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Abstract
Equine laminitis is a debilitating disease affecting the digital laminae that suspends the distal
phalanx within the hoof. While the clinical progression of the disease has been well documented,
the molecular events associated with its pathogenesis remain largely unknown. We have
investigated the expression of genes coding for proteins containing a Disintegrin and
Metalloprotease domain (ADAM), as well as genes encoding the natural inhibitors of these
enzymes (Tissue Inhibitor of MetalloProtease; TIMP) in horses with naturally acquired (acute,
chronic and aggravated chronic cases collected in clinic) or experimentally-induced (black walnut
extract and starch gruel models) laminitis using real time quantitative RT-PCR. Changes in
expression of these enzymes and regulators may underlie the pathologic remodeling of lamellar
tissue in laminitis. Genes encoding ADAMs involved in inflammation (ADAM-10 and
ADAM-17), as well as those implicated in arthritis (ADAMTS-1, ADAMTS-4 and ADAMTS-5)
were cloned, and the sequences used to generate specific oligonucleotide primers for the RT-qPCR
experiments. Our results show that genes encoding ADAM-10 and 17 were not induced in most
laminitic animals whereas ADAMTS-4 gene expression was strongly upregulated in practically all
cases of experimentally induced and naturally acquired laminitis. The expression of MMP-9 and
ADAMTS-5 was also increased in many of the laminitic horses. In addition, TIMP-2 gene
expression was decreased in most laminitic horses, whereas expression of genes encoding other
TIMPs, namely TIMP-1 and TIMP-3 was randomly increased or decreased in the various models.
We conclude that elevated expression of lamellar ADAMTS-4 is a common feature of laminitis
consistent with a central role of the gene product in the pathophysiology of laminitis.

Introduction
Equine laminitis is a debilitating disease that causes acute and often chronic lameness. The
disease compromises the integrity of the digital laminae that suspend the horse’s axial
skeleton within the hoof. The digital laminae are comprised of a dermal layer attached to the
distal phalanx and an epidermal layer connected to the inner surface of the hoof wall. At the
interface of the interdigitating layers is a basement membrane that arises from the basal
epithelial cells of the epidermal lamellae (Grosenbaugh et al., 1999; Sloet van
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Oldruitenborgh-Oosterbaan, 1999). A number of events have been characterized that likely
contribute to the loss of integrity of the hoof-lamellar attachment interface during laminitis,
including a loss of hemidesmosomes, upregulation of proteases, and inflammation
associated with systemic leukocyte activation and laminar infiltration (Belknap et al., 2007;
Black et al., 2006; Blikslager et al., 2006; Fontaine et al., 2001; French and Pollitt, 2004;
Grosenbaugh et al., 1999; Hurley et al., 2006; Johnson et al., 1998; Loftus et al., 2006;
Loftus et al., 2007b; Mungall and Pollitt, 1999; Sloet van Oldruitenborgh-Oosterbaan,
1999).

Metalloproteases are the main family of enzymes that control the extracellular environment
(Stamenkovic, 2003). They are involved in the processing of growth factors and cytokines
by cleaving pro forms from the cell surface as well as through proteolytic modification that
can either potentiate or mitigate the bioactivity of these substrates, thus mediating both
inflammation and chemotaxis (Blobel, 2005; Garton et al., 2001; Ludwig and Weber, 2007;
Schlondorff and Blobel, 1999). Metalloproteases also bind and cleave proteins that
constitute the extracellular matrix (ECM). Remodeling of the ECM occurs under normal
physiological conditions, for example during embryonic development or vasculogenesis, but
also contributes to pathological conditions such as cancer invasion and osteoarthritis (Kahari
and Saarialho-Kere, 1999; Ortega et al., 2003; Ravanti and Kahari, 2000; Rundhaug, 2005;
Werb and Chin, 1998). The involvement of metalloproteases in tissue pathology has made
these enzymes attractive targets for the pharmaceutical industry. However, many clinical
trials have shown that broad-spectrum inhibition of metalloproteases can be detrimental to
the subject (Clegg et al., 1998; Han, 2006; Hu et al., 2007; Hudson et al., 2006; Malemud,
2006; Planting et al., 2005; Wojtowicz-Praga, 1999; Xue et al., 2006). These results are not
unexpected, because while some metalloproteases destroy the ECM proteins, others
modulate positive signals that control inflammation as well as collagen deposition (Monaco
et al., 2006). Consequently, it is critical to have a complete view of metalloprotease
activation during a specific pathology to identify the enzymes that are beneficial versus
those that may contribute to pathology. Not only would it be desirable to provide
pharmacological inhibition to only the pathologically relevant proteases, it would also be
logical to restrict the extent of that inhibition to the affected tissue.

