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Equine laminitis: glucose deprivation and MMP activation
induce dermo-epidermal separation in vitro
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Summary

Reasons for performing study: Acute laminitis is characterised by
hoof lamellar dermal-epidermal separation at the basement
membrane (BM) zone. Hoof lamellar explants cultured in vitro
can also be made to separate at the basement membrane zone
and investigating how this occurs may give insight into the
poorly understood pathophysiology of laminitis.

Objectives: To investigate why glucose deprivation and
metalloproteinase (MMP) activation in cultured lamellar
explants leads to dermo-epidermal separation.

Methods: Explants, cultured without glucose or with the MMP
activator p-amino-phenol-mercuric acetate (APMA), were
subjected to tension and processed for transmission electron
microscopy (TEM).

Results: Without glucose, or with APMA, explants under tension
separated at the derme-epidermal junction. This in vitro
separation occurred via 2 different ultrastructural processes.
Lack of glucose reduced hemidesmosomes (HDs) numbers
until they disappeared and the basal cell cytoskeleton
collapsed. Anchoring filaments (AFs), connecting the basal cell
plasmalemma to the BM, were unaffected although they failed
under tension. APMA activation of constituent lamellar MMPs
did not affect HDs but caused AFs to disappear, also leading to
dermo-epidermal separation under tension.

Conclusions: Natural laminitis may occur in situations where
glucose uptake by lamellar basal cells is compromised (e.g.
equine Cushing's disease, obesity, hyperlipaemia, ischaemia
and septicaemia) or when lamellar MMPs are activated
(alimentary carbohydrate overload).

Potential relevance: Therapies designed to facilitate peripheral
glucose uptake and inhibit lamellar MMP activation may
prevent or ameliorate laminitis.

Introduction

The distal phalanx is suspended from the inner hoof wall by a
resilient Jamellar attachment apparatus that not only supports the
weight ol the horse but plays a vital role in ameliorating ground
impact and rotational torces (Dyhre-Poulsen er «al. 1994). The
basement membranc (BM) of the inner hoof wall lamellae. divides

the epidermal compartment of the hoot from the dermal connective
tissue that is attached to the periosteum of the distal phalanx (Pollitt
1992). On one side of this dermo-epidermal junction is a laver of
epidermal basal cells firmly attached to the BM. while the other
(dermal) side consists of dense. collagenous connective tissue
woven into the structure of the BM. The lamellar BM is the site of
the primary lesion of faminitis. a condition where the attachment
between dermis and epidermis fails and the distal phalanx separates
from the inner hoof wall (Pollitt 1996: Pollitt and Daradka 1998).
Viewed with the transmission clectron nucroscope the BM has
a3 layered appearance. dominated by the laminag densa. that
follows the contours ol the epidermal basal cells (Pollitt 1994).
Electron dense adhesion plaques. or hemidesmosomes (HDs).
attach basal cells to the lamina densa of the BM and consist of the
proteins plectin, BP230. BP180 and integrin 4. Plectin directly
links the basal cell cytoskeleton with integrin 1,35, therefore
inserting keratin filaments of the cytoskeleton directly imto the basal
cell plasmalemma via the HD (Langhoter e af. 1994: Nicssen et al.
1996: Burgeson and Christiano 1997). Glucose consuming HD
phosphorylation is crucial for continuing HD maintenance and
assembly (Borradori and Sonnenberg 1996: Jones et al. 1998).
Lamecllar  hoot explants. matrix
metalloproteinases (MMP) activator, p-amino-phenyl-mercuric
acetate (APMA) develop a lammitis-like separation at the dermo-
epidermal junction (Pollitt er a/. 1998: Mungall ¢r al. 2001). MMP
activity is likewise increased in hoof tissue taken from horses with
laminitis (Johnson er al. 1998 Pollitt ¢ «/. 1998) and laminitis is
associated with increased transcription of lamellar MMP-2 (Kvaw-
Tanner and Pollitt 2004). Glucose is ¢ssential for hoot explants in
culture. and culture without glucose or inhibition of glycolysis also

cultured  with the

causes BM zone separation under tension (Pass ef al. 1998).

