Chapter

Lamellar Anatomy

The inner hoof wall

The innermost layer of the hoof wall and bars of horses and ponies is named the
lamellar layer after the 550-600 epidermal lamellae (primary epidermal lamellae) that project

from its surface in parallel rows (Figure 3.1).

AFIGURE 3.1 Heof with i#s comenis removed io show the lamaellas of the inner hood wall . This
pigmenied ool capeule, shown wilh the conlenl: removed, Fae a pomon of the wall Sut avway 1
show B inner structures the hoof capsuls, Thae cud a1 the toe shows the cure of the coronary groove
(CG), the pigmenied stralin medium of the hoof wall proper, and the non-pigmenbed innes hool wall
|Etradiam indamom] which bears the apidarmal lamallas (L) The hast wall Sul in ITaneverss sachion
shows the lamellae [arowed] lining the non-pigmented inner haof wall. &1 the top of the haof wall, on
the culer edga ol he comanary Groove, is 1 aoll, non-pigmanied, Mexible perispka (P which axpands
at thie heels to form the bulbs of tha eels. AL the Butress of the heels, e lamailas of the inrar hoof
wall are reflecied inwards, owards the frog, 1o foem the bars (B] The sufaces of the concave
camgnary groove. 1ha soha and tha frog are dotted with nemerous small holes tor the dermal papillas
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In common with all epidermal hair and horn-like structures, the lamellae of the inner
hoof wall are avascular and depend on capillaries in the adjacent dermis (or more specifically,
the lamellar corium) to supply nutrients. The epidermal cells adjacent to the dermis (sometimes
referred to as the basal cell layer, germinal cell layer or stratum germinativum) are very
important as it is these cells that must remain attached to the connective tissue of the distal
phalanx. As their anatomical name suggests, the lamellar basal cells are expected to be a
germinative or proliferative cell layer, but interestingly, this is not the case with the basal cells
of the lamellae of the equine inner hoof wall. They do not proliferate to any great extent, in
sharp contrast to the epidermal basal cells of the coronet and sole, that proliferate continuously
to form the tough, but flexible hoof wall and sole, respectively. The primary function of the
lamellar basal cells then is to suspend the distal phalanx within the hoof capsule. They only

proliferate when the hoof wall is injured and healing is required.
Secondary epidermal lamellae

Microscopic examination of the inner hoof wall shows that the surface area of the
lamellae is further expanded by the addition of secondary lamellae upon each primary lamella.
There are about 150-200 secondary lamellae (Figure 3.2) along the length of each of the
550-600 primary lamella. The tips of the lamellae (both primary and secondary) all point
towards the distal phalanx indicating the direction of the tension to which the lamellar
suspensory apparatus is subject. The surface area of the equine inner hoof wall has been
calculated to average just under one square meter, which is a considerable increase over

bovine hooves that lack secondary lamellae.
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lamellas are all approsimataly he same lengh and
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The basement membrane

At the interface of the lamellar epidermis and dermis is a tough, unbroken sheet of
connective tissue called the basement membrane. This key structure is the bridge attaching
the basal cells of the lamellar hoof epidermis on one side and the tough connective tissue
(tendon—like collagen I) on the upper surface of the distal phalanx on the other. The basement
membrane is constructed of a unique, fibrillar collagen called type IV collagen. Woven into
the mat-like type IV collagen framework is laminin, one of several basement membrane
glycoproteins. It forms receptor sites and ligands for a complex array of growth factors,
cytokines, adhesion molecules and integrins that together direct the functional behavior of
the epidermis. Without an intact, functional basement membrane, the epidermis, to which it

is normally firmly attached, falls into disarray (Figure 3.3).

Hemidesmosomes

The lamellar basement membrane is attached to the feet or base of the epidermal basal
cells at discrete sites called hemidesmosomes. Hemidesmosomes resemble “spot-welds” on
sheet metal and are attachment discs that serve to keep the sheet of basement membrane
firmly adherent to all the basal cells of the lamellar hoof. Each hemidesmosome is constructed
of several proteins that stain darkly when viewed with the transmission electron microscope
(Figure 3.4).

