Syp immunoreactivity (Figure 

3.5E,F,H; long arrows). At stage 4-5 of development, the DVN had clearly 

innervated the mid-follicle with high Syp expression in the mesenchymal cells 

directly either side of the hair peg. Serial sections showing different stages of follicle 

development illustrated how the DVN branched to innervate the mid-follicle (Figure 

3.5F,G; arrowheads). 

Immunostaining of well developed follicles in embryonic day 20 (E20) mystacial pad 

gave some very interesting results with Id2 and Syp antibodies. Id2 as expected was 

expressed in the cells at the bulge region in the ORS and down the side of the follicle 

on the opposite side to DVN entry. Upon staining with Syp, it was apparent that 

synaptophysin was co-localised in the Id2 expressing cells of the ORS and also 

strongly expressed in the cells in direct contact in this region, namely the 

mesenchymal connective tissue (Figure 3.6E,F; arrows). Syp expression continued 
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lower down the follicle (Figure 3.6E; arrowheads) where Id2 expression was absent. 

The Id2-positive cells lining the mesenchymal capsule also showed Syp expression 

in cells in direct contact with the Id2 expressing cells and appeared not to be co­

expressed (Figure 3.60-I; arrows). 

In the basal epithelium, the cells immunoreactive for Id2 also strongly expressed Syp 

(Figure 3.7A,B,C; short arrows). Double immunolabelling illustrated this particularly 

well in a developing follicle (Figure 3.7C). Although some Id2-positive cells appear 

not to express Syp, this could be because Syp expression may not be uniform 

throughout the cell so would depend on the section. Synaptophysin staining revealed 

not just co-localisation to Id2-positive cells but elaborate networks of synaptic 

transmission running throughout the dermis and epidermis (Figure 3.7D; 

arrowheads). 

High power microscopy of the basal epithelium containing these cells 

immunoreactive for Id2 showed their detailed ultrastructure(Figure 3.7D; arrow). As 

observed in E 18 sections, these specialised cells were still present in large numbers at 

the bulge region and the rete ridge collar of the follicle, but showed little or no 

presence between these distinct areas (Figure 3.4C,E; 3.6F; arrowheads). 

Later on in development, Id2 and Syp expression was examined in the neonatal 

mystacial pad, with ages ranging from newborn (PO) to 4 day old (P4). Compared to 

E20, the vibrissa follicles were much bigger with more defmed inner root sheath 

(IRS) layers and a relatively thinner ORS (Figure 3.8D). 
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Double immunolabelling with both antibodies at Pl revealed the cells in the ORS at 

the bulge region were still co-localised for both Id2 and Syp. Expression of 

synaptophysin was still strong in these cells but it appeared that Id2 

immunoreactivity had decreased compared to previous staining (Figure 3.8D,E,F; 

arrows). Interestingly the cells lining the mesenchymal capsule seen in E18 and E20 

sections which expressed Id2 highly appeared to be present on both sides of the 

follicle now. These cells showed characteristics of being muscle cells and were still 

interspersed with Syp expressing cells (Fig 3.7A,C; arrowheads). 

Immunolabelling of Id2 was still seen in cells in the basal epithelium and at the 

follicle neck of vibrissa follicles but no distinctive Id2 cellular staining was seen in 

pelage follicles. Consistent with earlier staining, Id2-positive cells within the basal 

epidermis were still found scattered throughout the skin but it was more apparent in 

neonatal skin that they were found at or near sites of follicle development. Although 

the numbers of these cells in the basal epithelium seem to have diminished at this 

stage, it is likely they have remained unchanged whilst the surrounding skin has 

grown considerably spreading them out. 

Expression of both antibodies in P4 mystacial pads produced results consistent with 

those seen previously (Figure 3.9). Serial sections through these large follicles 

stained for Id2 and Syp illustrated the morphology and density of these specialised 

cells (Figure 3.9C,D; arrows) and also their innervation revealed by synaptophysin 

staining nearby. 
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To complete the profile for the Id2 expression, adult follicles in various stages of the 

cycle were double labelled for Id2 and Syp. In a mid-anagen follicle, Id2 staining 

revealed cells in the ORS expressing Id2. Due to the increased background staining 

seen in adult follicles and the relatively thinner ORS layer, locating these cells was 

difficult. Closer inspection revealed they were still present in large numbers and still 

expressing Id2 (Figure 3.10A; long arrows). Comparing with synaptophysin 

labelling confirmed the co-localisation in these cells and also highlighted regions of 

the collagen capsule and layers immediately outside the ORS expressing high levels 

ofSyp (Figure 3.10B,C; long arrows). In the IRS layers surrounding the hair shaft, a 

few cells expressed high levels of Id2, many of these also showed increased 

background levels with Syp staining. These are artefacts of staining due to the level 

ofkeratinisation here (Figure 3.10A,B; short arrows). 

Immunostaining of catagen follicles gave results consistent with those seen in the 

mid-anagen stage of the vibrissa cycle. The Id2-positive cells in the ORS clearly 

showed high expression above background levels and also co-localisation for Syp 

(Figure 3.10D,E; arrows). Synaptophysin was also abundant in the collagen capsule 

in this region (Figure 3.1 OE; arrowheads). Under high magnification in a different 

catagen, these cells were easier to locate, expressing high levels of both antibodies 

(Figure 3.10G,H,I; long arrows). 
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Figure 3.5. Double immunolabelling with ld2 and Synaptophysin in E16 
mystacial pads. 
Staining with ld2 in stage 1-2 developing follicles shows higher levels of ld2 (green) in the 
epithel ial placode compared to the surrounding mesenchyme (A,B). Double 
immunolabelling with ld2 (green) and synaptophysin (red) shows the level of innervation in 
the developing follicles, around the presumptive papilla in stage 3 {D,E) then extending 
towards the mid-follicle level by stage 4-5 {F,G). Strong ld2 (green) expression is seen in 
some cells in the basal epithelium at the neck of the follicle (C,F,H; arrows) . Scale bar, 
1001-Jm (A-H). 

86 



Figure 3.6. ld2 and Synaptophysin co-localisation in E20 mystacial 
pad. 
ld2 (green) expressing cells in the ORS show co-localisation with synaptophysin (red) 

(C,F; arrows). Synaptophysin was expressed not just in the same cells expressing ld2, but 
on the membrane outside the ORS and was seen to extend further down the follicle (E,F; 
arrowheads). Synaptophysin (red) expressing cells were located next to cells expressing 
ld2 (green) (G-1 ; arrows) down the side of the mesenchymal capsule. Note the ambiguous 
staining of the hair shaft (A-F; asterisk). Scale bar, 1 001-Jm (A-C, G-1) , 501-Jm (O-F). 
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Figure 3.7. ld2 and Synaptophysin co-localisation is not limited to the 
follicular ORS in E20 mystacial pad. 
Double immunolabelling with ld2 (green) and synaptophysin (red) shows co-localisation in 
the ORS cells of the follicle at the bulge region and also in the basal epidermis of the skin 
(A-C; arrows) . Co-expression is shown in yellow (C,D; arrow). Closer examination of 
synaptophysin staining revealed networks running throughout the dermis and epidermis 
(D; arrowheads) . ld2-positive cells in the ORS of the follicles are densely packed in the 
bulge region (F; arrows) but are present in much reduced numbers just above this region 
(F; arrowheads). Scale bar, 501-Jm (A-F) . 
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Figure 3.8. ld2 and Synaptophysin co-localisation in neonatal (P1) 
mystacial pad. 
Cells in the bulge region of the ORS were still expressing ld2 (green) but at lower levels 
than seen in embryonic skin (D; arrows). The ld2-positive cells lining the mesenchymal 
capsule are absent but new staining is seen in the muscle cells either side of the vibrissae 
(A; arrowheads). Double labelling with synaptophysin (red) confirms co-localisation still in 
the ORS cells but not in the muscle cells (E,F; arrows) . Note ambiguous staining of the IRS 
layers and hair shaft for both antibodies (A-F) . Scale bar, 1 OO~m (A-C) , 50~m (O-F) . 
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Figure 3.9. ld2 and Synaptophysin expression patterns in neonatal (P4) 
mystacial pad. 
Synaptophysin expression (red) (A-C) was seen in the dermis and epidermis highlighting 
nerve rich areas of the skin (A; arrowheads), but also more specifically in a single cell in the 
basal epidermis (A; arrow). Double labelling with ld2 (green) shows co-expression only to 
this cell (8 ; arrow). Neonatal vibrissae continued to express ld2 and Syp (C,D and E,F) in 
ORS cells at the bulge region . Scale bar, 501Jm (A-F). 
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Figure 3.1 0. Adult vibrissa follicles double immunolabelled for ld2 and 
Synaptophysin. 
A mid-anagen follicle (A-C) stained for ld2 (green) (A) and synaptophysin (red) (B) shows 
co-expression in the cells in the ORS of the adult follicle (C; long arrows). Synaptophysin is 
also expressed outside the ORS in the collagen capsule, but in close contact with the ld2 
expressing cells (B,C) . The same was found in catagen follicles (D-F and G-1). Note the 
small arrows (A-1) highlight ambiguous staining. Scale bar, 1 001-Jm, (A-1) . 
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3.3 ld2 and Cytokeratin-20 
From the observations made with Id2 and double labelling with Syp, it was clear 

these specialised cells in the ORS had the capacity for synaptic transmission. It was 

suspected these cells could be Merkel cells due to their location in the ORS and basal 

epithelium and also contained synaptic vesicles, all traits of Merkel cells. 