Here wc used transmission clectron microscopy (TEM) and
tension testing to study the separation process of the 2 in vitro
models of basement membrane zone separation to gain insight
into the lesion of natural laminitis.

Materials and methods
Explant preparation and culture

Explants of two sizes were prepared and tested. as described
previously. (Pollitt er af. 1998: Mungall er al. 2001). Normal feet
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Glucose deprivation and MMP activation

TABLE 1: Explants cultured in DMEM, DMEM without glucose and DMEM with APMA were subjected to tension up to 700 g and the weight causing
separation recorded. Lack of glucose and MMP activation by APMA significantly reduced explant integrity

Time (h) DMEM mean (g) + s.e. DMEM no glucose mean (g) + s.e. DMEM with APMA mean (g) = s.e
Q 700 700 700
1 700 700 700
2 700 700 700
4 700 700 700
6 700 700 700
12 700 482.86 + 65.31° 700
24 700 297.14 + 66.282 604.29 + 47.99
48 700 314.29 + 71.34° 481.43 + 55.01°

n = 10 (number of explants tested per time point): ®DMEM vs. DMEM no glucose (P<0.001);: "DMEM vs DMEM with APMA (P<0.001).

TABLE 2: Explants cultured in DMEM, DMEM without glucose and DMEM with APMA were fixed and analysed by TEM. The mean distance (um) from
the basal cell plasmalemma to the centre of the lamina densa of the BM was measured. Lack of glucose caused HD shrinkage and disappearance
but did not cause BM separation. In contrast MMP activation by APMA caused the BM plasmalemma distance to significantly increase

DMEM Number of DMEM no glucose Number of DMEM with APMA Number of
Time mean distance HDs measured/ mean distance HDs measured/ mean distance HDs measured/
(h) (um) £s.e. treatment (um) +s.e. treatment (um) = s.e. treatment
0 0.061 +0.001 30
1 0.064 +0.001 18 0.074 + 0.002 14 0.124 + 0.031 16
2 0.057 = 0.001 14 0.077 +0.005 14 0.069 + 0.003 15
4 0.054 + 0.002 15 0.073 +0.004 14 0.11 £ 0.0152 14
6 0.053 +0.002 14 0.095 + 0.009 14 0.622 + 0.454° 14
12 0.061 £ 0.002 18 0.078 + 0.007 20 0.343 + 0.1182 17
24 0.060 + 0.002 17 0.15+0.011¢ 14
48 0.062 = 0.003 15 0.355 + 0.069¢ 18

n = 6 (number of explants in pooled data per time point); DMEM vs. DMEM + APMA 3(P<0.05). ®(P<0.01). ¢(P<0.001).

TABLE 3: Explants cultured in DMEM, DMEM without giucose and DMEM with APMA were fixed and analysed by TEM. The mean percentage surface area
occupied by HDs in BM contact was derived from the measured length of HDs. As lack of glucose caused HD shrinkage and disappearance the surface
area occupied by in contact HDs decreased. As MMP activation by APMA caused BM separation the area occupied by in contact HDs also decreased

DMEM DMEM no glucose DMEM with APMA
mean % of BM Number of mean % of BM Number of mean %o of BM Number of
Time surface occupied by HDs measured/ surface occupied by HDs measured/ surface occupied by HDs measured/