Here we investigate the expression of genes encoding three classes of metalloproteases and
their endogenous inhibitors in two experimental models of laminitis, as well as in clinical
cases. The first class corresponds to transmembrane metalloproteases of the ADAM family
known to process cytokines critical for inflammation (ADAM-10 and 17) (Black et al.,
1997; Moss and Lambert, 2002; Sahin et al., 2004; Tanaka et al., 1998). The second class of
metalloproteases corresponds to secreted metalloproteases containing thrombospondin
repeats (ADAMTS). ADAMTS are responsible for the degradation of proteoglycan in
cartilage and contribute to osteoarthritis (Malfait et al., 2002; Nagase and Kashiwagi, 2003;
Sugimoto et al., 1999; Tortorella et al., 2001). The last class of metalloproteases is the
classical matrix metalloproteases (MMP), which are also secreted and cleave collagen not
only during collagen deposition, but also during its removal from the extracellular
environment (Little et al., 2002; Stamenkovic, 2003). All of these metalloproteases are
inhibited in vivo by Tissue specific Inhibitors of Metalloproteases (TIMP). TIMPs are
produced endogenously and maintain the homeostasis of proteolytic activity of a tissue
(Amour et al., 2000; Amour et al., 1998; Cross et al., 2005; Hashimoto et al., 2001;
Kashiwagi et al., 2001). The metalloproteases and their inhibitors form a dynamic network
in which modification of any of the partners is likely to provoke an imbalance resulting in
pathological consequences.

Recent work has identified two members of the MMP family, MMP-2 and MMP-9 that are
upregulated in laminitis (Johnson et al., 1998; Loftus et al., 2006; Mungall and Pollitt, 1999;
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Pollitt and Daradka, 1998). The increase of MMP-9 in the BWE model correlates with
migration of neutrophils into the laminae (Loftus et al., 2006). Neutrophils store the enzyme
in their tertiary granules (Chakrabarti and Patel, 2005) and as such MMP-9 transcription is
not necessarily required for the accumulation of this enzyme in tissues harboring migrant
neutrophils. In cases of laminitis arising from the carbohydrate overload model and natural
disease, MMP-2 is induced and activated in concert with variable amounts of MMP-9
accumulation (Johnson et al., 1998; Mungall and Pollitt, 1999).

To study the relative levels of expression of genes encoding the metalloproteases and their
corresponding inhibitors in the digital lamellae during laminitis we designed minimally
degenerate primers, cloned and sequenced equine ADAM-10 and 17, as well as ADAMTS-4
and 5 and developed specific primers based on these sequences. We have used samples
generated from the laminae of horses treated with black walnut extract (BWE), which
promotes a reversible form of laminitis, as well as a model of carbohydrate overload (CHO)
that promotes the irreversible form of the disease (Galey et al., 1990; Garner et al., 1975;
Thomsen et al., 2000; Uhlinger, 1989). These results were compared to clinical cases of
laminitis.

Material and Methods
BWE Samples

Archived samples of laminar tissue from previous studies (Black et al., 2006; Waguespack
et al., 2004a; Waguespack et al., 2004b) were used. Briefly, healthy horses were
administered either 6 L of water as a control (n = 10) or BWE (n = 10) (2 g heartwood/kg
body weight, prepared as described; Eaton et al., 1995) via nasogastric intubation. Horses
were euthanized at 1.5 hours post-induction, after a 30 % drop in the baseline blood
leukocyte count (3 to 5 hours after BWE), or at the onset of Obel grade 1 lameness
(typically around 10–12 hours after BWE). All animal protocols were approved by the
Institutional Animal Care and Use Committees (IACUCs) of the Ohio State University or
Auburn University.

CHO Samples
Archived samples of lamellae from a previous study (Johnson et al., 2000) were used.
Briefly, healthy horses were administered starch at a concentration of 17.6 grams of starch
per kg of body weight via a nasogastric tube as described, or water as a control (Johnson et
al., 2000). Horses were euthanized when they developed Obel grade 3 lameness
(experimental group) typically 36 to 48 hours after administration of starch, or at equivalent
time points for control animals. All animal protocols were approved by the IACUC of the
University of Missouri, College of Veterinary Medicine Equine Hospital.