Double immunolabelling was performed with Id2 and cytokeratin-20 (CK-20), a 

Merkel Cell (MC) marker, covering early follicle development through to adult 

follicles. In E 16 mystacial pads, cells expressing high levels of Id2 were found in the 

basal epithelium and developing follicles, although generally these cells were not 

found in great numbers at this stage. When examined for cytokeratin-20 these cells 

were also found to contain high levels of CK-20. This co-expression was confirmed 

in a single cell in the basal layer of the epidermis, stained for both antibodies (Figure 

3.11A-C). When the images were combined they showed co-expression confirming 

the identity as a MC. Other evidence for MCs at this age was found in stage 2 

follicles with cells at the top of the epithelial downgrowth co-expressing both 

antibodies (Figure 3.11D-F; arrows). Interestingly a few of the ld2 expressing cells 

appeared negative for CK-20 (Figure 3.11D-F, arrowhead). Again this could be 

because cytokeratin-20 may not be uniform throughout the cell and may depend on 

the section taken. It is likely this cell is also a MC. 

Immunostaining ofE20 sections showing stage 6+ follicles reveal the extent ofMC 

innervation in the developing follicles and embryonic skin. In the bulge region of the 

ORS of vibrissae, the cells expressing high levels of ld2 were also very 

immunoreactive for CK-20, shown by the yellow-orange colour (Figure 3.12A,B,E). 
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No evidence of co-expression was found in any pelage follicles. The presence of 

MCs was also confirmed in the basal epithelium and at the rete ridge collar, 

previously double stained by Id2 and Syp. The cells lining the mesenchymal capsule 

of vibrissae were negative for CK-20, as expected, but as reported previously 

expressed high levels ofld2 (Figure 3.12A; arrowheads). 

Upon closer examination of the staining at the follicular bulge region, some cells 

appeared to be immunoreactive for ld2 and not CK-20, apparent when the images 

were combined (Figure 3.12E; short arrow). When the antibody staining was 

considered individually it was clear that all the cells were co-expressing Id2 and CK-

20, but at different levels (Figure 3 .12C,D; short arrow). This was also apparent in 

other follicle sections towards the neck of the follicle, but co-expression was 

confirmed by comparing the Id2 and CK-20 images with the combined image (Figure 

3.13C-E; long arrow). 

In neonatal mystacial pads (PI and P4), ld2 was co-expressed with CK-20 in the 

basal epithelium and ORS of follicles as expected. The MCs were highly 

immunoreactive for CK-20 highlighting their density and numbers in various parts of 

the skin. Once again, dense groups ofMCs were found at the rete ridge collar of 

vibrissae (Figure 3.14A-C; short arrows) and in the ORS at the bulge region (Figure 

3.14A-F; long arrows). Between these two distinct regions, very few MCs were 

found (Figure 3.14A,B; arrowheads). Double immunolabelling of a P4 mystacial pad 

with Id2 and CK-20 revealed the same staining as seen previously (Figure 3.15). 
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Adult follicles were also investigated to see if MCs were still present in the mature 

cycle. Double immunolabelling was performed on a range of adult follicles at 

different stages of the cycle. In mid-anagen follicles, the ld2 expressing MCs were 

just visible above the background in the ORS surrounding the club hair (Figure 

3.16A,D; arrows). Staining ofthe same section with Cytokeratin-20 revealed the 

extent ofMCs in this part of the adult follicle, with very high immunoreactivity for 

CK-20 (Figure 3.16B,E; arrows). Merging ofthe two images confirmed the co­

expression in this region (Figure 3.16C,F; arrows). In other follicles staged as early 

anagen, Id2 was still expressed in these strongly CK-20 positive MCs and appeared 

to be present in similar numbers (Figure 3.16G,H,I; arrows). 

94 



Figure 3.11. Merkel Cells detected in E16 mystacial pad. 
Staining for ld2 (green) and cytokeratin-20 (red) reveal co-expression in a very small 
number of cells in the basal epithelium and the developing hair peg of stage 2 follicles. Co­
expression is demonstrated by the yellow colour (C,F). Scale bar, 501-Jm, (A-F). 
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Figure 3.12. ld2 and Cytokeratin-20 expression in E20 mystacial pads. 
Merkel cells were detected by double immunolabelling (ld2, green) (CK-20, red) in stage 6+ 
follicles, both in the ORS in the bulge region , the rete-ridge collar of follicles and throughout 
the basal epidermis. Note the cells positive for ld2 only (arrowheads) on the opposite side to 
deep vibrissa! nerve entry (A; arrows) . Scale bar, 1001-Jm, (A-E). 
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Figure 3.13. Merkel Cells are densely populated in specific regions. 
Double immunolabelling was performed with ld2 (green) and cytokeratin-20 (red). The 
specialised Merkel cells were found densely packed in specific regions of the developing 
vibrissae, notably the ORS at the bulge region and the rete-ridge collar of follicles (D-F; 
short arrows) in E20 mystacial pads. Merkel cells are low in numbers between these two 
regions (D-F; long arrows). (A, B) shows developmentally younger vibrissae with an 
abundance of Merkel cells in the surrounding basal epidermis and ORS of the follicles 
themselves. (C) Merkel cells in basal epidermis. Scale bar, 1001-Jm (A-F) . 
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Figure 3.14. ld2 and Cytokeratin-20 expression in neonatal (P1) 
mystacial pad. 
In neonatal skin Merkel cells were found in the same specific regions as seen previously and 
in similar numbers (A-C). P1 sections stained with ld2 (green) reveal cells expressing high 
levels in vibrissa follicles at the rete-ridge collar and ORS (0-F). Double labelling with 
cytokeratin-20 was not performed on these sections but they are unequivocally Merkel cells. 
Scale bar, 1001-Jm, (A-E) , 501-Jm, (F) 
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Figure 3.15. Merkel Cells in neonatal (P4) mystacial pad. 
Double immunolabelling with ld2 (green) and Cytokeratin-20 (red) revealld2 is still being 
expressed by the Merkel cells both in vibrissae (A-C) and in the basal epidermis of 
surrounding skin . (D-F) show a group of Merkel cells in a section cut off-centre at the site of 
a pelage follicle. Note the ambiguous antibody staining (A; arrowheads) . Scale bar, 1 001Jm, 
(A-F) . 
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Figure 3.16. ld2 and Cytokeratin-20 expression in adult follicles. 
Double immunolabelling of a mid-anagen (A-F) and early anagen (G-1) follicle shows ld2 
(green) (A,D,G) is still being expressed in these cells, but are difficult to see due to the high 
background levels. Staining with cytokeratin-20 (red) confirms these cells are Merkel cells 
(B,E,H) . Scale bar, 1001-Jm, (A-1). 
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3.4 ld3 
Id3 expression was investigated in rat mystacial pads covering early follicle 

development in the embryo, through to newborn and adult follicles. 

In stage 1-2 developing follicles (E 16), ld3 was highly expressed in the epidermis 

and in the basal cells at the edge of the epithelial downgrowth, marking the boundary 

between the developing follicle and the surrounding mesenchymal cells. Id3 

expression appeared to be cytoplasmic, but also basally polarised (Figure 3.17D; 

arrows). Some of the surrounding dermal cells were also immunoreactive for ld3. 

Staining was peri-nuclear but at low levels. 

At this stage, ld3 was double immunolabelled with ~-catenin to mark the cell 

surfaces and show where in the cell Id3 was being expressed. The double labelling 

showed ld3 was being expressed in the cytoplasm but mostly located at the cell 

membranes of cells in direct contact with the surrounding mesenchymal cells (Figure 

3.17E; arrows). This polarised staining was also evident in the basal epithelium at 

sites other than the epithelial downgrowth (Figure 3.17E; arrowhead). 

Follicles in developmental stage 3-4 continued to exhibit this staining clearly 

showing the polarised and asymmetrical nature of ld3 expression, most prominent in 

the basal epithelial cells around the whole of the developing hair peg (Figure 

3.17 A,B,C; arrows). At the base of the hair peg, the dermal cells were starting to 

condense and come together to form the dermal papilla later on. These cells showed 

very weak peri-nuclear Id3 expression, but demonstrated none of the staining seen in 

the epithelial cells (Figure 3.17 A; arrowheads). 
,~ 
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At a slightly later stage of follicle development, ld3 immunolabelling in the basal 

cells ofthe epithelial downgrowth was still consistent with earlier stages, but cells 

forming a very early epithelial column showed peri-nuclear Id3 expression (Figure 

3 .17B; arrowheads). This was in contrast to the cytoplasmic, polarised expression 

seen marking the edge of the follicle (Figure 3 .17B; long arrows). Once again the 

presumptive dermal papilla showed no or very low levels of ld3 expression (Figure 

3.17B; short arrows). 

Immunostaining of E 18 sections revealed a dramatic change in Id3 expression. The 

stage 6+ follicles were now showing peri-nuclear ld3 expression in nearly every cell 

of the follicle and also throughout the dermis. Strong Id3 expression was present in 

the dermal papilla, dermal sheath, ORS and mesenchymal capsule of the developing 

follicle. No evidence of cytoplasmic, polarised Id3 expression was found. High 

expression of Id3 was demonstrated particularly in the dermal papilla and dermal 

sheath (Figure 3.18; long arrows) with no expression found in the highly 

proliferating matrix cells outside the dermal papilla (Figure 3.18; short arrows). 

Strong Id3 expression was also found in the upper-third of the developing follicles, in 

the ORS (Figure 3.18A,C; arrowheads). Once again the hair shaft itself and the very 

upper layer of epidermis appear to be immunoreactive for Id3, but these are artefacts 

due to the fibrous nature of these structures (Figure 3 .18A,B; asterisk, arrowheads 

respectively). 
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In E20 mystacial pads, peri-nuclear expression of Id3 was seen throughout the 

developing vibrissa follicles, but not in the matrix cells around the dermal papilla. 

Strong Id3 immunoreactivity was seen in the ORS at the bulge region (Figure 

3.19 A,D; arrowheads), in the dermal papilla and dermal sheath (Figure 3.19 A,D; 

long arrows) and was very noticeable also in developing pelage follicles (Figure 

3.19; short arrows). Interestingly, immunostaining for Jol-4 (nuclear lamin type-A, 

involved in cell cycle regulation) revealed very similar staining to Id3 both in the 

dermal papilla, dermal sheath and the capsule (Figure 3 .19C; arrows). 

