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Primary Learning Objectives

• Appreciation of the highly variable morphology of the skin, particularly between anatomical
regions (intra-individual variation) and between species.

• Basic understanding of the functional anatomy of the epidermis in relation to skin barrier
properties.

1.1 Introduction and scope

In terrestrial mammals, the integument contributes to a variety of physiological functions
including thermoregulation, immune defence and the prevention of catastrophic water
loss. It is the barrier property of skin that is of specific relevance to dermal toxicology
(dermatotoxicology), so the purpose of this chapter is to outline the anatomical and histological
features that contribute to skin barrier function. Therefore, this chapter concentrates on
the outermost (epidermal) layers associated with protecting the skin from the ingress of
xenobiotics. More detailed information on the structure and function of the dermis and
hypodermis may be found elsewhere (Forslind et al. 2004; Freinkel and Woodley 2001;
Montagna 1962).

1.2 Surface features

The skin is not a homogenous covering. Its structure and function vary considerably, resulting in
regional variations in permeability that may span several orders of magnitude.

The protective function of the human integument is reflected by its relatively small surface area
(∼2 m2). In contrast, the lung and gastrointestinal tract have evolved to facilitate absorption
and so have much higher surface areas (∼150 and 200 m2, respectively).
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Figure 1.3 Epidermal thickness as a function of skin permeability (expressed relative to the least
permeable site, the back of the hand) measured in human volunteers to the nerve agent VX
(O-ethyl-S-[2(diisopropylamino)ethyl] methylphosphonothioate). Anatomical regions (in order thick-
est to thinnest): A = plantar; B = palmar; C = cheek; D = nape of neck; E = forehead; F = back;
G = groin; H = forearm (ventral aspect); I = forearm (dorsal aspect); J = scrotum; K = axilla;
L = abdomen
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Figure 1.4 Quantity and composition of sebum, according to anatomical location (Greene et al.
1970, Reprinted by permission from Macmillan Publishers Ltd)







10 CH01: CUTANEOUS ANATOMY AND FUNCTION

Table 1.2 Alternative histological nomenclature of the epidermal layers, with
typical thickness measurement (for human skin)

Current Nomenclature Thickness (μm) Alternative Nomenclature

Stratum corneum 10–20 Horny layer
Stratum granulosum Granular layer
Stratum spinosum 50–100 Prickle cell/spinous layer,

acanthocyte (refers to
individual cell)

Stratum basal Stratum germinativum, rootlets

contrast, the final stage of (terminal) differentiation may occur in less than 24 hours and
enables prompt repair of superficial damage to the stratum corneum. The gradual degradation
of cell–cell adhesion (mediated via desmosomes) ultimately leads to loss of corneocytes
(sloughing) and can account for up to one gramme of material (the main constituent of ‘house
dust’) per adult per day (Snyder et al. 1981).

Other types of cell present in the epidermis include Langerhans cells (involved with
antigen presentation) and melanocytes (which synthesise the photo-protectant, melanin).
The mobile nature of these two (dendritic) cell types enables them to migrate and pop-
ulate the interstitial space between keratinocytes, and there is growing evidence that
melanocytes, Langerhans and keratinocytes form functional units within the epidermis
(Nordlund and Boissy 2001). Indeed, melanocytes interact with a predefined number of ker-
atinocytes within the basal epidermis (the so-called melanocyte–keratinocyte unit) according
to set ratios depending on constitutive (normal) skin colour (Seiberg 2001). The role of
melanocytes and Langerhan’s cells are considered in more detail in Chapters 3 and 10,
respectively.

The outmost layer of the epidermis, the stratum corneum, is the predominant barrier layer. This
property arises from the arrangement of cornified cells embedded in a lipid matrix known as the
‘brick and mortar’ structure.

Terminally differentiated keratinocytes of the stratum corneum are known as corneocytes and
are largely devoid of normal cellular functions, being predominantly composed of protein
(keratin) and a remnant of the original cell wall (‘corneocyte envelope’).

The ultrastructure of the stratum corneum is described by the ‘brick and mortar model’
(Michaels et al. 1975). The functional implication of this architecture is that some skin
penetrants must diffuse via a long and tortuous route between adjacent corneocytes, thus
reducing their rate of absorption. This is known as the intercellular route (Figure 1.7). In
contrast, some chemicals may diffuse equally through both corneocytes and the lipid mortar,
resulting in a transcellular route (Figure 1.7). Both inter and intracellular routes are collectively
known as bulk pathways. A third, potential route of entry across the skin involves diffusion
down hair follicles and into sebaceous glands or via sweat ducts (Figure 1.7). These are referred
to as ‘shunt pathways’ and their contribution to skin absorption is currently a contentious
issue. Historically, the relative role of the shunt and bulk transport pathways have been likened
to an army crossing marshland that contains a few narrow bridges: whilst a small number of
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Figure 1.7 Schematic representation of arrangement of corneocytes in mouse and human stratum
corneum (‘brick and mortar’ model). The stacked (columnar) arrangement of corneocytes in mouse
stratum corneum facilitates a relatively short route for diffusion. In contrast, the oblique arrangement
of corneocytes in human stratum corneum compels molecules (diffusing via the intercellular route) to
take a long and tortuous route. The two other routes of entry (transcellular and transfollicular) are
shown for comparison. The structure of the lipid mortar is detailed in Figure 1.8