Clinical Samples
These were obtained from horses euthanized at the University of Missouri, School of
Veterinary Medicine Equine Clinical Center. Animals were grouped as follows: Those
presenting “acute clinical laminitis” had not previously shown signs of this disease; those
presenting “chronic clinical laminitis” had a history of the condition and were chronically
lame but not in an acute episode; those presenting “chronic aggravated laminitis” had a
history of the condition and were experiencing a debilitating episode. Control clinical
samples were from horses euthanized for a variety of conditions unrelated to laminitis and
had no history of laminitis.
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Acquisition of Hoof Lamellar Tissues
This procedure has been described (Johnson et al., 2000; Loftus et al., 2006). For BWE and
starch-induced laminitis, horses were anesthetized (Loftus et al., 2006; Loftus et al., 2007a),
the distal aspect of the right fore limb disarticulated from each horse at the level of the
metacarpophalangeal joint and acquisition of lamellar tissue from each hoof accomplished
within 5 minutes using a band saw. Horses were euthanized immediately after removal of
the hoof. For clinical samples, lamellae were isolated with 10 minutes of euthanasia. Blocks
of lamellar tissue (approximately 5 × 5 × 5 mm) were obtained by sharp dissection and
either placed in 10% formalin or immediately frozen by submersion in liquid nitrogen and
stored at −80° C until processed. In all cases, blocks of lamellar tissue were obtained from
the mid-point between the level of the coronary band and the ground-bearing surface on the
dorsal aspect of the hoof.

RNA Isolation and cDNA synthesis
Laminar samples from various treatment groups were pulverized using a tissue
homogenizer. Total RNA was then extracted from the tissue using the guanidinium
isothiocyanate method as described previously (Alfandari et al., 1995). RNA was quantified
at OD260 and 1 μg of each sample was run on a 1% agarose gel with 0.1 μg/ml ethidium
bromide to ensure RNA integrity. Using 0.5 g of frozen laminar tissue and 10 ml of
guanidinium isothiocyanate solution we obtained 25–160 μg of RNA depending on the
sample. Ten μg of this RNA was treated by RNAse free DNAse 1 (Promega) prior to cDNA
synthesis reaction using oligo dT and MMLV reverse transcriptase in a 50 μl reaction
volume (Promega). Before addition of the MMLV, 10 μl of the reaction mix was removed
and saved for the no-RT control PCR and to control for complete genomic DNA digestion.
This cDNA was then diluted (1:10) in sterile H2O and 1 μl of this dilution was used for each
20 μl RT-qPCR reaction. Total RNA was also extracted from frozen equine testis tissue
using a tissue homogenizer. Using 100 mg of tissue we were able to extract approximately
70 μg of total RNA. cDNA synthesis was performed as described for the BWE treated
animals. The cDNA for the clinical and carbohydrate overload samples were obtained as
previously described (Waguespack et al., 2004a,b).

RT-qPCR and data processing
The quantitative PCR data were obtained using the Roche Lightcycler 2.0, with the Takara
SybrGreen mix. Each primer set (Table 1) was tested in order to determine the melting curve
of the amplification product, which was then used to determine the optimal fluorescence
reading temperature. The reading temperature for each primer set was selected at 2–4°C
before complete dissociation of the specific amplification product (Fig. 1). The efficiency of
each primer set was measured using a titration curve with serial dilution of a testis cDNA
(Table 2). Following each reaction, PCR products were run on 2% agarose gels with 0.1 μg/
ml ethidium bromide to confirm that the proper size fragment was amplified for each
product. Cycling conditions were as follows: 1 cycle at 95°C for 5 minutes, 45 cycles of
60°C for 30s, 72°C for 30s, a single fluorescence reading at a predetermined temperature,
95° C for 15s, 1 cycle for the melting curve using a stepwise increase of temperature from
65°C to 95°C with a constant fluorescence reading. In order to determine the most stable
control gene for comparison using the ΔΔCT method, we used the GeNorm computer
program (Ghent University). We tested the expression patterns of glyceraldeyhde 3-
phosphate dehydrogenase (GAPDH), β-actin, and β2-microglobulin and the most stable
control gene in both the BWE and CHO/Clinical laminitis sets was determined to be
GAPDH and was used as our control. Each sample was then run in triplicate and CT values
were averaged and analyzed using the ΔΔCT method of analysis (Livak and Schmittgen,
2001). The results for the control animals were averaged separately for animals from the
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BWE subset (n=3) and animals from the CHO/Clinical laminitis subsets (n=4).
ΔΔCT=(CTgeneX − CTGAPDH)Laminitis − (CTgeneX − CTGAPDH)Control.