In neonatal mystacial pads (PO and P4), Id3 staining of vibrissae was consistent with 

that seen at previous stages, showing high expression in the dermal papilla, dermal 

sheath (Figure 3.20C; long arrow) and ORS of the bulge region (Figure 3.20A; 

arrowheads) with no expression in the matrix cells (Figure 3.20D; short arrows). 

Pelage follicles at PO also demonstrated staining of the dermal papilla and dermal 

sheath, but also showed more intense immunoreactivity in the bulge region of these 

developing follicles (Figure 3.20B; arrowheads). Staining ofP4 mystacial pads with 

Id3 revealed the same staining as reported for other neonatal stages. Notably, the 

intense staining of the bulge region seen at PO in pelage follicles was also seen at P4 

(Figure 3.21C,D; arrowheads). 

Adult vibrissa follicles at various stages were also stained for Id3. In early anagen, 

staining was strong in the dermal papilla and dermal sheath (Figure 3.22B). 

Expression of Id3 was very high in the ORS at the bulge level, especially around the 

club hair. Cells were also expressing Id3 in the capsule and IRS but to a lesser 

extent. This staining was consistent throughout the adult cycle. 
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Figure 3.17. ld3 expression in developing follicles of E16 mystacial pad. 
Developing vibrissa follicles at stage 2 expressed high levels of ld3 (green) in the basal 
epithelium and basal layer of the epithelial downgrowth. Expression is cytoplasmic and basally 
polarised towards the surrounding dermal cells. Double immunolabelling with 13-catenin (red) 
indicates ld3 is being expressed in the cytoplasm next to the cell membrane (E). (A-C) show 
stage 3-4 follicles expressing both cytoplasmic/polarised (long arrows) and peri-nuclear ld3 (8; 
arrowheads/short arrows, A; arrowheads). Note staining of the uppermost epidermis is an 
artefact of the process. Scale bar, 501-Jm (A-E). 
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Figure 3.18. ld3 expression patterns in E18 mystacial pad. 
ld3 is expressed in many cells of the mystacial pad. All staining is peri-nuclear with high 
expression in the dermal papilla, dermal sheath, and ORS or both pelage and vibrissa 
follicles. No expression of ld3 is in the matrix cells of the end bulb (D,E; short arrows). Non 
specific staining is seen in the hair shaft (A,C; asterisk) and uppermost layer of epidermis 
(8 ; arrowheads). Scale bar, 100iJm (A,B), 50iJm (C-E). 
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Figure 3.19. ld3 and Jol4 expression patterns in E20 mystacial pad. 
ld3 (A, B, D-F) showed the same staining as seen at earlier stages, with the highest 

expression seen in the dermal papilla , dermal sheath, ORS and interestingly at the rete-ridge 
collar of vibrissae. Expression of ld3 is also high in pelage follicles in the dermal papilla and 
dermal sheath (E,F; arrows) . A section stained with Jol4 (antibody specific to nuclear lamin­
A) shows very similar staining to ld3 (C; arrows) . Scale bar, 1 001-Jm, (A-F) . 
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Figure 3.20. ld3 expression patterns in neonatal (PO) mystacial pad. 
In neonatal mystacial pads ld3 expression was seen throughout vibrissae but with higher 
levels in the ORS at the bulge region (A; arrowheads). Pelage follicles also show higher 
expression in the ORS of the bulge (B; arrowheads) . No ld3 immunoreactivity was seen in 
the matrix cells of the end bulb of the follicles (D; short arrows). Note ambiguous staining of 
the hair shaft (A,C,D; asterisk) . Scale bar, 1001Jm (A,C), 501Jm, (B,D). 
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Figure 3.21. ld3 expression patterns in neonatal (P4) mystacial pad. 
ld3 staining was the same as at age PO. (A) shows very clearly the high level of expression 
of ld3 in the ORS. Pelage follicles also showed high expression in the bulge region (D; 
arrowheads). Scale bar, 1 OO!Jm, (A-D). 
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Figure 3.22. ld3 expression in adult follicles. 
A follicle staged as early anagen (A-C) displayed high ld3 immunoreactivity in the dermal 
papilla and dermal sheath (B). ld3 expression was high in the ORS in the bulge region , 
particularly around the club hair (A). A catagen follicle also showed the same expression 
pattern {D,E). Scale bar, 1 001-Jm, (A-E). 
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3.5 Retinoic Acid Glandular Morphogenesis 
Mystacial pads ofE13.5 and E14 embryos were cultured for 2.5, 4 or 5 days. 

Cultures were prepared with mystacial pads set up in retinoic acid medium (+RA) 

and complimentary pads set up in control medium (-RA). Once cultured for the 

specified time the pads were removed and either mounted in TissueTek O.C.T and 

snap frozen or fixed in 4% formal saline. All the frozen samples were cut on a 

cryostat (see 2.3.1) with sections either double-labelled with antibodies (see 2.3.7) or 

stained for Mayer's H&E (see .2.3.8) to analyse the histology. Samples fixed in 

formal saline and embedded in paraffin wax gave unsatisfactory results and were not 

used. 

3.6.1 H&E staining 

Mayer's hematoxylin was used to stain the nuclei blue whilst eosin provided an 

adequate counterstain colouring the cytoplasm and other structures shades of pink. 

The results ofMayer's H&E staining are shown in Figure 3.23. Analysis of2.5day 

E14 control cultures (Figure 3.23A,B) showed early follicle development at stages 2 

and 3 with some evidence of early mesenchymal condensations surrounding the 

developing peg. The epithelium was relatively thin and primitive. In 2.5day E14 RA 

cultures the epithelium had thickened considerably (Figure 3.23E; arrowhead) and at 

similar follicle stages, the mesenchymal condensations were more prominent with a 

higher number of cells aggregated (Figure 3.23E; arrows). After 4days in control 

culture medium, the epithelium was multilayered and follicles were more developed 

showing an apparent large mesenchymal condensation at the base of the hair ,peg 

(Figure 3.23C,D; arrowheads). This condensation was distinctive, staining a darker 

pink-than the surrounding tissue. Developing follicles in the control cultures showed 
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normal development up to stages 2-3 of morphogenesis but no evidence of later 

stages of follicle development were found. The RA cultures harvested after 4days 

showed evidence of glands with elaborate branching structures derived from 

developing hair pegs (Figure 3.23F; arrows). These structures showed no evidence 

of any mesenchymal condensations or dermal papilla and were rounded in 

appearance. In 5day RA cultures, rounded, elongated hair pegs were present (Figure 

3.230; long arrow) but no branching structures could be found despite the presence 

of many developing epithelial pegs. Thickening of the epithelium was very apparent 

(Figure 3.230; arrowhead). Although there were numerous developing epithelial 

pegs (Figure 3.230; short arrows), none showed normal follicle development. 

3.6.2 ld2 and Cytokeratin-20 

The E13.5 and El4 mystacial pad cultures were serial sectioned and double­

immunolabelled for Id2 and CK-20. The results are shown in Figure 3.24. Analysis 

of2.5day El4 control cultures revealed Id2 immunoreactivity in stage 2 developing 

follicles, displaying cytoplasmic, basally polarised staining at the epithelial­

mesenchymal boundary (Figure 3.24A; arrowheads). The upper epithelium stained 

heavily for Id2 but this was an edge effect consistent throughout skin samples. 

Staining with CK-20 revealed no cells immunoreactive for the antibody. In 2.5day 

E 14 RA cultures, Id2 staining was much more pronounced in the basal epithelium 

showing clearly the cytoplasmic, polarised expression (Figure 3.24D,E; arrowheads). 

Id2 immunoreactivity was also seen inside the developing peg to a lesser extent. 

Low Id2 expression was also seen throughout the dermis. Interestingly expression of 

ld2 was seen in the dermis localised below two developing follicles (Figure 3.24D,E; 

short arrows) but was not seen in mystacial pads cultured over 2.5days. The 
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developing follicles in RA culture appeared to be at a later stage of development with 

some displaying a dermal papilla (Figure 3.24D) and the developing pegs were more 

rounded in appearance. After 4days in control medium, E13.5 mystacial pads 

displayed intense cytoplasmic, basally polarised expression in the epithelium of both 

the developing hair peg and the epidermis (Figure 3.24B; arrowheads). Similar 

expression was also seen inside the developing hair peg and to a lesser extent in the 

surrounding dermis. Double labelling with CK-20 revealed a few cells co-expressing 

both CK-20 and Id2 in the basal epithelium indicating the presence ofMCs (Figure 

3.24B; short arrow). In E14 mystacial pads cultured for the same amount of time 

( 4days) Id2 expression in the basal epithelium was reduced considerably with 

cytoplasmic, polarised expression largely absent in comparison to E 13.5 control 

cultures (Fig 3.23C). MCs were however still present, strongly labelled both by Id2 

and CK-20 giving a yellow appearance on the merged images (Figure 3.24C; short 

arrows). For the RA cultures, it was interesting to find in E14 4day cultures the 

cytoplasmic, polarised Id2 staining absent from control cultures of the same duration, 

was present in the basal epithelium (Fig 3.23F; arrowheads). The expression was 

however lower than that seen in the E13.5 4day controls (Figure 3.24B) and E14 

2.5day RA cultures (Figure 3.24D,E). Elaborate branching structures (Figure 3.24F; 

long arrows) were seen in E14 4day RA cultures, but interestingly MCs still 

populated the epithelium, shown by co-expression ofld2 and CK-20 immunolabelled 

cells (Figure 3.24F; short arrows). After 5days ofRA culture, Id2 was still present in 

the basal epithelium but its expression appeared more uniform along the epithelial­

mesenchymal boundary (Figure 3.24G; arrowheads). This was in contrast to that 

seen previously where Id2 was localised and asymmetric in its expression. Also 

curiously expression of Id2 appeared to be absent (or expressed at very low levels) 
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from the epithelial peg. Immunolabelling with CK-20 revealed numerous MCs 

populating both the developing peg and basal epithelium (Figure 3.240; short 

arrows). 

