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Summary

Reasons for performing study: The hypometabolic and
vasoconstrictive effects of cryotherapy could prevent the
development of laminitis.

Objectives: To use distal limb e¢ryvotherapy to prevent laminitis
induced by alimentary carbohydrate overload.

Methods: LLaminitis was induced in 6 Standardbred horses that
had one front limb continuously cooled in an ice/water
mixture. Lameness evaluation, blinded lamellar histological
grading and analysis for lamellar matrix metalloproteinase-2
(MMP-2) mRNA expression were used to evaluate the
severity of laminitis.

Results: Cryvotherapy was well tolerated and effective in
cooling the feet. In each horse no lameness was observed in
the treated limbs. Laminitis histology scores in the treated
limbs were significantly less than those of the corresponding
untreated forelimbs (P<0.05). Laminitis histology scores in
the treated limbs were also significantly less than those of the
untreated limbs (fore- and hind) as a group (P<0.05).
Expression of MMP-2 mRNA in the iced feet was significantly
(P<0.05) less than that detected in the untreated feet.

Conclusions: Cryotherapy, when applied to one foot, markedly
reduced the severity of acute laminitis in this study. We propose
that vasoconstriction (preventing delivery of haematogenous
trigger factors) and hypometabolism (reduction in lamellar
MMP activity) were the primary therapeutic mechanisms.

Potential relevance: Although further research is needed, we
suggest cryvotherapy as a potentially effective prophylactic
strategy in horses at risk of developing acute laminitis.

Introduction

Laminitis rescarchers remain divided as to the basic mechanisms
that ultimately result in failure of the attachment apparatus between
the hoof wall and distal phalanx (Pollitt 1996). There are 2 broad
pathophysiological hypotheses accounting for laminitis  that
develops secondary to systemic discase (Hood 1999). The [irst
proposes that digital hypoperfusion during the developmental stage
leads to ischaemia of lamellar tissue. Support Tor decreased
sublamellar perfusion during developmental and acute laminitis
came {tom the studies of Coltman er «f. (1970). Hood ¢r al. (1978,

2001 and Adair er al. (2000). Proposed mechanisms ol digital
hypopertusion include vasospasm (Hood ¢r al. 1993). elevated
digital interstitial pressure and oedema (Allen er afl. 1990),
microthrombus formation (Weiss ¢r af. 1994, 1995). and shunting
of blood through arteriovenous anastamoses (Robinson ¢r al. 1976:
Hood er al. 1978: Molyneux er al. 1994).

Excessive uncontrolled enzymatie degradation of lamellar
attachments. caused by haematogenous ~“laminitis trigger factors
delivered to the foot. forms the basis of the second hypothesis (Pollitt
1999a). Lamellar basement membrane (BM) destruction is an carly
and key event in the development ol acute laminitis (Pollitt 1996).
[nappropriate release of excess. activated matrix metalloproteinase
(MMP). capable of mitiating BM lysis and separation from lamellar
epidermal cells. is thought to be responsible (Pollitt er al. 1998).
Increased activated MMPs have been demonstrated in hool” tissue
from horses with laminitis (Johnson ¢r «f. 1998: Pollitt e7 al. 1998).
Up-regulation ol the gene controlling matrix metalloproteinase-2
(MMP-2) activity has also been demonstrated in tissues atfected by
acute laminitis (Kyaw-Tanner and Pollitt 2004). If. as hypothesised.
the hacmatogenous delivery of trigeer lactors is responsible for
increasing lamellar MMP activity, then normal or enhanced blood
[tow would augment the delivery of these factors during the
developmental stage of laminitis. Three studies (Robinson ¢r al.
19762 Trout er af. 19902 Pollitt and Davies 1998) reported increased
digital blood flow preceding and during acate laminitis induced by
alimentary carbohydrate overload. Indeed. digital vasoconstriction
during the developmental stage appeared to protect horses against
laminitis (Pollitt and Davies 1998) and led Pollitt (1999b) to suggest
that promoting digital vasoconstriction using cryotherapy may be an
cffective strategy to prevent laminits.