Cloning of ADAMs
Testis cDNA was used as template to amplify ADAM related metalloproteases, as well as
TIMPs, by RT-PCR using the minimally degenerate oligonucleotides listed in table II.
Cycling conditions for all genes were: 1 cycle at 95°C for 4 minutes, 35 cycles of 94°C 30
seconds, 55°C 30 seconds, 72°C 1 minute, 1 cycle 72°C for 5 minutes. Using equine testis
cDNA as a template each gene’s correct product size was amplified. These PCR products
were cloned into pCR4-TOPO (Invitrogen) and sequenced either by the University of
Massachusetts Amherst genomic facility or the GeneWiz company. These sequences were
then analyzed using BLAST and, upon confirmation of each gene’s identity, specific
primers were designed for real time quantitative RT-PCR. Degenerate oligonucleotides were
also employed to clone full-length constructs of both MMP-9 and ADAMTS-4.

Results
Cloning of ADAM related metalloproteases

ADAMs are a group of cell surface proteins that are known to be involved in inflammatory
diseases, cartilage degradation, and embryo development (Alfandari et al., 2001; Cousin et
al., 2000; Moss and Lambert, 2002; Nagase and Kashiwagi, 2003). In order to study their
potential role in equine laminitis, the equine orthologs of ADAM-10, ADAM-17,
ADAMTS-4, and ADAMTS-5 expressed genes were cloned. We performed a multiple
sequence alignment for each gene between several mammalian species in order to determine
regions of homology at the protein level. Minimally degenerate oligonucleotide primers
were then designed for the most homologous regions of each gene. In order to clone these
genes, cDNA was made from equine testis tissue as most ADAM identified at present are
expressed in this tissue (Kim et al., 2006; Wolfsberg et al., 1995). Each primer set amplified
their expected fragments, which were cloned into pCR4-TOPO (Invitrogen) for sequencing.
The complete ADAMTS-4 sequence was obtained. The expressed gene fragments obtained
for ADAM-10 and 17 correspond to part of the propeptide and metalloprotease domains, but
do not include the active site. The expressed gene fragment obtained for ADAMTS-5
includes part of the metalloprotease domain with the active site, the disintegrin and the first
thombospondin repeat (TSP1). A comparison of obtained sequences with their human
counterparts showed significant homology i.e., 95% homology for equine ADAM-10, 91%
homology for equine ADAM-17, 90.8% homology for ADAMTS-4, and 91% homology for
ADAMTS-5. Specific primers were then designed to analyze gene expression in the
lamellae, and their specific fragments are shown in figure 2. The positions of the degenerate
and specific primers are indicated in Tables 1 and 3 in the material and methods. For each
primer set, PCR amplification was performed on no-RT controls, genomic DNA (not
shown) and cDNA samples to assure that no interference with genomic DNA could
influence the quantification results. A typical result of these controls is presented in figure 2
obtained from a sample from the 12h time point in the BWE model. All of these sequences
are now available on NCBI and their accession numbers are: ADAMTS-4; EU025848,
ADAMTS-5; EU025851, ADAM-10; EU025849, ADAM-17; EU025850, MMP-9;
EU025852. In addition, we used sequences already deposited in the NCBI library for
TIMP-1 (U95039), TIMP-2 (EF077283), TIMP-3 (NM001081870), and ADAMTS-1
(XM001496488).

Gene Expression
Laminar samples were obtained, as described in the materials and methods, from black
walnut extract (BWE) treated (Belknap et al., 2007; Loftus et al., 2006) as well as
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carbohydrate (CHO) treated horses (Johnson et al., 2000). Both treatments have previously
been shown to induce laminitis (Galey et al., 1991; Garner et al., 1975; Thomsen et al.,
2000; Uhlinger, 1989). We also obtained samples from clinical cases of laminitis that are
classified as acute, chronic mild or aggravated chronic laminitis. Selected gene expression
was tested by real time quantitative RT-PCR using GAPDH, β-actin and β2 microglobulin
as control for mRNA quantity and integrity. Because the number of horses for each
treatment is low (2 to 4), and the expression of each gene can vary significantly, we have
chosen to present the results of individual horses (Fig. 3) as well as the average for each
treatment (Fig. 4). In figure 3, each line represents a single horse, and horses with similar
classifications are grouped. Each cell in the figure corresponds to the mean of triplicates and
represents the fold change for each gene when compared to mean values from control horses
for the corresponding gene (see methods). The housekeeping gene GAPDH was found to be
the most constant across the various treatments and was therefore used to normalize our data
(geNorm, Ghent University). To facilitate the interpretation of the results, decreases of 2
fold or more (0.5 or less) are indicated by a blue background, increases of 2 to 10 fold are
indicated by a yellow background, while increases of more than 10 fold are in red. For this
study we have considered that an increase, or decrease, of less than two fold is not
significant. Also, due to the large variation within a treatment group and the small number of
horses, many of the observed trends are not found to be significant in a t test. For example,
ADAMTS4 expression after 3 hours of BWE treatment is increased between 13.61 and
102.77 fold, thus appearing as not statistically significant. Finally, it is important to note that
in general we found that for equal amounts of total RNA, as measured by the Optical
Density at 260 nm, PCR amplification for all genes was increased in laminae from treated
horses when compared to controls suggesting that the proportion of mRNA may be
increased in these samples. These variations were eliminated by the use of the normalizing
gene GAPDH.