3.6.3 ld3 and ~-catenin 

The El3.5 and E14 mystacial pad cultures were double-immunolabelled for Id3 and 

~-catenin. The results are shown in Figure 3.25. Analysis ofE13.5 4day control 

cultures revealed prominent Id3 immunoreactivity in the basal epithelium (Figure 

3.25A,B; arrowheads). Id3 staining was similar to that seen with Id2 displaying 

cytoplasmic, basally polarised expression at the epithelial-mesenchymal boundary. 

This staining was seen in developing epithelial pegs but expression decreased down 

the length ofthe epithelial downgrowth (Figure 3.25A; arrowheads). ~-catenin 

staining was high in the developing peg and was also present at lower levels 

throughout the epidermis. Again high expression seen in the upper layers of the 

epidermis are artefacts of the staining process (Figure 3.25A-F). In 5day E13.5 RA 

cultures, Id3 and ~-catenin staining was consistent with the El3.5 controls but 

generally lower expression ofld3 was seen (Figure 3.25D,E; arrowheads). Staining 

artefacts were much greater in 5day cultures, presumably due to increased numbers 

of dead cells (Figure 3 .25D,E; long arrows). In E 14 mystacial pad control cultures 

there was a dramatic change of Id3 expression. Instead of cytoplasmic, polarised 

staining seen in E13.5 control cultures, Id3 staining was absent (Figure 3.25C; 

arrowheads). ~-catenin immunolabelling remained unchanged showing high 

expression in the epithelium. In the complimentary E 14 RA culture, Id3 expression 

was absent from developing epithelial pegs (Figure 3.25F; short arrows) but patchy 

low expression of Id3 (cytoplasmic, polarised) was seen in the basal epidermis 
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(Figure 3.25F; arrowheads). Again irregular staining seen in the upper epidermis and 

the upper developing epidermal pegs appeared to be as a result of artefacts (Figure 

3.25F; long arrow). P-catenin expression was still evident throughout the epidermis 

and developing epithelial peg although expression was lower in the RA cultures 

compared to controls (Figure 3.25C,F). 
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Figure 3.23. Histology of rat mystacial pad cultures. 
Haematoxylin and eosin (H&E) stained sections of rat mystacial pad (E13.5 and E14) 
cultures comparing control (-RA) cultures (A-D) to retinoic acid (+RA) cultures (E-G) at 
various durations of culture. Controls= (A, B) E14 pad, 2.5day; (C,D) E13.5 pad, 4day. +RA 
=(E) E14 pad, 2.5day; (F) E14 pad, 4day; (G) E14 pad, 5day. Scale bar, 1001-Jm, (A-G). 
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Figure 3.24. ld2 and CK-20 expression in rat mystacial pad cultures. 
ld2 (green) and Cytokeratin-20 (red) stained rat mystacial pad (E13.5 and E14) cultures 

comparing control (-RA) cultures (A-C) to retinoic acid (+RA) cultures (D-G) at various 
durations of culture. Co-expression of both antibodies (yellow) shows Merkel cells in the 
epithelium and developing hair peg (B,C,F,G; short arrows) . ld2 expression remains 
polarised in the basal epithelium and hair peg (A-G; arrowheads) in -RA and +RA cultures 
but after 5 days in E14 pads, expression in the hair peg has diminished (C,G). ld2 
expression in the basal epithelium was absent in E14 4day controls but was still there in 4 
and 5 day +RA cultures (C,F,G). Controls= (A) E14 pad, 2.5day; (B) E13.5 pad, 4day; (C) 
E14 pad , 4day. +RA = {D,E) E14 pad, 2.5day; (F) E14 pad, 4day; (G) E14 pad, 5day. Scale 
bar, 1 OOiJm, (A-G). 
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Figure 3.25. ld3 and (3-catenin expression in rat mystacial pad cultures. 
ld3 (green) and !3-catenin (red) stained rat mystacial pad (E13.5 and E14) cultures 
comparing control (-RA) cultures (A-C) to retinoic acid (+RA) cultures (D-F) at various 
durations of culture. In E13.5 pad cultures, ld3 expression was polarised to the basal 
epithelium in -RA and +RA cultures (A,B,D,E; arrowheads) . In E14 pads, there was no ld3 
expression in the basal epithelium in -RA and +RA cultures {E,F) except for occasional weak 
staining in +RA cultures (F; arrowheads). Controls= {A,B) E13.5 pad, 4day; (C) E14 pad, 
4day. +RA = (D,E) E13.5 pad, 5day; (F) E14 pad, 4day. Scale bar, 1001-Jm, (A-F). 
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----------

3.6 Analysis of Gene Expression by RT -PCR 

3.6.1 Quality of Isolated RNA 

Semi-quantitative PCR was chosen to investigate gene expression in adult vibrissae 

follicles of both rat and mouse. The follicles selected were those staged as being in 

mid-anagen where the follicles are growing most rapidly. Because of the nature of 

vibrissae this stage of the cycle was definable by comparing the length of the 

growing hair to the club hair, illustrated in Figure 3.26, and ensured the material 

collected was at a similar stage of the cycle. The follicles were dissected into three 

sections, upper follicle (UF), mid-follicle (MF) and end bulb (EB) and RNA was 

extracted. From each sample, a small aliquot was taken to assess to quality of the 

extracted RNA and was resolved on an agarose gel. The gel showed prominent 28S 

and 18S rRNA bands indicating good quality RNA, although this is difficult to see in 

the mouse RNA due to the photograph (Figure 3.26). Most samples showed the 

presence of genomic DNA contamination, shown on the gel as high molecular 

weight material. All RNA samples were DNase treated to reduce contamination to 

undetectable levels. 

3.6.2 RT -PCR with GAPDH 

RT-PCR was performed using primers specific for the house keeping gene GAPDH 

using 0.5~1 and 1.0~1 eDNA samples to check for accurate loading. The controls 

contained RNA that had not been reverse-transcribed (-RT) to check for any 

remaining genomic DNA contamination. Expression of GAPDH was equal both in 

rat and mouse eDNA with 0.5~1 samples showing reactions still in the exponential 

phase, and therefore a good measure of loading. The -RT lanes gave negative results 

indicating no genomic DNA contamination was detected (Figure 3.27). 
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3.6.3 Semi-quantitative PCR for Genes of Interest 

Once equal loading was established and samples were free from contamination, RT­

PCR was performed with primers for genes of interest (Table 2.3). Positive controls 

used in the experiments consisted of bone marrow and embryonic stem (ES) cells 

(Figure 3.28). All genes showed differential expression in the controls. The genes 

BCRP and MRPI were chosen because of their role in multidrug resistance and 

potential role in stem cells. Id2 and Id3 were chosen because of their important role 

in control of the cell cycle and proliferation and differentiation. RT-PCR results for 

these genes are shown in Figure 3.29. Expression ofBCRP in rat was higher in the 

MF than UF and EB sections, although expression in these samples was still quite 

high. Comparing this to the mouse, BCRP was still expressed highest in the MF but 

very low expression was found in the EB, in contrast to the rat EB. MRP 1 in rat was 

equally highly expressed in the MF and EB with low expression in the UF. 

Similarly, expression in mouse was low in the UF and highest in the MF, but MRPI 

expression was absent in the EB, again in contrast to the results for rat eDNA. 

Expression of ld2 in rat was high in all segments, with possibly higher expression in 

the MF. In mouse, ld2 was expressed highest in the MF, again with UF and EB 

showing similar expression. Id3 expression in rat was highest in MF, with a similar 

level in EB and less in UF. Comparing this to mouse Id3, a similar level of 

expression was seen in EB, however the UF showed highest expression of ld3 with 

the MF lowest. This was the opposite ofthat seen in rat RT-PCR. 
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Rat Mouse 

Figure 3.26. RNA extraction. 
The RNA gel shows the overall quality of the total RNA for both rat and mouse isolate RNA. 
For both sets the 288 and 188 rRNA bands are clearly visible and well defined. Some 
genomic DNA contamination was detected, indicated by the presence of high molecular 
weight material. This was subsequently removed by DNase treatment. The mouse RNA 
was kindly provided by Dr. Gavin Richardson. 

Rat Mouse 

Figure 3.27. RT-PCR with GAPDH. 
The DNase treated RNA was subjected to reverse-transcriptase and a PCR run with 0.51JI 
and 1.01JI of the house keeping gene, GAPDH, for both rat and mouse material to check for 
equal loading. The -RT lanes were not treated with reverse-transcriptase and show no 
detectable genomic contamination . Comparisons of the 0.51JIIanes show approximately 
equal amounts of product. The PCR's were run for 25 cycles. 
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BCRP 

MRP1 

ld2 

ld3 

Figure 3.28. RT -PCR positive controls. 
Positive controls were used to ensure the PCR had worked and to provide a reference for 
expression in the other lanes. The eDNA samples of bone marrow and ES cells were kindly 
provided by Jenna Whitehouse. 