(h) in contact HDs + s.e. treatment in contact HDs + s.e treatment in contact HDs + s.e. treatment
Q 33.246 + 0.93 30
1 27.012 + 1.821 18 26.737 £ 0.981 14 21.091 +2.759 16
2 31.842 + 1.841 14 16.853 + 2.997° 14 35.334 +1.947 15
4 32.225 + 1.331 15 20.407 + 2.3392 14 14.347 +2.123 14
6 29.907 + 1.653 14 7.869 + 4.326° 14 9.36 £+ 2.513 14
12 25.391 £ 1.093 18 4.41 £0.78° 20 11.271 £ 2.388 17
24 24.096 + 1.154 17 12.318 + 1.487 14
48 27.83 + 1.808 15 4.15 +1.228 18

n = 6 (number of explants in pooled data per time point): DMEM vs. DMEM no glucose 2(P<0.05). °(P<0.01), ¢(P<0.001); DMEM vs. DMEM + APMA ¢(P<0.001)

from 10 horses. obtained from a commercial abattoir. were
transported on ice and dissected within 60 mins of humane

slaughter. Structural integrity was assessed by anchoring one end of

the cxplant and attaching the other to a cahibrated force transducer.

Explants that did not separate were stretched to a maximum force of

700 g. When explants did separate the force required to cause
separation. at the dermo-epidermal junction. was recorded and
expressed as a percentage of the maximum. Small explants. for
TEM., consisted of 1-2 mm of inner hoof wall. 2-3 intact epidermal
and dermal lamellae and 2-3 mm of connective tissue (Pollitt 1994).
The second size. used to test explant structural integrity. were
approximately 3 times larger.

The effect of time on explants cultured vwith and ywithout glucose
and with APMA

Explants of both sizes were cultured at 37°C in Dulbecco's
modified Eagle’s medium' (DMEM) containing 0.1 mg/ml
gentamycin®. the cquivalent DMEM containing no ¢lucose!.
DMEM + APMA- (0.25 mg/ml in 0.001% dimethyisulphoxide?).
and DMEM + 0.001% dimethylsulphoxide for . 2. 4. 6. [2.
24 and 48 h. Some explants were tensioned before fixation
to determine the force required to separate them. Small
and examined by TEM

cxplants  were  fixed. stained

(Pollitt 1994).
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TABLE 4: Explants cultured In DMEM, DMEM without glucose and DMEM with APMA were fixed and analysed by TEM. The numbers of HDs in BM
contact were counted from mosaics of digital TEM images and expressed as the mean density of in contact HDs per micrometer of plasmalemma.
As lack of glucose caused HD shrinkage and disappearance the number of HDs In BM contacl decreased. As MMP activation by APMA caused BM
separation the number of in contact HDs also decreased

DMEM Number af OMEM no glucose Number of DMEM with APMA Number of
Time mean HDs/um HDs measured/ mean HOs/um HDs measured/ mean HDs/ym HDs measured/
(hy plasmalemma +s e, traatmaent plasmalemma « 5.8 treatment plasmalemma = s @ Uroatment
0 4,118 = 0.1201 30

1 3450 + 02247 18 3.628 « 01004 14 2.59 + 0.3844 18
2 4105 £ 02317 14 2372 04228 14 5.016 £ 0.3019 15
4 4215+ 0.1689 5 2084 « 0.2727 14 21179+ 0.3186 14
a 4486 = 02025 14 1340 2 (1 7233 22 14 1.354 £ 0.4077 14
12 3654 £ 0.1276 18 08304 =0 1457 20 1.582 + 0.3323° 17
24 3314 = 0.1939 17 1.784 = 0.2344% [ 14
48 4,144 = 0,3199 15 0.6403 + 0.1942° 18

n =6 (number of explants In pooled data par time pont); DMEM vs. DMEM no glucose 3[P<0.05) "(P<0 01); DMEM vs. DMEM + APMA 5P<0.05), %(P<0.01),
#(P0.001)