General observations—The results show that expression of genes encoding ADAMs
associated with inflammation, such as ADAM-10 and ADAM-17 (TNF-α Converting
Enzyme; TACE), is not substantially increased in horses with laminitis independent of the
mode of induction and the extent of the disease (n=25 horses). In fact, in several cases we
observed a decrease of ADAM-10 gene expression with or without a similar decrease in
ADAM-17 expression.

At the other end of the spectrum, our results show that in most horses with laminitis,
ADAMTS-4 gene expression was dramatically increased (n=24 out of 25). The level of gene
induction varied widely from a 2 to 333 fold increase. The most consistent and important
increase (over 10 fold) was observed in both CHO-induced laminitis with response (CHO-
R), and clinical acute cases. While elevated ADAMTS-4 gene expression is associated with
advanced stages of laminitis in these horses, increased expression of this ADAM was also
observed in horses treated with BWE after only 1.5 hours, suggesting that ADAMTS-4 gene
expression is induced before any obvious lameness can be observed and is maintained
throughout the progression of the disease. Another general finding is that TIMP-2 gene
expression was decreased in 17 out of 25 horses with laminitis. The association is even
greater in horses with signs of lameness (BWE 12h, CHO-Reactive, all clinical). In this
case, decreased expression was found in 13 out of 17 horses. In contrast, TIMP-1 and
TIMP-3 gene expression were found randomly increased or decreased in the various models.
Significantly, the CHO treated horse samples were tested for the presence of MMP-9 protein
by zymography (Loftus et al., submitted) and these results corroborate our results on mRNA
expression (Fig. 3, CHO) showing an association between gene and protein expression in
this instance.
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Specific findings—In the BWE model (Fig. 3 and 4, BWE), ADAMTS-5 gene
expression was decreased rather than increased (n=8, 3 decreased, 4 level, 0 increased). In
fact for this model, ADAMTS-4 was the only gene that was consistently induced.
Interestingly, following BWE treatment, MMP-9 gene expression was initially slightly
reduced (1.5), while TIMP-2 was reduced in 5 out of 8 horses at all time points. TIMP-3 was
also reduced in 5 out of 8 horses at the onset of lameness.

In the CHO model of laminitis (Fig. 3 and 4, CHO), we found two types of responses based
on whether or not lameness was induced. Three horses presented no signs of lameness
(CHO-NR), while the other three tested had developed acute laminitis (CHO-R). The lame
horses showed elevated levels of ADAMTS-1, 4, 5, MMP-9 and TIMP-1 and a decrease in
TIMP-2 gene expression. In contrast, CHO-treated horses without lameness, exhibited levels
of MMP-9 gene expression that were comparable to responding animals, however,
ADAMTS-4 was not induced as strongly and TIMP-3 was increased in all three CHO-NR
horses. These results suggest that elevated expression of genes encoding both MMP-9 and
ADAMTSs, particularly ADAMTS-4, may be linked to the development of severe laminitis.
While expression of genes encoding TIMP-1 and TIMP-3 were either unaffected or
increased in both CHO and natural laminitis, expression of the gene encoding TIMP-2 was
often reduced (n=11 out of 17). In addition, the CHO non-responder horses did not show a
significant decrease in lamellar TIMP-2 gene expression.

The clinical cases of laminitis (Fig. 3 and 4, Clinical Acute) share the best similarity of gene
expression with the CHO model. Specifically, all horses showed elevated expression of
genes encoding ADAMTS-4, ADAMTS-5 and MMP-9. From the clinical cases two more
categories were made from horses with chronic lameness and either a chronic (4 horses) or
chronic aggravated (3 horses) affliction. In the aggravated category, all horses showed an
elevated expression of the gene encoding ADAMTS-4 and a decreased expression of the
TIMP-2 gene. Similar to the Clinical acute, expression of both the ADAMTS-5 and MMP-9
genes was significantly increased in 3 out of the 4 horses (the same horse lacked increased
expression of both genes). Interestingly in the Chronic group, the only horse that showed no
decrease in TIMP-2 gene expression had an 11-fold increase in MMP-9 gene expression,
suggesting that increased MMP-9 activity achieved either by elevated expression or reduced
inhibition may participate in the development of laminitis.