BCRP (rat) --- 391 bp 

BCRP (mouse) -- 391 bp 

MRP1 (rat) 448 bp 

MRP1 (mouse) 448bp 

ld2 (rat) --- 559 bp 

ld2 (mouse) - -- 532 bp 

ld3 (rat) -- - ........ 430 bp 

ld3 (mouse) - -- - 426 bp 

Figure 3.29. Semi-quantitative PCR analysis of genes of interest. 
RT-PCR was carried out for the genes BCRP, MRP1 , ld2 and ld3 using eDNA of mid­
anagen vibrissae follicles dissected into upper follicle (UF), mid-foll icle (MF) and end bulb 
(EB). BCRP was expressed highest in the MF of both rat and mouse. MRP1 showed a 
similar expression profile in rat and mouse but in contrast to rat EB, mouse EB showed no 
expression of MRP1 . ld2 showed similar expression in both rat and mouse, whereas 
contrasting expression profiles were seen in ld3. The PCR's were run for 30 cycles except 
ld2 and ld3 PCR's which were run for 25 cycles to ensure the reaction products were still in 
the exponential phase due to abundance of ld2 and ld3 mRNA. 
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4.0 IDoscussion 

4.1 ld2 Expression and Merkel Cells 

In this study, immunohistochemical analysis of the protein Id2 was performed on 

mystacial pads of rats covering the first stages of vibrissae morphogenesis in 

embryos to cycling in adult follicles. In the developing embryo, Id2 expression was 

generally quite low in the epidermis but at sites of placode formation high levels of 

Id2 were seen in the cytoplasm of the developing epithelium. Not only was the 

staining cytoplasmic, but it also appeared to be preferentially located to the basement 

membrane of basal epithelial cells in direct contact with the underlying mesenchyme. 

At sites other than follicle morphogenesis, elevated levels of cytoplasmic Id2 were 

seen in some cells ofthe epidermis but it was more pronounced in developing 

follicles. Later in follicle development (stages 3+), ld2 was lost from epithelial cells 

at the epithelial-mesenchymal border. Consistent with Id2 expression in the 

developing follicle, Id proteins are known to be associated with sites of active 

epithelial-mesenchymal transitions (Jen eta/, 1996). 

Due to the nature ofld proteins acting as inhibitors of DNA binding, they are 

generally considered to be active when present in the nucleus, actively sequestering 

bHLH proteins. The presence of high levels ofld2 in the cytoplasm in these cells is 

interesting as it suggests either ld2 is not involved in blocking transcription of genes 

promoting differentiation or is involved in other regulatory mechanisms outside of 

the nucleus. 
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Kurooka and Yokota (Kurooka and Yokota, 2005) have recently proposed a novel 

mechanism for the regulation of Id2, finding evidence that Id2 has the ability to 

shuttle between the nucleus and the cytoplasm, due to the presence of nuclear export 

signals (NES) in the C-terminal domain. They also found the HLH domain contains 

a nuclear localisation signal (NLS), but nuclear export is dominant due to the NES, 

mediated by chromosome region maintenance protein 1 (CRM1). This method of 

regulation may be employed in specific tissues in addition to other regulatory 

mechanisms. It is interesting to note that due to the size ofld2 (14 kDa) the protein 

is capable of passive diffusion (Kurooka and Yokota, 2005), a process which needs 

to be strictly regulated at the post-translational level due to the multiple functions of 

Ids. 

It is well known that Ids can form transcriptionally inactive complexes in the 

nucleus, thereby influencing gene expression, but what role do the Id proteins play in 

the cytoplasm? Work by Samanta and Kessler has highlighted the possibility of a 

mechanism whereby Ids, namely Id2 and Id4, can sequester bHLH proteins in the 

cytoplasm thereby preventing them entering the nucleus and activating gene 

transcription (Samanta and Kessler, 2004). More specifically, Id2 and Id4 were 

found to bind directly to Oligl/2 (bHLH transcription factors important for 

oligodendrogenesis) in oligodendrocyte precursors, inhibiting oligodendroglia! 

lineage commitment and instead promoting generation of astrocytes (Samanta and 

Kessler, 2004). Such a mechanism employing bHLH factors specific to epithelial 

tissues may well be involved in the epithelial-mesenchymal transitions during follicle 

development. 
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At stage 2-3 of follicle development (E16), single cells located in the basal 

epithelium of the developing hair peg were strongly immunoreactive for Id2. Again 

staining was restricted to the cytoplasm of these cells. In E 18 mystacial pads, very 

specific Id2 cellular staining was seen in cells populating the bulge region and rete 

ridge collar of developing vibrissae. The same cytoplasmic expression was also seen 

in cells in the basal epidermis. This is in contrast to work by Langlands and 

colleagues who found Id2 predominantly nuclear in proliferating human adult 

epidermis (Langlands et a/, 2000). This discrepancy could be due to differences in 

roles oflds between developing and adult skin. However, nuclear ld2 expression 

was seen in cells lining the mesenchymal capsule down one side of the follicle only, 

the opposite side to DVN entry. This expression ofld2 was first seen in E18 

mystacial pads. 

To elucidate if the specific Id2 expressing cells were neural in nature, as suspected 

by their location in the follicle, sections were double stained with the pre-synaptic 

vesicle marker, Synaptophysin. This molecule is ubiquitously expressed in all 

neurons and many endocrine cells. Synaptophysin expression revealed the 

innervation of the developing follicle by the DVN as early as stage 3 and also neural 

networks spanning the epithelium and mesenchyme of the skin. Double staining 

revealed co-localisation of both antibodies to the cells in question and sometimes co­

expression in the cells reactive in the basal epithelium and bulge region of vibrissae. 

In the cells lining the mesenchymal capsule, the highly expressing ld2 cells were 

closely associated with cells expressing Synaptophysin and were never co-expressed. 

Taken together, this would suggest that the ld2 positive cells are of neural lineage. 
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However, expression of both antibodies was not found in all nerves as the main DVN 

showed no Id2 immunoreactivity. 

Analysis of mystacial pad serial sections revealed the ld2 expressing cells lining the 

mesenchymal capsule were part of a structure which projected down from the skin 

rostrally at approximately 60° to wrap around the rostral side of each vibrissa, acting 

as a sling (Dorfl, 1982). These are the intrinsic follicular muscles (also referred to as 

vibrissa! capsular muscles) which when contracted cause protraction (forward 

movement) ofvibrissae (Carvell et al, 1991; Berg and Kleinfeld, 2003). These 

muscles are involved in repetitive bouts of protractions and retractions at high speed, 

known as whisking (Welker et al, 1964) and are used by mammals as a means to 

explore their environment. They are known to be composed of mostly myosin heavy 

chain type 2b fibers (fast fibers), distinct from skeletal muscle, consistent with their 

role in fast-scanning of the sensory environment (Jin et al, 2004). It is likely ld2 is 

acting here to inhibit muscle differentiation by binding muscle specific bHLH 

transcription factors (such as MyoD) in the nucleus thereby promoting proliferation 

and preventing premature muscle differentiation. Indeed, Langlands and colleagues 

(Langlands et al, 1997) found that ld2 binds strongly to MyoD but less so to 

myogenin, produced as a result of MyoD transcription. 

Vibrissae are responsive in the first week postnatally (Landers and Sullivan, 1999) 

but whisking is only possible around age P 12 (Welker et al, 1964 ). ld2 was still 

expressed in the same cells at age PI although the proportion of cells expressing ld2 

was less. It is likely these cells are proliferating at E 18 and some still at P 1, 

- - - -

supporting Id2 acting as inhibiting muscle differentiation. Further research into 
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mystacial pads aged P12 and beyond would confirm ifld2 shows the same 

expression pattern in differentiated intrinsic muscles. 

It was suspected the Id2 reactive cells in the basal epidermis and the ORS of the hair 

follicle were Merkel cells (MCs). Double immunolabelling was performed with the 

MC specific antibody, Cytokeratin-20 and Id2. Staining with CK-20 revealed co-

expression in Id2 positive cells only, confirming these cells as MCs. However, the 

Id2 expressing cells lining the mesenchymal capsule showed no immunoreactivity 

for the low molecular weight keratin. The earliest sign ofMCs was in stage 2-3 

follicles and epidermis of E 16 mystacial pads, but they were present in very low 

numbers. Analysis of later developmental stages confirmed co-expression of Id2 and 

CK-20 was still present in neonates and the adult follicular cycle in the ORS of the 

follicle, rete ridge collar and basal epidermis. MC numbers did seem depleted in the 

basal epidermis in neonates compared to a typical 18 day embryo sample, but this 

could be because of the rapid growth and expansion of the skin between these ages, 

spreading MCs throughout the epidermis giving the impression of reduced numbers. 

The presence of high Id2 expression in the cytoplasm ofMCs is intriguing. Not only 

does this expression appear to be postmitotic and highly specific, it persists in MCs 

from embryonic skin into adults. This is surprising since Ids are generally 

considered to have temporal and spatial expression patterns (Jen eta/, 1997). 

Persistent postmitotic ld expression has also been observed in spermatogenesis 

(Sablitzky eta/, 1998). Wang and colleagues (Wang eta/, 2001) discovered that ld2 

has a vital role to play in oligodendrocyte (OL) differentiation. They reported that 

- -·- -

just before oligodendrocyte precursors (OLPs) start to differentiate, expression ofld2 
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changed from being nuclear to cytoplasmic. This is consistent with the possibility 

that Id2 plays a role in controlling the timing or ability of OLPs to differentiate 

(Wang eta/, 2001). Therefore, it is reasonable to speculate Id2 may have a similar 

role to play in MC lineage commitment, translocating out of the nucleus to allow 

specific MC gene transcription. Furthermore, the persistence ofld2 in the cytoplasm 

may also serve to sequester bHLH proteins to the cytoplasm as reported earlier, 

providing another level of regulation (Samanta and Kessler, 2005). 

Many bHLH transcription factors have been found expressed specifically in neural 

progenitors and differentiated neural cells. Interestingly, one of these factors, Math1, 

has been found expressed in specific neuroendocrine cell populations of the nervous 

system including cerebellar granule cells (Ben-Arie et al, 1997), hair cells of the 

inner ear (Bermingham eta/, 1999; Chen et a/, 2002), the developing retina 

(Lumpkin eta/, 2003) and MCs (Ben-Arie et al., 2000; Helms eta/, 2000). Id2 may 

be a target ofMath1 in the nucleus, therefore may be involved in suppressing the 

proneural genes in MC precursors, and upon translocation out of the nucleus this 

inhibition would be removed leading to appropriate timing of neural differentiation. 