Fig 1 TEMs of the BM cone of r-qr.iim' Doof lametlar explants. fn explanty crltared it DMEM with glicose for 48 fita) the BM cone s dominated by the
lumina densa (I}, Berween the lamini densa and the basal vell plasmalemma (pi) is the lanima lueida (10 Many anehorng filuments (AFs) traverse the
lommama lucida qad are espectally dense adjacent o Hs (white arrowy, The sub-basal dense plate farrowhead) lies parallel to the plasmatemma and the
Tamina densit. The tonofilament oyvtoskeleron s wmform wothun the exvtoptasm of the basal cefl tep) and merges into the denve imtracelinlar plague of the
HOs. Dermis = d.bar = 2000 nm In explants caftured m the absence of glncose (b for 6 i the lamina densa (fd) o5 st cleariy visible. The tonofilament
evioskeleron (wlite werows) s dewiched frop the HD inteacellidar plague and has condensed around the muctens in) of the epidermal coll. There ave no
HOy present i the epidermal ooll plasmatemma (pl), Bar = 250 nm. In explants caltieed with APMA for 4 (¢} portions of the lamina densa (black
arrowys) have detached fram the basal cell tepl and the wideh of the lomina lucida has increased idouble headed arrows), however HDs (white areows)
appear intact, Bar = 250 nm, I explants cidtired with APMA for 24 b (d) the distance between the laming densa of the BM (black arrovw) and the basal
cell plasmalemaa has increased aned tie width of the lamna luewda (f ) is greater than nermal deouble headed arvow i HDy are sl present in the basal
cell plesmademmet (white arrows ) but with andy vemnants of their siel-boasal dense plates thlack arromheads b AFy are abaent. Bar = 250 nm

HD and BM zone analysiy by TEM (34 fields) was generated Irom the photographs using digital

image editing soltware (Adobe Photoshop 6.0)" Using imuge
Small expliant sections were examined and photographed using a analysis software (ImagePro Plusy' the number of HDs per
JTEOL 1010 TEM, A length of approximately 200 um of BM. in micrometer of basal cell plasmalemma (PO, In famina densa,
each section, wus photographed at 15000 magnification.  contact, was counted (Ng). The length of each HDs was
A digitial image mosaic of continuous BM spanning 3 or d cells  measured and assuming HDs to be thin flat discs, HD length
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Fig 2: TEMs of the BM zone of lamellar explams before and afrer tension tesung. In explams cultured in DMEM with glucose for 24 hand subjected o
teasion (@) the laming densa (ack arrow) retains d normal appearance. ay do the HDy (white arrows), The evioskeleton is uniform within the basal cell
fep)and merges into the dense miracellular plague of the HDs Bar = 250 nm . in explants cultured withour glucose (b) for 24 I the lamini densa ( black
arrow ) iy visible but the cvtoskeleton has disappeared from the amorphous, basal cell eytoplasm, except for g few remnants (white arrow) adjacent 1o the
aucleis g HDs in the epidermal cell plasmatemma tblack arrowheads ) are small and faded. in explants cultured without glucose for 24 h and rensioned
(') the basal cell evtoplasm iy withowt a cvtoskeleton and HDy appear disorganised (white arvow) Remnants of Al (black areawheady) are present on
both the basal cell plasmalemma and the lamina densa of the BM Bar = 100 mm {n explants cultwred with APMA anid tenstoned (d) the basal cell
cvtoskeleton is unaffected and is connected o HDs (white errow), In contrast o the explant shown in ¢ ), there are no AFS between plasmalenma and the

lamina densa (dlack arrow ), Bar = 100 nm. dermis = d.

(Byp) was converted to true HD diameter (HD+) (Madigan and
Holden 1992) by the formula: HD = 4/n x By, The numerie
density of HDs per unit surface of basal cell plasmalemma (Ng)
was derived by the formula: Ng = Ng/HDy + (4/at) where
t = section thickness = 0.07 um), The approximate percentage
area of lamina densa surface in contact with HDs was denved by
the formula: % areayp, = Ng ¥ HD area/um? x 100 where the area
of each HD = n(HD/2)" The distance from the epidermal cell
plasmalemma 1o the centre of the famina densa of the BM was
also measured, The means of each parameter measured were
compared between lrealments using one wiy analysis ol
variance (ANOVA) and posi hoc Tukey-Kramer Mulliple
Comparisons Test. Statistical analysis was conducted with
computer software (Instat GraphPad 2.02)%,

Results
Explants cultured in DMEM

Explants cultured in DMEM could not be separated by tension
throughout the 48 h experimental period (Table 1) and. when
examined by TEM, had normal BM zones. HDs, cvtoskeleton and
AFs (Fig la). The range of distances between the epidermal cell
plasmalemma and centre of the lamina densa are shown in Table 2.