Scalp crvotherapy prevents alopecia in human cancer patients
undergoing chemotherapy (Katsimbri ez «f. 2000). Vasoconstriction
apparently reduces delivery of the chemotherapeutic agent to the
scalp.and cellular uptake and metabolism are reduced when residual
drug reaches the hair follicles (Dean er al. 1979: Bulow er al. 1985).
Cryvotherapy could be used. therefore. during the developmental
stage of Taminitis to reduce delivery ol laminitis trigger Factors to the
digit. as well as to reduce the activity of lamellar MMPs.

Since prolonged. continuous cryotherapy had no deleterious
etfect on normal horses (Pollitt and van Eps 2004). we evaluated
its cfficacy. when continuously applied to one limb. in preventing
laminitis induced by alimentary carbohydrate overload.
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Cryotherapy reduces the severity of the acute lesion

Fig |: The horses were kept in stocks with the left forelimb in a rubber boot containing ice and water (a) to a level just below the carpus. Hoof temperature
probes attached to plastic brackets (b) were inserted into predrilled holes in the dorsal hoof wall of both forelimbs and secured with screws (c).

Materials and methods

The experiments were conducted according to guidelines
approved by the University of Queensland Animal
Experimentation Ethics Committee, under the supervision of the
Animal Welfare Officer.

Ten mature, Standardbred, horses (6 geldings and 4 mares) with
normal feet and no lameness were used in the experiment. Four of
the horses (3 geldings and | mare) were used exclusively as controls
for the MMP-2 mRNA analysis, and were subjected to euthanasia,
without further interference, by overdosing with barbiturate.

The remaining 6 horses (3 geldings and 3 mares) were selected
for laminitis induction and were housed and fed in stables for
3 weeks prior to experimentation. Induction of laminitis was
achieved using alimentary overload with the carbohydrate
oligofructose. After administration of the bolus dose (10 g/kg bwt)
of oligofructose (OF) in 4 | of water via nasogastric tube, each horse
was confined to stocks for the duration of the 48 h experiment with
free access to feed and water. The left forelimb of each horse was
placed in a rubber boot (Bigfoot Ice boot)! containing a mixture of
50% cubed ice and 50% water (Fig la). The cryotherapy method of
Pollitt and van Eps (2004) was modified; the level of ice and water
was raised to just below the carpus to improve distal limb cooling
efficiency. The boot was open at the top and the limb was free to
move within the boot. The sole of the boot was 5 mm thick.

Forelimb hoof temperature (HT), ambient temperature, and
internal ice boot temperature were logged continuously (Pollitt
and van Eps 2004). However, the stainless steel brackets housing
the HT thermistor probes were replaced with thicker plastic
brackets to better insulate the HT probes (Figs 1b.c). Hindlimb HT
was measured at 2 h intervals using an infrared scanning device
(Infrared Temperature Scanner)?. Rectal temperature was also

recorded at 2 h intervals. Appetite, demeanour, oral mucous
membrane capillary refill time, faecal output, heart rate and pulse
quality were also monitored every 2 h as indicators of clinical
status (data are not included in the results).

Two hours prior to administration of the bolus dose of OF, and
10 mins after removal of the ice boot at 48 h, the horses were
evaluated for lameness. All horses were walked toward and away
from the observer and circled to the right and left. If mild or no
lameness was detected at the walk then the horses were also
trotted toward and away from the observer. Lameness of the
forelimbs was graded using the system described by Stashak
(1987). The presence or absence of hindlimb lameness was also
recorded. Following the final lameness examination, all horses
were subjected to euthanasia by overdosing with barbiturate, and
the fore and hind feet removed and processed for histology (Pollitt
1996). Duplicate sections of the dorsal hoof lamellae from each
foot, stained with haematoxylin and eosin and periodic acid-
Schiff, were randomised, coded and examined using light
microscopy by 4 blinded evaluators who graded the severity of
laminitis using the scoring system of Pollitt (1996).