If this hypothesis is correct, ld2 expression in other Math 1 expressing cells would be 

expected. Consistent with this theory, high cytoplasmic ld2 expression was seen in 

the developing retina in E16 head samples. In view of this I would also expect 

similar ld2 expression in similar specialised sensory and neuroendocrine cells, in 

particular the hair cells of the inner ear. However, it may be that Id2 interacts with 

other bHLH neural differentiation transcription factors such as NeuroDI, NeuroD2 

or Math2, or even an unknown bHLH protein specific to MC differentiation. 

-However, Leonard and co-workers postulate that the POU-IV family member Bm-3c 
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(now designated Pou4f3) is responsible for maintaining the neuroendocrine 

phenotype of MCs (Leonard eta/, 2002). Indeed, Pou4f3 is also known to play 

major roles in retinal ganglion development (Liu eta/, 2000) and the maturation and 

survival ofhair cells ofthe inner ear (Keithley eta/, 1999). 

In addition to the mechanisms of regulation already mentioned, Id2 is unique 

amongst the Ids in that it binds to the retinoblastoma (Rb) family of tumour 

suppressor proteins (pRb, p107, p130) demonstrating important implications for cell 

cycle progression and tumourigenesis (Iaverone et a/, 1994; Lasorella eta/, 1996; 

2000). The Rb family members, also known as 'pocket proteins', provide a crucial 

cell cycle checkpoint for proliferation (Weinberg, 1995). Id2, when promoting 

proliferation, binds to various bHLH transcription factors inhibiting transcription of 

genes driving differentiation. Conversely, the pocket proteins bind Id2 in a cell cycle 

regulated manner, removing the inhibition ofbHLH factors and allowing 

differentiation to progress. Although Id2 persists, the block on the cell cycle is 

reinforced by Rb gene expression, maintaining Rb in its active, hyperphosphorylated 

form (Iaverone and Lasorella, 2004). 

In many tumours, Id proteins have been found to be overexpressed (Kleef eta/, 1998; 

Rockman et al, 2001; Lasorella et a/, 2002). When Id2 is overexpressed, the Rb 

pathway is effectively overridden depriving cells of the most important cell cycle 

checkpoint leading to uncontrolled proliferation (Iaverone and Lasorella, 2004 ). In 

support of this, abnormal levels ofld1 have also been found to block transcription of 

pocket proteins (Ohtani eta/, 2001) leading to inactivation of the Rb pathway. 

- - -

Merkel Cell Carcinoma (MCC) is a particularly rare and aggressive cancer of 
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neuroendocrine origin, thought to develop from MCs in the basal epithelium 

(Poulsen, 2004). In light ofthe persistently high expression ofid2 in differentiated 

MCs and the role of deregulated Id proteins in tumourigenesis, it seems highly 

plausible that Id proteins may play a vital role in MCC, an area which is yet to be 

investigated. It would be very interesting to examine whether Ids, in particular Id2, 

were overexpressed in MCC, and if so whether level of expression related to 

aggressiveness and an indication of prognosis, as seen in neuroblastomas (Lasorella 

eta/, 2002). 

MCs were found in two prominent locations in the follicle, the rete ridge collar and 

the ORS at the level of the bulge. Given the ability of pluripotent stem cells to 

emigrate out of the follicular bulge in newborn mouse skin (Taylor et al, 2000) and 

that MCs are of neural crest origin which invade the epidermis (Sieber-Blum et al, 

2004), it may be that MCs have the ability to migrate out of the follicle and 

repopulate the epidermis. Indeed it has been suggested that MCs can detach from the 

epithelium and emigrate (Moll et al, 1986), fuelling speculation these cells or their 

progenitors may emigrate out of the follicle as an epithelial sheet with other stem 

cells. 

4.2 ld3 Expression 

As for Id2 and CK-20, immunohistochemical analysis ofld3 was performed on 

mystacial pads of rats covering the first stages of vibrissae morphogenesis in 

embryos to cycling in adult follicles. At the first stages of placode and hair bud 

formation, Id3 expression was absent in the mesenchyme but very high in the basal 

erithelium of both the developing h~ir _bud al!d the ~p~ermis._ This e_~pressio~ was 

cytoplasmic but interestingly was asymmetrical and predominantly expressed at the 
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epithelial-mesenchymal border. Although Id2 was also expressed at a similar stage 

of development, the Id3 expression pattern was very distinctive. Only cells at the 

epithelial-mesenchymal border of stage 1-4 follicles expressed high levels of Id3, 

whereas cells in middle of the developing hair peg showed much lower Id3 

immunoreactivity. 

Double staining with P-catenin, which shows the antibody targeted to the cell 

membranes, helped to ascertain the localisation of Id3. In stage 4 follicles, the same 

polarised cytoplasmic staining was experienced in the basal epithelium but some 

cells inside the developing hair peg showed peri-nuclear Id3 expression. The 

immediately surrounding mesenchymal cells also showed weak peri-nuclear Id3 

expression. This cytoplasmic staining is interesting as the main role of Ids is 

believed to be in blocking transcription in the nucleus. Id3 does not contain an NES 

and research has shown that their subcellular localisation is dependent on passive 

diffusion (Kurooka and Yokota, 2005) and occasionally interaction with E-protein 

(Deed et a!, 1996). Indeed, the ubiquitously expressed E-protein, E4 7, contains an 

NLS and has been shown to chaperone Id3 to the nucleus (Deed et al, 1996). Id3 

obviously isn't being regulated in that manner here, but likewise there must be some 

signal which is keeping Id3 restricted to the cytoplasm otherwise Id3 would be 

diffused throughout the cytoplasm and not targeted towards the epithelial-

mesenchymal border. 

It is highly likely the expression pattern seen is as result of epithelial-mesenchymal 

interactions which are at the heart of the developing hair follicle. However, the 

-

nature ofthe signal and more specifically, the interaction ofld3 at the cell membrane 
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is unknown. Because of the preferential location ofld3 to the epithelial-

mesenchymal border, it is plausible Id3 is involved in a signalling cascade as a result 

of cell-cell signalling with the surrounding mesenchyme. The notch-delta pathway, 

important in cell-cell signalling, has been implicated in the control of transcription of 

Id3 in Xenopus (Reynaud-Deonauth et al, 2002) and is also known to play a role in 

cell fate in hair follicle morphogenesis (Kopan and Weintraub, 1993; Favier et al, 

2000). 

Secreted signalling factors such as the bone morphogenetic protein (BMP) family 

have been shown to be a target ofld3 and induce expression during epithelial-

mesenchymal interactions (O'Shaughnessy et al, 2004). Alternatively, Kondo and 

colleagues have shown that Ids play a role in TGF-~ induced epithelial-mesenchymal 

transdifferentiation. They reported that Id proteins interacted with E2A proteins and 

antagonized E2A-dependent suppression of the E-cadherin promoter. Upon 

stimulation with TGF-~, E2A is in molar excess and EMT is induced (Kondo et al, 

2004). TGF-~2 has been found to be both a required and sufficient inducer of 

murine hair follicle morphogenesis (Foitzik et al, 1999). Whatever the target ofld3 

in the cytoplasm it is clear elucidation of this mechanism will reveal a great deal 

about signalling in the epithelial-mesenchymal transitions. 

Between stages 4 and 6 of follicle development, there was a dramatic change in 

expression ofld3. The distinctive cytoplasmic Id3 staining in the basal epithelium 

and epidermis had changed to being completely nuclear. Indeed, all the cells in the 

developing mystacial pad now reflected nuclear Id3 expression to varying levels, 

- -

both epithelial and mesenchymal. Noticeably higher Id3 expression was seen in the 
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DP, DS, ORS at the bulge region and the rete ridge collar of vibrissae in E18 

mystacial pads. This localised high expression was still present in neonates. 

Neonatal mystacial pads also showed developed pelage follicles displaying high 

nuclear expression ofld3 in the DP, lower DS, and interestingly in the bulge region. 

Immunohistochemical studies by other research groups using the proliferation 

marker Ki67 (Magerl eta/, 2001; Xu eta/, 2003) have shown the DP to be a non-

proliferating population. Indeed, during hair follicle morphogenesis and cycling, the 

epithelial cells of the hair peg and matrix cells respectively, are highly proliferative. 

The DS and ORS have also been reported to show localised proliferation (Magerl et 

a/, 2001). Ids are generally known to inhibit differentiation and promote 

proliferation but this does not appear to be the case in the hair follicle. Ids are known 

to be involved in epithelial-mesenchymal transitions (Jen eta/, 1996) and it has been 

suggested that epithelial-mesenchymal crosstalk between the matrix cells and DP 

respectively, keeps nuclear Id3 levels high in the DP, which in turn produces signals 

to induce the proliferating matrix cells to differentiate into their many lineages 

(O'Shaughnessy eta/, 2004). Indeed, further work by this group demonstrated that 

loss of the specialised extracellular matrix by passaging of cultured DP explants 

resulted in loss of Id3 expression supporting the idea that Id3 is interaction and signal 

dependent (O'Shaughnessy eta/, 2004). As discussed earlier, BMPs have been 

implicated in the control of this induction (O'Shaughnessy eta/, 2004). 