Bridging the gap between the dense plaque of the hemidesmosome and the basement
membrane proper (the lamina densa) are numerous submicroscopic anchoring filaments.
Each filament consists of a single glycoprotein molecule called laminin-5 that is unique to
hemidesmosomes. An additional protein called BP-180 may also be part of the anchoring
filament. If either the anchoring filaments or the hemidesmosomes are damaged, and made to
disappear, the basement membrane separates from the basal cell. Significantly, for students
of laminitis, both laminin-5 and BP-180 are substrates of connective tissue enzymes called

matrix metalloproteinases or MMPs (Figure 3.5).
Basal cell cytoskeleton
Within the cytoplasm of each basal cell is a criss-crossing network of fine protein

filaments that make up the internal skeleton (cytoskeleton) of the cell. The cytoskeleton

bestows rigidity and the correct shape to the cell. All of the cellular organelles (mitochondria,
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AFIGURE 3.3 Tha basement membrana gt 1ha darmo-apidarmal juncion. A1l inarfacs of the
lamelar epidermis and darmis is the basemend membrane (BM), a touph, unbroken sheet of
cannaclive lissus, that I}I'H]QHE- the baszal cells al the secondary apdermal lamellgs (SELs) on ore
sida and fha taugh connective tissus of tha secondary dermal lamedlas (50Ls) on the cther. The
dermal conneclive tesue of the S00Ls & ullimalsly embedded on the suface of the distal phalan:.
Diagram designe Chres Poditt. Art Jobn MceDasgall.

AFIGLIRE 34 Hamidesmosomes al e dermo-
epidemal junction. The eleciron dense lamina densa
(LEY) g M migjor struchunal component of the Dasaman
membrane. Hemidesmasomes are atechment decs
Fal serve 1o keap e lamina densg of he bassmsant
mambrang firnly adharant 1o all the basal calls (B} of
e lamellar hoof. Each hemidesmosome = corstnucied
ol sevaral proleirs 1hal =tain darkly when wiewad wilh
the transmissian electron microscope. The inkemal
skelalon or cylaskekalon (Cy) of the basal cal is
consiructad of fing keratn filamans that afach 1o tha
intracyloplasmic dense plaque of all hamidesmozames
gnd inlamonract 1 desmosamas and s nuclaus
Bridging tha gap betasen the dense plague of tha
hemidesmosame (H) and he bk denss ane
numarsis submicrescopic ancharing filamants [AF)
Each flament consists of a single ghycopraten maleculs
caled laminin-S that = unsgue 1o hemideamaoscmes.
Eaar = 10 nm
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AFIGURE 3.5 Diagram of hemidesmosome, the key struciure attaching basal cells to the
basamant membrane. Hemidesmosomes firmly anchor the basal calls of the sacondary
epidermal lamalla to the basement membrane. The side of the hemidesmosome in the
cyloplasm of the basal cell consists of a plague (the irracyloplasmic plague) composaed af
pactin and integrin, The karatin intermediate famants of the cyteskeleton connect to plactin
which in turn is connected to molecubes of integrin that connect to ancharing filaments of
laminin-5. The anchoring filaments ane incorporated into the matriz of the basament

membrans,
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Golgi apparatus, endoplasmic reticulum), as well as the all-important nucleus, are suspended
and fixed to the three-dimensional lattice of the cytoskeleton. Where the cytoskeleton
approaches the basal wall of the cell adjacent to the basement membrane, it is woven into the
disc of the hemidesmosome. Where the cytoskeleton approaches the inner side and top
walls of the cell, adjacent to the neighboring basal cells and parabasal cells, it is woven into
the discs of the desmosomes. Thus the cytoskeleton forms a direct line of communication
between neighboring cells, the basement membrane and the exterior. If damage should occur
to either the hemidesmosomes, desmosomes or the basement membrane, the basal cell
cytoskeleton collapses and the basal cell is cut-off from the information that controls its

normal and proper function (Figure 3.6).

Hoof wall growth

The hoof wall grows throughout the life of the horse. Continual regeneration of the
hoof wall occurs at the coronary band where epidermal basal cells undergo mitosis, producing
populations of daughter cells that mature, keratinise and harden, continually adding to the
hoof wall at the coronet. This is to make good the continual loss of hoof wall occurring at the
ground surface. The primary epidermal lamellae are part of the hoof wall and grow downwards
with it. The primary lamellae slide past the cells of the secondary epidermal lamellae that do
not move because of their commitment to suspending the distal phalanx. The basal cells of
the lamellae must remain attached to their underlying basement membrane if the hoof distal

phalanx attachment mechanism is to function properly (Figure 3.7).

Lamellar remodeling enzymes

The cells of the lamellar epidermis remodel and continually upgrade their spatial
organization by the tightly controlled production of a class of zinc-containing enzymes
known as matrix metalloproteinases (MMPs). Two members of the MMP family (MMP-2 and
MMP-9) are present in normal hoof wall lamellae (Figure 3.8). Controlled MMP activity
allows the movement of the various classes of epidermal cells between the lamellar basement
membrane, the secondary epidermal lamellae and primary epidermal lamellae. MMPs are
manufactured and secreted as inactive proenzymes, and are only activated to allow the nips
and tucks required of continual growth and movement within the lamellae. When activated,
locally produced inhibitors (tissue inhibitors of metalloproteinases or TIMPs) promptly
inhibit MMP. In normal hoof lamellac harmony prevails. However, with their large surface