Samples of lamellar tissue from each hoof were rapidly
frozen by immersion in liquid nitrogen and stored at -70°C.
Samples of lamellar tissue from one hoof of each of the 4 control
horses (2 forelimbs and 2 hindlimbs) were prepared similarly. All
samples were later subjected to real-time polymerase chain
reaction (PCR) analysis for MMP-2 mRNA (Kyaw-Tanner and
Pollitt 2004). The magnitude of MMP-2 gene expression was
normalised to the 4 controls.

Temperature data were analysed over time using one-way
analysis of variance (ANOVA) on repeat measures, and at specific
time points using paired ¢ tests. Histological data were analysed
using non-parametric tests applied to the median scores of the four



A W.ovan Eps and C. C. Pollitt

a) —4— Treated limbs HT (n = 6) — Ambient
35
30 + X x x  * * %
()
i {5
{1
25 b T
~ . T . s
Q : — . e
e 200V ] [ T T
= L ; i i
& Sl
g 15
£
2
10 -~
5 - ; .

18 20 22 24 26

14 16

—— Boot ~O— Untreated limbs HT (n = 18)
*
* * * * * * R/j__(:r___q
1 ORI P :
T - {
LT ‘ i
|

il
g

28 30 32 34 36 38 40 42 44 46 48

Time (h)

0 2 4 6 8 10 12
b) 357
30 7}
y \
1
25
o
o 2077
]
©
8- i
c 15 %
2
10

Untreated forelimb HT

Ambient

Treated forelimb HT

#

T Syt gt PP W ,";’av,,;x,ww,xf S :
0
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

Fig 2: Temperature data. a) Mean + s.e. hoof temperature (HT ) of the wreated limbs compared to the mean xs.e. HT of the untreated fore- and hindlimbs.
The mean .0 ambient and ice boot temperatures are also shovwn. The mean HT of the treated limbs was significantly less (P<0.05) than that of all the
wntreated limbs by 2 . The mean HT of all the unireated limbs ar 12-32 I and 36-38 I afier dosing was significantly less than that «i 0 h, and ar 48 h
was significantly greater than that ar Ol (P<0.05. indicated by [%]). b} A ixpical irace of the HT of the wreated forelimb and unireated forelimb compared
with ambient temperature in an individual horse (Crvo 4). Nowe the decreased HT of the unireated forelimh benveen 13 and 22 I followeed by the rapid
increase in HT berween 28 and 31 h. After an initial rapid decrease, the treated limb HT remains below 5°C.

cvaluators for each limb of cach horse. Histological scores for the
treated limbs (n = 6) were compared to those of the corresponding
untreated forelimbs (n = 6) of each horse using a Wilcoxon signed
ranks tests. and to those of all the untreated limbs as a group (n = [8)
using Mann-Whitney analysis. Inter-evaluator agreement was tested
a weighted Kappa test. The real-time PCR results for the
treated limbs (n =

using
6) were compared with the corresponding
untreated forclimbs (n = 6) of each horse using paired 7 tests, and to
that of all the untreated limbs as a group (n = 18) using an
independent ¢ test. The real-time PCR results from the 4 normal
control hooves were compared with the treated limbs (n = 6) and all
the untreated limbs as a group (n = 18) using independent 7 tests. The

subjective lameness data was not analysed statistically. A
significance level ol P<0.05 was chosen. Results are expressed as the
se. Statistical analysis was conducted using computer
software (Analyse-it. version 1.67)7.

mean =+

Results

The horses tolerated restraint in the stocks and maintained the
treated limbs within the ice boot voluntarily. Clinically, OF dosing
was characterised bv profusc. watery diarrhoea at 12-16 h that
ccased by 36—44 h. All the horses developed mild to moderate
depression and inappetance at 12—16 h that persisted until 28-36 h.