Id3 immunoreactivity was consistently higher in cells of the ORS at the bulge region 

both in pelage and vibrissa follicles. This region has long been associated as being 

- - ---

the site of hair follicle stem cells (Cotsarelis eta/, 1990; Kobayashi eta/, 1993) due 
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to research into label retaining and clonogenicity of the bulge cells. Because of the 

Id proteins general role in promoting proliferation, it is tempting to speculate Id3 

may play a role in the slow-cycling nature of these cells. Futhermore, it may be more 

likely to find Id3 upregulated in their highly proliferative transit-amplifying progeny, 

which may explain the number of highly expressing Id3 cells in this region. In 

support of this, Id3 (and Idl and Id4) have been implicated in negatively regulating 

hematopoetic differentiation of ES cells (Nogueira eta/, 2000), such a mechanism 

may be present in adult stem cells. However, in vibrissa follicles higher Id3 

expression was seen at the rete ridge collar, a region not known to harbour stem cells. 

Due to the location, it may be that upregulated Id3 is also a feature of MCs as was 

seen with Id2. Further work would be required to ascertain this. 

In adult follicles, high Id3 expression was seen in the DP and ORS especially in the 

trichilemmal sac. During the anagen stage of the adult hair cycle, much higher Id3 

expression was seen around the lower end of the club hair. This is significant as it 

may have implications for the anchorage of the club hair, and therefore influence the 

timing of exogen. Overexpression studies on Id3 have shown this ld protein to 

promote apoptosis in various cells (Norton and Atherton, 1998; Koyama eta/, 2004). 

This phenomenon was however rescued by theE-protein, E47 (Norton and Atherton, 

1998). 

During the adult cycle, consistent high expression of nuclear Id3 was seen in the 

trichilemmal sac of the ORS. Id3 was also very high in the DP during anagen and 

was still present in catagen but at lower levels. O'Shaughnessy and colleagues found 

tliat Id3 was absent during catagen (Ci'f~liaughnessy eta/, 2004), which did not 
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appear to be the case with my results. It could be that the follicles designated as 

catagen in my study are very late anagen or late catagen/early telogen which may 

explain the discrepancy. 

4.3 Retinoic Acid Glandular Morphogenesis 

After the work of Hardy and colleagues over the past 30 thirty years, the effect of 

excess vitamin A on the developing hair follicle has been well documented (Hardy, 

1968, 1989; Hardy eta/, 1990; Viallet eta/, 1991; Viallet and Dhouailly, 1994). 

Organ culture of embryo mystacial pads treated with excess retinoids produced 

glandular morphogenesis of developing vibrissae (Hardy, 1968). This phenomenon 

was shown to be stage-dependent, time-dependent, and irreversible (Hardy et a/, 

1990) with all-trans retinoic acid (tRA) being the active metabolite involved in this 

morphogenetic program (Dhouailly eta/, 1980). It was established that excess tRA 

was acting on the mesenchyme rather than the epithelium at a specific stage of 

development, resulting in a different dermal message being sent to the developing 

epithelial peg (Hardy eta/, 1990). 

In this study, E13.5 and E14 rat mystacial pads were cultured for 2.5, 4 and 5 days in 

culture medium containing tRA with complimentary pads set up in control culture 

medium. After organ culture, the mystacial pads were removed and 

immunohistochemical analysis of the Id proteins (Id2 and Id3) was conducted to 

investigate the effect of this morphogen on the expression pattern of these multi­

functional proteins. The existence of MCs was also investigated due to earlier work 

highlighting the specific, high expression of Id2 in these specialised sensory cells. 
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4.3.1 Histology 

Staining of mystacial pads for H&E showed cultures incubated in tRA had evidence 

of epithelial metaplasia, consistent with tRA acting as a morpho gen. This was most 

obvious comparing the 2.5day cultures where RA cultures showed an increased 

epithelial thickening compared to a relatively undifferentiated, primitive epithelium 

in control cultures. After 4days of culture, both control and RA cultures were coping 

well in the culture conditions, displaying a multilayered epithelium and elongating 

epithelial pegs. In the RA cultures, clear glandular morphogenesis had occurred 

showing elaborate branching structures, no internal differentiation and rounded 

epithelial pegs, consistent with earlier work (Hardy, 1990). These glands were 

classified as Grade II, after Bellows and Hardy (Bellows and Hardy, 1977). No 

evidence of a lumen was found in these structures. The complimentary control 

culture showed evidence of cell death at the site of the dermal condensation, both in 

4 and 5day cultures. In 5day RA cultures this was very apparent. This cell death 

may be indicative of the control cultures inability to progress past stage 3 of 

development. No internal differentiation of developing follicles or a fully formed, 

integrated DP was observed. 

4.3.2 ld2 Expression and Merkel Cells 

After 2.5days of culture, controls showed Id2 expression in developing epithelial 

pegs was cytoplasmic and mostly polarised to the basal membrane. This staining 

was similar to that seen in vivo in E16 mystacial pads. However, the equivalent RA 

cultures displayed much higher levels of cytoplasmic Id2, strongly polarised to the 

basal epidermis and basal epithelium of stage 2 follicles. The expression pattern 

obs_e!"e~ was very ~imilar to Id3 in E16 my~ta_c_ia] pads. Curiously, very hig!l 

expression of Id2 was seen below 2 developing follicles, resembling a nerve -like 
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morphology. Further analysis would need to be carried out to elucidate if this was 

indeed nerve, such as the DVN. If so it would be very surprising as Id2 was 

restricted to specific neural lineages in vivo with the DVN showing no Id2 

immunoreactivity. No MCs were detected in the mystacial pads after 2.5days of 

culture, using the antibody CK-20, whereas in follicles of a similar developmental 

stage in vivo a few MCs were present. 

In E13.5 mystacial pad controls (4day), expression ofld2 was cytoplasmic and 

polarised but all E14 controls (4day) showed none ofthis characteristic staining, with 

high expression restricted to MCs in the basal epidermis and developing follicular 

epithelium, shown by double labelling with CK-20. This is consistent with 

expression seen in vivo, where cytoplasmic Id2 staining was seen in early developing 

follicles but this was absent as the follicle progressed to later developmental stages. 

In E14 RA mystacial pads, MCs were found in the glandular structures indicating the 

epithelial peg started to form a hair follicle, but changed developmental pathways. 

MCs have no known function in these glands. Id2 expression was still polarised to 

the epithelial-mesenchymal border, but was greatly reduced in the epithelial peg. 

After 5days of RA culture, MCs were still prevalent but Id2 expression was absent 

from the epithelial peg, but curiously still present in the cytoplasm of the basal 

epidermis. This could be a direct result of differentiation and cessation of epithelial­

mesenchymal interactions. Id2 is known to be down-regulated in tRA culture of 

monocytic leukaemia cells, consistent with RA inducing differentiation and 

suppression ofld2 leading to reduced proliferation (Wagsater et al, 2003). Id2 is 

also known to be a retinoic acid responsive gene (Nigten et al, 2005). Although tRA 
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appeared to influence Id2 expression during early follicle development, the 

expression in MCs did not change. 

4.3.3 ld3 and P-catenin Expression 

E13.5 and E14 mystacial pads were stained for Id3 to investigate its expression and 

also ~-catenin to visualise the cells as it is known to be important during follicle 

morphogenesis (Huelsken eta/, 2001). Id3 expression in E13.5 mystacial pads after 

4days of culture was as expected showing basal epithelial, polarised staining 

preferentially towards the epithelial-mesenchymal border, consistent with expression 

seen in vivo in E16 mystacial pads. Abnormal epithelial pegs in control cultures 

showed reduced Id3 expression but this may be as a consequence of the abnormal 

development. ~-catenin expression was higher in the epithelial pegs consistent with 

previous reports (Huelskin et a/, 2001 ). In complimentary RA cultures, E 13.5 

mystacial pads also showed the same Id3 expression but levels were much lower than 

those seen in control cultures. This may be as a result oftRA promoting 

differentiation. In RA cultures, the stratum corneum stained strongly for both Id3 

and ~-catenin but it is believed this is not positive staining due to the keratinised 

nature of these cells. 

Interestingly in E14 mystacial pad cultures, both controls and RA, the characteristic 

ld3 staining seen in E13.5 mystacial pads was absent from both developing epithelial 

pegs and basal epidermis. In vivo, this loss of cytoplasmic Id3 expression was 

accompanied by nuclear Id3 staining throughout the mystacial pad, but this was not 

the case in the cultures. Throughout this study, cytoplasmic Id3 expression in the 

~asal epithelium ha~ been associa_ted with epithelial-mesenchymal interactions (Jen 

et a/, 1996) in the developing follicle. The lack of expression is similar to that seen 
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with Id2, indicating differentiating cells. However, the lack of nuclear Id3 seen 

widespread in mystacial pads of a similar age in vivo is confusing. I can only 

speculate that culture conditions kept nuclear Id3 levels low, whilst cytoplasmic Id3 

is regulated by a different mechanism. 

4.4 Gene Expression by RT -PCR 

The genes chosen for RT-PCR were selected based on their potential role in stem 

cells and their T A population and on their influence on the cell cycle regulation and 

proliferation. The BCRP RT-PCR profile in rat showed expression throughout the 

follicle but highest in the MF, leading to speculation of a possible cell population 

enriched for BCRP here. The same was true for mouse but interestingly there was 

very low expression in the EB. I can only speculate at the apparent difference 

between rat and mouse BCRP, such as BCRP expression may be linked to the hair 

follicle cycle. Even though all follicles chosen were in mid-anagen, some variation 

between the stages of follicle growth is inevitable. No further experimental 

procedures were carried out to assess if mRNA expression matched the protein 

expression in the follicle. 

Expression ofMRPl was similar in rat and mouse, with very high expression in the 

MF. Interestingly, MRPl was absent from mouse EB but very highly expressed in 

rat EB, a similar situation to that ofBCRP. Again it is unknown why the expression 

should be so different in rat and mouse. Because of the differential expression seen 

with MRPI, immunocytochemistry was performed on adult follicles with an MRPl 

antibody to assess the protein expression profile. The results (not shown) were 

inconclusive showing high expression in the proliferating matrix cells and the hair 

shaft but largely matched the mRNA expression. 
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Id2 and Id3 mRNA expression was as expected, present at high levels throughout the 

follicle. Id2 showed high expression in rat in all segments but possibly higher 

expression in the MF. This was much more conclusive in mouse, showing much 

higher expression in the MF. Immunocytochemistry of adult follicles showed MCs 

were stained for Id2 in the bulge region of the ORS, and this would appear to 

correlate with the higher mRNA expression in the MF. Id3 showed contrasting 

mRNA expression, being highest in the MF and UF for rat and mouse, respectively. 