Discussion
We have investigated the expression of genes encoding ADAM related metalloproteases and
their natural inhibitors (TIMPs) in samples of digital lamellae collected from horses with
experimentally-induced laminitis (BWE and CHO models) and from clinical cases. We have
found that expression of genes encoding ADAM-10 and 17, which are known to participate
in the inflammatory cascade by activating cytokines, was not induced. We also found that in
practically all cases of laminitis, expression of the gene encoding aggrecanase, ADAMTS-4,
was dramatically increased. Our results suggest that while ADAMTS-4 is likely necessary
for development of laminitis, it is not sufficient to promote the full irreversible form of
laminitis. In this regard, in horses with the most severe form of the disease, genes encoding
ADAMTS-5 and MMP-9 were also induced, while that encoding the inhibitor TIMP-2 was
reduced. We propose: i) that laminitis is primed by an excess of ADAMTS-4, which could
release aggrecan or another target proteoglycan, thus, facilitating the access of MMPs to the
basal lamina components and ii) when elevated expression of ADAMTS-4 is combined with
increased MMP-9 and a decrease of TIMP-2, the proteolytic cascade results in the
destruction of the laminae and the progression of the disease (Fig. 5).
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Previous studies have shown that MMP-9 and MMP-2 are induced during the progression of
laminitis. While only MMP-9 is consistently induced using BWE up to Obel grade 1
lameness (Loftus et al., 2006; Loftus et al., 2007b), both MMPs are increased in the CHO
model (Kyaw-Tanner and Pollitt, 2004). Our results confirm elevated MMP-9 gene
expression following CHO treatment, but are not as clear for the BWE model despite a
significant elevation in lamellar MMP-9 protein in this condition as a result of neutrophil
recruitment. Failure to detect elevated expression of the gene encoding MMP-9 in the
lamellae of BWE-treated horses may be due to the choice of normalizing gene (GAPDH in
our study compared to β2-microglobulin and β-actin in the study of (Loftus et al., 2006).
Our method of normalization tends to reduce differences so that only the strongest variations
are visible. Nevertheless, we have found that the results obtained for MMP-9 expression in
the CHO model, using the same horses, are in complete agreement with the results obtained
for the MMP-9 protein by Loftus and colleagues (Submitted), validating this method.
Interestingly, in most horses, and independent of the mode of induction of laminitis, we find
that TIMP-2 gene expression is reduced. TIMP-2 inhibits both MMP-2 and MMP-9 (Gomez
et al., 1999; Nagase et al., 2006), consequently, even in the absence of a significant increase
in MMP mRNA, the activity of the MMP may be increased.

We initially studied ADAM-10 and 17 gene expression because these metalloproteinases
can process TNFα, a pro-inflammatory cytokine that could play a role in the initiation of
laminitis. Surprisingly, our results show no increase in either ADAM-10 or ADAM-17 gene
expression in the laminae of horses independent of the treatment. In addition, the increase of
TIMP-1 and 3 gene expression in many of the horses with acute laminitis suggests that the
overall activity of ADAM-10 and 17 is in fact likely reduced. Although unexpected, these
results are in accordance with a previous study showing that while genes encoding many
pro-inflammatory cytokines are increased in laminitis, expression of the gene encoding
TNFα, is not increased (Belknap et al., 2007).