The percentage surface area of HDs in lamina densa contact and
the number of HDs per micrometer of Pl in lanting densa contact
are shown in Tables 3 and 4, respectively. Explants cultured in
normal media for 24 h and subjected to tension also had normal
TEM ultrastructure (Fig 2a).

Explants culrured in DMEM withour glucose

Explants cultured without glucose first separated under tension
al 12 hand all explants could be separated a1 24 h (Table 1), By
TEM the percentage surfuce area of HDs in lamina densa contact
had decreased significantly by 2 h of culture (Table 3), However,
the number of HDs in lamina densa contact was not significantly
decreased unul 6 h of culwure (Table 4). Av6 and 12 h, HDs had
disappeared and the cytoskeleton had withdrawn from the
plasmalemma and condensed close to the nucleus (Fig Ib, white
arrows ). At 24 h the cytoskeleton had disappenred except for a
few remnants adjacent to the nucleus (Fig 2b, white arrow), 1f
not tensioned, the distance between the plasmalemma and the
lammna densa did not increase significantly (Table 2) Explants
tensioned and examined by TEM had a normal lamina densa that
was separated from the basal cell plasmalemma. Remnants of
AFs were present around HDs and on the famina densa of the
BM (Fig 2¢).
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c) MMPs acuvaled
Keratin cytoskeloton

Fig 1. Diagram showing effects of no glucose and MMP activation on the hemidesmosomes of lamellar expiants. The major. componenis of the HD
intracellular plague ta) are plectin, tntegrin 64, BP 180 and BP230. Imtermediate filaments of the hasal vell cytoskeleton insert into the HD thus connecting
the cxtaskeleton 1 the cell ptasmatemma. Anchoring filaments connect the HIY 1o the lamina densa of the basement membrane . Without glucose the HD
dysassembles (h) causing failire of cvioskeleton insertion into the HD, dvsadhesion of anchoring filaments and BM separation ander tension. The targer
S activated MMPs (¢) (s anchoving filaments anid their loss allows wholesale mlovement of the BM away from the epidermal baxal cell plasmalemmi

teaving HDs unaffected.

Explants cultured in DMEM and dimethvisulphoxide

Explants were cultured in DMEM + 0.001% dimethylsulphoxide
(solvent for APMA) as controls for explant culture with APMA,
These explants did not differ significantly from those cultured in
DMEM in any parameter (data not shown).

Explants cultured in DMEM. dimethyvisulphoxide and APMA

Explants cultured with APMA first sepurated under tension al
24 h and all explants separated by 48 h (Table 2), However, by
TEM, ultrastructural changes occurred by 4 h. The mean distance
between the BM and plasmalemma had increased (Table 2) and
the detached BM was folded (Fig 1¢). By 4 h of culture, the
number of HDs in contact with the BM had decreased
significantly (Table 4). In-contact HDs occupied sigmificantly less
of the lamina densa percentage surlace area (Table 3) and the
distance between the plasmalemma and the center of the lamina
densa had increased significantly (Table 2). As the period of
culture increased, the lamina densa detached from the basal cell
plasmalemma (Fig 1d) leaving an empty lamina tecida. HDs were
present in the plasmalemma although their sub-basal dense plates
had disintegrated and AFs were absent (Figs 1d and 2d).