soldiers can rapidly march across the bridges in single file, the majority have to trudge slowly
through the boggy ground (Scheuplein 1976). This analogy pertains to the relatively small
surface area occupied by hair follicles. For example, the average width of a scalp hair is ∼50 μm
and this region contains ∼300 hair follicles per cm2. Thus, the total surface area occupied by
hair follicles per cm2 of scalp skin is exceedingly small: approximately 0.007 cm2. However,
this does not take into account the fact that a hair follicle is a three dimensional structure that
penetrates deep into the dermis. Assuming that an average hair follicle is 500 μm deep (and
approximates in shape to a cylinder), then the total surface area of hair follicles per cm2 can be
calculated to be ∼0.95 cm2. Thus, on the scalp at least, the presence of hair follicles essentially
doubles the surface area available for skin absorption.

Skin appendages such as hair follicles provide a potential ‘short-cut’ for skin absorption by
penetrating directly into the dermis. However, the practical relevance of such shunt pathways is of
some considerable debate.

It is important to note that such shunt pathways are not the biological equivalent of intergalactic
wormholes and do not provide a paranormal route of entry into the skin. Hair follicles and
other appendageal structures are generally lined with cornified cells and so diffusion from the
follicle into the dermis is still subject to the same barrier layer as is present on the skin surface.
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have the potential to penetrate the stratum corneum (Ryman-Rasmussen et al. 2006). Whilst
this is largely unexpected in terms of molecular weight, the diameter of such particles is less
than the distance that separates adjacent corneocytes and thus diffusion through the stratum
corneum is plausible. Given current health concerns over the increasing use of nanoparticles
in consumer products, it is likely that a great deal more research will be conducted in this
relatively new area.

The epidermis is anchored to the dermis via a continuous, protein-rich region termed
the dermo-epidermal junction. This structure is highly invaginated and forms characteristic
(‘rete’) ridges on skin sections that are readily discernible under the light microscope.
The underlying blood supply (superficial plexus) interdigitates with the rete ridges, thus
providing a large surface area for the bi-directional transfer of nutrients, oxygen and waste
products. Chemicals that are able to traverse the epidermis are generally subject to systemic
absorption by the superficial (papillary) plexus at this anatomical region (Figure 1.5) and so
the dermis and hypodermis are not generally relevant to the percutaneous absorption kinetics
of many substances. However, if the peripheral blood supply (i.e. the superficial plexus) is
reduced by vasoconstriction, systemic uptake may be diminished, resulting in accumulation
of penetrant within the dermal tissue; conversely, vasodilation may increase systemic uptake
from the superficial plexus (Brain et al. 2006, Rommen et al. 1999. Alternatively, the ‘ground
substance’ of the dermis essentially represents an aqueous gel environment and this will
provide an additional barrier to the ingress of strongly lipophilic substances (Flynn et al.
1981). Therefore, it is important when conducting in vitro skin absorption studies to select the
most appropriate tissue preparation: epidermal membranes are arguably the most relevant
model since penetration through this layer in vivo results in contact with the circulatory
system (superficial plexus; see Figure 1.5). The presence of dermal tissue in dermatomed skin
is therefore representative of an additional barrier that is not normally present in vivo and may
lead to an underestimate of skin absorption for lipophilic substances (Chapter 9).

1.4 Species differences

Human skin is remarkable in many respects from most other mammals and this is of relevance to
the interpretation of toxicological data obtained from animal models such as the rat, mouse and
guinea pig.

The most obvious difference between human and animal models is pelage density (Figure 1.9):
a thick coat of hair provides a substantial degree of protection against the ingress of xenobiotics
and exposure to radiation. As a possible consequence of this evolutionary divergence, the
stratum corneum of rodents and lagomorphs is generally more permeable and considerably
more fragile than ‘naked’ species such as pig and human (see legend, Figure 1.9). This difference
is manifest when preparing tissue samples for in vitro skin absorption studies: human and
(to some extent) pig skin can be used to prepare strong, coherent sheets of stratum corneum
or epidermis that retain their physical durability for several months at room temperature. In
contrast, it is practically impossible to produce similar tissue preparations for rodent skin,
although limited success can be achieved with sodium bromide separation of neonatal rat skin
(Scott et al. 1986). This species difference in pelage density between human and rodent skin is
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Summary

• Human skin presents a barrier to the ingress of many xenobiotics and has a correspondingly low
surface area in comparison with other externalised organs such as the lung and gastrointestinal
tract.

• The integument cannot be considered to be a homogeneous organ as there are substantial regional
(anatomical) differences in structure and function such as permeability (which may span several
orders of magnitude).

• There are three principal skin layers: epidermis, dermis and hypodermis. The former is primarily
responsible for maintaining skin barrier function.

• The relative impermeability of the skin results from the structure and composition of the
stratum corneum (the outermost layer of the epidermis), which is subject to a continuous
cycle of regeneration through apical migration and terminal differentiation of epidermal cells
(keratinocytes).

• There is considerable species variation in skin structure and function. The pig is arguably the
most relevant animal model although rodents are currently the species of choice for toxicological
evaluation.
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