ADAMTS-4 is one of the main proteins involved in both physiological cartilage remodeling
and also in pathology associated with osteoarthritis (Malfait et al., 2002; Song et al., 2007).
In the cartilage, ADAMTS-4 and 5 cleave the proteoglycan aggrecan. Aggrecan functions to
provide mechanical resistance to compressive loads. It does so by its ability to attract and
retain water via its long glycosylated side chains. It is important to determine whether
aggrecan is present in the horse lamellae and performs a similar function to that in cartilage.
Interestingly, an earlier study using Periodic acid-Schiff (PAS) staining in the basal
membrane of the laminae showed a significant decrease during CHO induced laminitis,
suggesting that glycoproteins and proteoglycans may be lost during the progression of the
disease (Pollitt, 1996). In cartilage, ADAMTS-4 is induced by several cytokines including
IL-1, IL-6 and TNFα (Tortorella et al., 2001), as well as by fragments of fibronectin
(Homandberg et al., 1992; Stanton et al., 2002). Both Il-1β and IL-6 genes are induced
during BWE-induced and oligofructose-induced laminitis (Belknap et al., 2007), and thus,
may contribute to the induction of ADAMTS-4 in this disease. Our results show a
significant increase in ADAMTS-4 gene expression during both the early and late phases of
laminitis, suggesting that it could be one of the early response genes activated following
“stimuli” that promotes the disease. If so, it would be an attractive target for therapeutic
intervention. The most effective endogenous inhibitor of ADAMTS-4 is TIMP-3, while
other TIMPs have a greater affinity for the MMPs (Clegg et al., 1998; Cross et al., 2005;
Kashiwagi et al., 2001). While there is some association in the BWE model between treated
horses and a decrease of TIMP-3 gene expression (6/8 treated horse, 0/3 untreated), this is
not found in either the CHO or the clinical laminitis cases where TIMP-3 gene expression is
either stable or increased. Furthermore, the increase of TIMP-3 gene expression is not
associated with a better prognosis for the affected horse.
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While aggrecan protects collagen from degradation by the MMPs, other ECM proteins such
as fibronectin and thrombospondin also interfere with ADAMTS-4 access and degradation
of aggrecan (Hashimoto et al., 2004; Tortorella et al., 2000). Thus both ADAMTS-4 and
MMPs may need to be activated to promote the full development of laminitis. Fortunately,
small molecule inhibitors like hydroxamate are capable of inhibiting both ADAMTS and
MMP (Noe et al., 2005a; Noe et al., 2005b; Pollitt et al., 1998; Sugimoto et al., 1999) and
may therefore, if administered both locally and during a critical window, be able to prevent
the development of laminitis. The study of the ADAMTS-4 protein will be a critical step to
test whether the zymogen or the active protease is expressed and to measure increases at the
protein level, rather than mRNA. Similarly, it may be interesting to detect the protein in situ
to determine which structures it is associated with. Finally, the detection and measurement
of aggrecan fragments may provide the best route to test ADAMTS-4 activity in horses with
laminitis (Sugimoto et al., 1999).
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Figure 1. Dissociation curves of the qPCR products
The graphs present the melting curves of each primer set. The presence of a single peak
indicates that a single DNA fragment was amplified. The temperature of melting for each
product depends on the size and GC contents. The fluorescence reading is performed 2 to 4
degrees lower than the melting temperature to avoid noise due to primer hybridization.
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Figure 2. PCR amplification using real time oligonucleotide primers
Total RNA from the laminae of one horse treated with the BWE for 12h (USDA#19) was
used to generate cDNA. Specific primers designed for the Real Time PCR experiments were
tested for their ability to amplify the expected size fragments in 35 cycles. A representative
image of a 2% gel is shown. Similar amplification experiments were also performed on total
RNA processed identically but without the addition of reverse transcriptase (−RT) and was
performed for each set of cDNA.
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Figure 3. Real time RT-PCR data analysis
Real time RT-PCR was performed on samples of cDNA from 32 horses. Each gene-specific
oligonucleotide pair was run in triplicate on three different days on a ROCHE light cycler
2.0. The relative value for each sample was obtained using the ΔΔCT method, which
normalizes both to the control sample and a selected control gene (GAPDH). Cells
highlighted in yellow correspond to a 2 to 10 fold increase. Cells with values greater than 10
are in red and correspond to an increase of more than 10 fold. Cells with values inferior to
0.5 are highlighted in blue and correspond to a 2 fold or more decrease. The horse number,
age and breed, as well as the results for each of the selected genes are presented. A red
asterisk above a specific treatment indicates statistical significance (t test p<0.05). Many
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variations that appear biologically relevant (All horses with a large increase) may not appear
statistically significant because of the amplitude of variation within a treatment. BWE;
Black Walnut Extract, CHO; Carbohybdrate Overload.
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Figure 4. Average gene expression
The relative gene expression data from individual horses were averaged and are presented in
the histogram as the Log2 fold change. A value of zero corresponds to no change. Negative
values represent a decrease and positive values an increase. The error bars correspond to the
standard error calculated from the standard deviation of the mean.
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Figure 5. Schematic diagram of ADAM, ADAMTS, MMP and TIMP potential interaction in
Horse laminitis
The experimental models of laminitis both appear to stimulate cytokines responsible for
inflammation. This does not stimulate the production of TNFα by ADAM-10 or 17
sheddases. In contrast IL-1 and IL-6 are increased and are known to induce the production
of aggrecanase (ADAMTS-4) in this case. ADAMTS-4 in turn cleaves aggrecan (or other
proteoglycans), making the lamellae less resistant to load pressure. At the same time,
leukocyte invasion is initiated and sustained by maintained inflammation due to the constant
pressure produced by the weight of the horse. Leukocyte production of MMPs is then
responsible for the destruction of the collagen previously exposed by the degradation of
aggrecan. This model suggests that preventing ADAMTS-4 activation or function early may
prevent the development of the disease. Once this first step is completed, inhibiting MMP
should be able to reduce or stop disease progression. It would therefore be critical to inhibit
ADAMTS-4 during the first hours of clinical signs.
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Table 1