area and their all-important function of suspending the distal phalanx, the hoof lamellae can
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AFIGURE 36 Tha lamedlar hasal oall cyloskalaton. Basal cals ara subject o lension and distortion,
and criss-crossing their cyloplasm is a network of tough, rope-lice, flamentaws kerabin profeins (10nm
diamatar intarmediaba flamenia), forming an internal cell akeleion of cyloakelelon, The pincipal
function of the cyloskelefon i structural - o reinforce the cal from within and provde mechanical
support bo e call mambrans and (ha nucleds. W ksaps tha cell in tha corredt shape, [he nucleus in
the cormact position and disiribuies tensle forces s thad the forces ar disinbuted amangst all tha
oells providing rigidity and strength fo the fissue. Intemediate filaments s organised in the
cyioplanm as a rabwork tal extands in thres-dimanaiona from the nuckaus 1o the nner surfecs of the
cell mambrare, An imemediate filament cytaskeletan is especially important where cells are
gl'd'l.lﬁll‘.'ﬂ b:ﬂl!dl'h!fhﬁll"l'l‘l lissues and whien a h;‘!l‘ of cells is in comact with & basamen mambrang.
The imermadiale filamends ame anchored fo the call membrars & spacialised junction sies called
desmcaomes and hamidesmosmes. Desmosomes anchor nesghbaring cells o each altber and
hemidesmosomes attach the base of e call irmly © he undedying basamen membrang. Thiis tha
irermediale filaments of one osll are directly connecled ta the inermediatie flaments of neghboring
calls by desmesomeas and 1o the underfying conneclive fistue via hamidesmaomes.
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be likened to a loaded gun. The protein constituents of the basement membrane (type IV
collagen and laminin) as well as hemidesmosome anchoring filaments (laminin-5), are known
substrates of MMP-2 and MMP-9. We believe that the disorganisation of the epidermal cells
of the secondary epidermal lamellae, the wholesale separation of basal cells from the basement
membrane, and the lysis of basement membrane that occurs early in the pathology of laminitis,

are caused by uncontrolled, excessive MMP activation.

Key Points

e The primary epidermal lamellae that line the inner hoof wall function to secure
the distal phalanx within the hoof capsule. Secondary epidermal lamellae,

FIGURE 3.7 GROWTH OF THE HOOF WaLL.
The hoof wall grows throughout the life of the
harse, Atthe ground surface the distal rim of
the wall is lost to wear and abrasion or, if the
harse ks ahed, by periodic removal by a
farrier. Continual loss reguires continual
regeneration and this occurs at the coronary
band whara tha apidermal germinal calls
produce populations of new cells which, as
they matune, are addad 1o the progimal hoo!
wall. The primary epidermal lamellas are part
of the hoof wall and their loss at the ground
surfaca Is also accountad for by epidarmal
profiferation on the inmer shoulders: of the
coronary groove. Because the garminal calls
of the epidermal lameliae must remain
atisched 1o their basarman mambrana (b
maintain the hiod distal phalanx attachmant) it
is assumed that the primary epidermal
lamellaa reamodel pas! the stalionary calls of
the secondary epidermal lamellae in a
stagpered seguence of detachment and
raattachmant, Only a small parcantage of tha
cells are detached at any one time (rather ke
@ rabchvel) 5o thal the distal phalans neaver
loses its suspensory attachmaont to the inmer
haal wall.
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AFIGURE 18 Micrograph showing immunoiocalisation of matrix metalioprodeinase (MWP-2) in the
izl veadl lamedaa. The brown slaining cioplasm shows where anli MMP-Z andibodies have reacied
with MMP-Z protein. resident in the calls.  Most of the SEL bagal and parabasal cel cytaplasm
confains MMP-2 reflecting the high reguirement for remodeding in this tssoe. MMP positive
cytoplasm i closaly associadad with the basamant mambrane (amowa). The PELs howsaver stain
lightly for MRP-Z suggesting a redatively low rate of remodeling. Conbrolied MMP activity aliows the
movement of e vanous classas of epidemal calls Detwesn he amalar basemeant membrans, e

sacondany apcarmal lamallas (SEL) ard primary spldemal lamabae (FEL), MMPs ara manufachuned
ard secreted as inactive proenesymes and ane only activated to alow the nips and tucks required of
cantnual growth and movaman within tha lamedles. Bar = S0um.

located along the length of each primary lamella, increase the surface area to
provide better attachment.

¢ The basement membrane connects the basal cells of the secondary epidermal
lamellae and the connective tissue of the secondary dermal lamellae at
specialised junction sites called hemidesmosomes. Anchoring filaments,
consisting of laminin-5, bridge the gap between the hemidesmosomes and the
basement membrane.
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