Discussion

This TEM study shows that the mechanisms of the 2 i vitro
maodels of dermo-epidermal separation differ, there are 2
processes operating on different time scales, When explants are
cultured in media without glucose. they separate under tension
after 12 h of culture. However, changes can be seen using TEM
much earlier. Without glucose. lamellar explant HDs shrink. dre in

contact with less of the lamina densa surface urea by 2 h, und
decrease significantly in number by 6 h. As the ume of culture
without glucose increases cyvioskeleton intermediate filaments
lose their attachments to the intrucellular plague of the HD.
collapse internally. and characteristically, condense around a
rounded nucleus. The rounding of basal cell nuclei is also
characteristic of carbohydrate overload laminitis histopathology
(Pollitt 1996) suggesting rhat failure of glucose availability and
cytoskeleton failure may also occur in laminitis induced this way.
In fact shrinkage of the cytoskeleton as shown in the present TEM
study may represent the “loss of onchychogenic substance’
(presumably Cytokeratin) described in the cytoplasm of laminitis
affected basal cells by Obel (1948) using light microscopy.
Interestingly. immunohistochemical studies of lammitis tissue by
Wattle (1998} showed no loss of basal cell ¢ytokeratin suggesting
its continued existence in the nonfunctional, wenkened
conliguration shown here.

Glucose s important in maintmning lamellar integrity (Pass
er al. 199%). Glucose deprivatuon could cause HD dysassembly
directly by disrupting energy-dependent phosphorylation vital for
HD assembly and maintenance (Borradon and Sonnenberg 1999)
The BM remained in fairly close apposition to the epidermal cell
Pl throughout the cultare period but separated under tension.
presumably because of weak anchoring filament insertions into
disimtegrating HDs. Defective agfly expression, in human
blistering skin disorders (Niessen ef af. 1996; Nievers ¢ al. 1999)
and targeted removal of the By gene in experimental mice also
results in loss of HDs and widespread dermo-epidermal separation
(McMillian et al. 1998)

MMPs are present in normal hoof tissue and have
physiological roles (Mungall er al. 1998, Pollitt et al. 199§).
Virtually the entire lamellar region is nonproliferative (Darundka
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and Pollitt 2004) and remodeling of the various cells of the
secondary and primary lamellac occurs via controlled MMP
activity. Explants cultured with APMA  [irst scparated under
tension at 24 h. However. ultrastructural changes had occurred by
4 h: the numbers and surface arca of HDs in lamina densa contact
had decreased vet HDs were always present in the plasmalemma.

despite separation from the lamina densa. Therefore. in contrast to
HDs without glucose. HDs resist MMP activation and do not
disappear. What does disappear is the AF connection between
plasmalemma and lamina densa. AF failure has been reported in
the inherited disorder junctional epiderm(‘wl_\sis bullosa (JEB) of
Belgian foals (Spirito er af. 2002) and hooves and skin separate at
the BM zone as in the hoot explant APMA model.

The results of the present study support the proposal that the
lamina densa ol the lamellar BM can be separated from lamellar
basal cells by 2 ditferent mechanisms (Fig 3). Glucose starvation
weitkens HDs. leads to their disappearance and causes the
cytoskeleton of basal cells o collapse (Fig 3b). A similar
mechanism may operate in natural cases of laminitis where basal
cell uptake of glucose may be compromised ¢.g. equine Cushing's
disease (Couetil 1996). obesity (Johnson 2002). ischacmia and
hyperlipaemia (Jeffcott and Field 1985). APMA activation of the
MMPs resident i lamellar basal cells appears to destroy Abs
(Koshikawa er al. 2000) and separates the lamina densa without

significantly altering HD structure (Fig 3c¢). Histopathology of

carbohvdrate overload laminitis (Pollitt 1996: Pollitt and Daradka
1998: French and Pollitt 2004a) shows wholesale dvsadhesion ol
lamellar famina densa [rom basal cells suggesting that Al
destruction by activated MMPs. occurs during the developmental
process. In addition, an ultrastructural study of oligofructose
induced laminitis shows clear evidence of HD dysassembly.
separation of the lamina densa and cytoskeleton failure amongst
basal cells of the lamellar BM zone (French and Pollitt 2004h).
These features of natural laminitis also occur in viiro suggesting
that both glucose unavailability and MMP activation may be
involved in the development of the dermo-epidermal separation
that characterises the disease.
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