Primer Pairs used for specific gene amplification and for qRT-PCR

Forward Reverse Size bp

ADAM10 CCGTTTCACTCTGTTATTTATCAT AGGGATTTGTAGGGTCTTTCTCAT 397

ADAM17 TGGCAGGACTTCTTCAGCGGACAC TTTCTTCATTTGGATAACTTTTTG 571

ADAM-TS1 TGAAAAGCAGGAAAAAGATGAGAAT AAGGAGGAACGAATGGTAGGAGGTA 436

ADAM-TS4 GCTGTGCTATTGTGGAGGATGATGG CCAGGGAAAGTCACAGGCAGATG 507

ADAM-TS5 ACAGAAGAGAAGCGGCTTAATGTCTTCCA CCCTCTTTCCTGTGCAGTAGCGGCCATT 504

TIMP1 ACCTTACAGCGGCGTTATGAGAT ATAGGAATGGGAAAGAGGGTGAA 495

TIMP2 AGGTGGACTCTGGGAACGACATC GCTCTTCTTCTGGGTGGTGCTCA 246

TIMP3 CCCTTTGGCACACTGGTCTACAC GAGAAGAATGGCAAAAGCAGGAG 864

MMP9 CGCCCCCTGCCACTTCCCCTTCACC GAGGCGCCCATCACTGCGGCCCTCT 408

GapDH TTGTCATCAACGGAAAGGCCATCA ACGGAAGGCCATGCCAGTGAGCTT 456

β2-Microglobulin CAGGTTTACTCACGTCACCC CTGGTTAGAGGTCTCGATCCC 240

β-Actin GGGAAATCGTGCGTGACAT AGCACTGTGTTGGCGT 616

qPCR

ADAM10 CCGTTTCACTCTGTTATTTATCAT TCTTCAGGAGTTCTGGACCATTA 191

ADAM17 CAGACCATCGCTTTTACAGACAC TTTCTTCATTTGGATAACTTTTTG 252

ADAM-TS1 GGTGCAAGCTCATCTGTCAA TCCATTTCCTCCGCAAATAC 194

ADAM-TS4 GCCTTTGGGGAGACGCTGCTACTA GATGTGAGCCCCAGGTCCCCCAGC 282

ADAM-TS5 AACTGGGGGTCCTGGGGGTCCTGG CATTTCTTGCCTCACACTGCTCAT 158

TIMP1 GTCTCCGGCATTCTGTTGTT TAGCGGGGGTGTAGACAAAC 244

TIMP3 CCCTTTGGCACACTGGTCTACAC GTTGCAGAGTCCTGTGTACATCTT 192

MMP9 CGCCCCCTGCCACTTCCCCTTCACC CCGTCCTGGGTGTAGAGTTTCTC 208

β-Actin CGACATCCGTAAGGACCTGT GTGGACAATGAGGCCAGAAT 192

GapDH GATTGTCAGCAATGCCTCCT AAGCAGGGATGATGTTCTGG 194
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Table 3

Cloning Primers

Forward Reverse Size in bp

ADAM10 TAAATAAATACATTAGACATTATGAAGGAT GAGAGSCCATAGTTCTGAACAGTRATRATT 1032

ADAM 17 TCAGCYYTGMAAAGGCAYTTTAAATTATACTT TAAGCYARTCCAAGWGTTCCCATATCAAAATC 805

ADAM-TS4 CACCCTTGGGKATGGCWGAYGTKGGCACMRT TTGCATYGGTCTCGRGGGGMCACWCCTGWR 868

ADAM-TS5 ATTTATGTGGGCATCATTCATGTGACYACY AGACTGATARCCATTYYTKGCYTTCACACTG 817

FL MMP9 deg ATGAGCCYCYKGCAGCCCYTGGT CTAGTCCTCAGGGCACTMCAGGA 2288

FL MMP9 spec. ATGAGCCCCTGGCAGCCCTTGGTCC GACCCCTAGTCCTCAGGGCACT 2288

FL ADAM-TS4 deg ATGTCCCASAYRGRCTCGCATCC GCCGGGATTGTGAGGTTATTTCC 2514

FL ADAM-TS4 spec. ATGTCCCAGATAGGCTCGCATCCC GCCGGGATTGTGAGGTTATTTCC 2514
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