Immunocytochemistry of adult follicles with Id3 showed ubiquitous expression of 

Id3, with possibly higher expression seen around the club hair and in the ORS at the 

level of the isthmus. 

It is important to remember with RT-PCR, the results are semi-quantitative and 

levels of mRNA may not accurately reflect expression at the protein level. This is 

illustrated by a recent study by Kowanetz and colleagues. They found that TGF-P 

could transiently induce Id2 and Id3 mRNA but not protein expression in certain 

cells types (Kowanetz et al, 2004). 

4.5 Summary 

In summary, Id2 expression was investigated during hair follicle morphogenesis and 

the adult hair cycle. During the early stages of morphogenesis, Id2 expression was 

restricted to specific cells in the basal epidermis, rete ridge collar and ORS at the 

bulge level of the follicle. These cells were identified as Merkel cells (MCs) by 

double immunolabelling Id2 with CK-20, and also with Syp. These Id2 reactive cells 

were still present in neonatal mystacial pads and in adult follicles. It is interesting to 
- - -. - --

find that expression of Id2 in MCs was post-mitotic and persisted throughout their 
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life, leading to speculation that Id2 may have a protective role in the survival of these 

specialised cells. This finding may also have implications for the rare cancer 

believed to form from these cells, Merkel Cell Carcinoma. 

Cells lining the mesenchymal capsule, first seen in stage 5-6 follicles, displayed high 

Id2 immunoreactivity but were not MCs. Other cells in very close proximity showed 

Syp expression leading to speculation these cells may be neural. Further analysis 

revealed these cells to be part of the intrinsic follicular muscles, used for protracting 

the follicle in a process known as 'whisking'. As these cells may well be 

proliferating until fully differentiated in P12, Id2 may be acting classically to inhibit 

muscle differentiation and promote proliferation. 

In mystacial pad cultures, treatment with tRA induced glandular morphogenesis in 

some cultures, as expected. Immunostaining with Id2 showed a basally polarised 

expression pattern in the epithelial peg and basal epidermis, not seen in untreated, 

frozen mystacial pads. This effect was much more apparent in +RA cultures. 

However, Id2 expression seemed to be lost from the epithelial peg in cultures 

incubated for 5 days. MCs were present both in +RA and -RA cultures. Id3 

expression was investigated during the same stages of morphogenesis through to 

neonatal and the adult hair cycle. Distinctive cytoplasmic, basally polarised 

expression was seen in the epithelial peg of follicles up to stage 4. After this stage, 

Id3 staining in the follicle was peri-nuclear with expression in most cell types except 

the proliferating matrix cells of the end bulb. The cytoplasmic, basally polarised 

staining is very interesting as Id3 is classically involved in the nucleus influencing 

the cell cycle amongst other functions. Elucidation of this pathway in the cytopfasm 
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and its influence on hair follicle morphogenesis, and possibly pattern formation will 

offer a valuable insight into this complex and poorly understood phenomenon. 

After the switch of Id3 expression from cytoplasmic to nuclear, high expression was 

seen at the rete ridge collar and ORS at the bulge level. Because of the location, Id3 

may also be highly expressed in MCs. However, high Id3 expression was seen in the 

bulge of developing pelage follicles, suggesting that this may be a feature of the 

putative bulge epithelial stem cells. High Id3 expression was also seen around the 

club hair of adult follicles and may have a role in the exogen stage of the cycle. 

Analysis of Id3 staining in mystacial pad cultures revealed an interesting pattern. 

E13.5 cultures showed cytoplasmic, basally polarised expression in the epithelial 

cells, as seen in cryostat frozen sections. However, E14 mystacial pad cultures 

displayed none of this distinctive staining. The explanation for this 'switch' is 

unknown but may be an effect of the culture not providing a specific molecular 

signal. 

4.6 Further Work 

This study into the molecular expression in vibrissa follicle development and 

differentiation has revealed novel expression patterns of Id genes in this fascinating 

appendage. As a result, it has highlighted new research opportunities which merit 

further investigation: 

1) The significance of high levels of post-mitotic Id2 expression in MCs needs 

to be addressed, elucidating the molecular pathways involved. 

2) High Hl2 expression in MCs may have implications for the rare aggressive 

cancer, Merkel Cell Carcinoma (MCC). Expression ofld2 has not been 

141 



--------- --

examined in such a cancer and represents a new avenue to explore in the 

understanding and treatment ofMCC. 

3) Id2 was restricted in the mystacial pad to specialised neuroendocrine cells. It 

would be interesting to investigate the potential role of Id2 in other 

neuroendocrine cells, such as the hair cells of the inner ear and the developing 

retina. 

4) Id2 knockout mice have been generated and have been found to lack NK 

cells, Langerhans' cells, Peyer's patches and peripheral lymph nodes (Yokota 

et al, 1999). The effect of ldT1
- on MCs does not appear to have been 

investigated and may provide vital clues to its role in MC development and 

differentiation. 

5) ld3 expression in the early stages (1-4) of morphogenesis revealed 

cytoplasmic, basally polarised expression in epithelial cells. The molecular 

basis of this signalling, possibly at the cell membrane will provide further 

insights into the molecular events occurring during hair follicle 

morphogenesis and its effect, if any, on pattern formation. 

6) High Id3 expression was seen around club hairs in adult follicles. ld3 may 

have a role in the shedding phase of the cycle, exogen, and will require 

further investigation. 

7) ld3 expression was also elevated in the bulge of pelage follicles, at the rete 

ridge and ORS of stage 6+ vibrissa follicles. Further investigation will be 

required to understand the significance of this expression, especially in 

relation to putative stem cells in the bulge region. 

8) BCRP expression was found throughout the hair follicle according toRT­

PCR data. This molecule has recently been found expressed in stem cells and 

SP cells of the heart and skeletal muscle. Immunocytochemical analysis in 

vibrissa and pelage follicles may reveal a role for BCRP in the multiple stem 

cell and SPs of the hair follicle. 
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5.0 AIPpendox 

5.1 General Solutions and Culture Medium 

5.1.1 Phosphate Buffered Saline 

The following reagents were accurately weighed out and then made up to 5 litres 

using distilled water. The solution was mixed using a magnetic stirrer until fully 

dissolved. The pH was adjusted to 7.4 using cone. HCI. Before being used for 

immunohistochemistry the solution was paper filtered. 

40.0g NaCl 
9.03g NazHP04·2HzO 
1.45g KHzP04 
l.OOg KCl 

5.1.2 Mowiol 

The reagents below were mixed together in a falcon tube and left for several hours 

with periodic mixing. 12ml of0.2M Tris-HCl (pH 8.5) was added and incubated at 

50°C in a water bath for 30mins, mixing occasionally. The mixture was centrifuged at 

5000g for 15mins and the supernatant aliquoted into 1.5ml mini-centrifuge tubes and 

stored at -20°C. 

6.0ml dHzO 
6.0g Glycerol (analytical grade) 
2.4g Mowiol 4.88 (Calbiochem) 
2.5% DAB CO (Diazobicyclo-octane) 

5.1.3 Poly-1-lysine 

The stock (P8920, Sigma) was diluted 1:10 using filtered PBS, mixed well and stored 

at 4°C. To coat slides the solution was brought to room temperature and clean slides 

(Superfrost, VWR) were submerged in poly-1-lysine held by glass slide holders. The 
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slides were incubated for 30mins then transferred to a hot oven for drying. Once dry 

the slides were ready to use. 

5.1.4 Blocking Buffer 

Filtered PBS was supplemented with 0.2% fish skin gelatin (FSG; Sigma) and used as 

a blocking reagent in immunocytochemistry. 

5.1.5 EMEM Culture Medium 

EMEM medium (Sigma, UK) containing 50j..lg/ml Fungicide and Gentamycin was 

supplemented with 20% FCS (Sigma). To lOml ofthis medium, O.lrnl of all-trans 

retinoic acid (tRA) (500j..lg/ml dissolved in absolute ethanol) was added, or for the 

control medium O.lml absolute ethanol. This medium was used for culture of rat 

mystacial face pads investigating the effect of RA on follicle morphogenesis. 

8ml EMEM 
2rnl FCS 
O.lml RA (500j..lg/ml) or absolute ethanol 

5.1.6 DEPC Treated Water 

Distilled water was treated with 0.1% diethylpyrocarbonate (DEPC), an RNase 

inhibitor. The water was left to mix overnight in glass bottles and then autoclaved. 

5.1. 7 Agarose Gel Electrophoresis 

Products of PCR were electrophoresed on a 2% agarose gel containing ethidium 

bromide (O.lj..lg/ml) in IX Tris-Acetate-EDTA (TAE) buffer (0.04M Tris-acetate, 

O.OOIM EDTA, pH 7.6). This was done to ensure the amplified fragment was the 

correct length, check the level of expression in the eDNA samples as part of semi-

quantitative PCR and that the samples were free from contamination. 2j..ll of 6X DNA 

. -loaam~{ouffer was added to each sample and mixed, then 10!-ll of each PCR amplified 
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product was loaded onto the gel along with 5J..Ll of lkb Molecular Marker (Invitrogen) 

in a separate well. It was run at 90 volts until the loading buffer had moved 4-5 em 

down the gel giving sufficient resolution of product. The gels were photographed 

using a Gel Doc 2000 transilluminator (Bio-Rad, UK) running Quantity One software. 
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