TABLE 1: Laminitis histology scores (0 = normal. 1 = mild, 2 = moderate.
3 = severe) for the 6 horses by evaluator

Histological score

Treated Untreated
Horse ID  Evaluator torelimb forelimb LH RH
Cryo 1 A 0 2 1 1
B 1 2 2 1
C 1 2 1 1
D 0 3 2 2
Median 0.5 2 15 1
Cryo 2 A 0 2 1 1
B 1 1 1 1
C 0 2 1 1
D 0 2 2 1
Median 0 2 1 1
Cryo3 A 0 3 2 3
B 1 3 2 3
C 1 3 2 2
D 0 3 2 3
Median 0.5 3 2 3
Cryo 4 A 0 2 2 2
B 0 2 2 1
C 0 3 2 2
D 0 2 2 2
Median 0 2 2 2
Cryo 5 A 0 1 0 0
B 1 2 1 1
C 1 3 1 1
D ¢} 3 0 0]
Median 0.5 25 05 0.5
Cryo 6 A 0 1 2 1
B 1 2 2 1
C 1 1 2 1
D 0 1 2 1
Median 05 1 2 1

LH = Left hind. RH = Right hind

One horse (Cryvo 0) received 353 1 ol balanced polvionic fluid 1y,
between 30 and 38 h because of deteriorating cardiovascular status

(tachyeardia with @ weak pulsey and responded satisfactorily.
Lameness

No horse was lame at the inttial evaluation prior to administration
ol the OF bolus. Following administration ol the OF bolus. all
horses appeared (o distribute weight evenly between the forelimbs
mitially. Frequent. sometimes prolonged. lilting of the untreated
fore- and hind feet occurred in all horses beginning between 28 and
46 h. Alter removal of the 1ce boot at 48 heall horses were obviously
tame in the untreated forelimb at the walk thead and neck lifting
oceurred during weight bearing on the untreated forelimby. All
horses were given alameness ¢ruade ol 3/4 based on the lameness in
the untreated forelimb. Cryo 4 had the mildest Tameness (though
still appreciable at the walk) and was the only horse subjected o
examination at the trot. Crvo 5 had the most severe lameness in the
intreated torelimb but could still bear weight on the limb. Lameness
wias not observed in the treated limb of any horse. Lameness was
judged 1o be present in the hindlimbs of all horses except Crvo 3.

Temperature data

Rectal temperature increased gradually to a maximum at 28 h
(39.5 £ 04°C) before returning o near starting values at 48 h

Cryotherapy reduces the severity of the acute Iesion

(385 = 0.3°C. Ambicent temperature was uncontrolled and
Tuctuated diurmally ¢Fig 2w,

lce boot temperature was 0.5 = 1.7°C. The HT of the treated
limbs decreased rapidly within the first hour, and remained below
S5C tor the remainder of the experimental period tmean 3.5 £ 0.9°C).
The HT of the untreated Tore- and hindlimbs showed some
fluctuation. At 1232 h and 36 38 h after dosing the HT was
significanty less (P<0.05) than at 0. and at 48 h was signilicantly
arcater (P<0.03) than at 0 h (g 2. The HT of the untreated
forelimb of cach horse.except Crvo Soimitially decreased stowly. and
the mean HT ol the untreated forelimbs was not significantly
different from ambient temperature between 12 and 28 h.
Subsequently. there was a sharp HT increase (lrom below 25°C o
above 30°C within 3 hy that restored the HT (o or above that at 0 h.
alter which it persisted at or near that at O h (Fig 2b). The HT of the
untreated torelimb of Cryveo 5 did not decrease 1o ambient
temperature. and the HT increased gradually over the final 12-14 h

ol the experimental period.
Lamellar hixtology

Median faminits histology scores of the treated fect ol Cryvo 2 and
Cryvo 4 were O tnormal). with the remaining horses having median
scores of 0.5 (Table 1y, The untreated foreleet had median scores
between Tand 3. Al hind feethad median scores of at least 1. with
the exception of Cryvo 3 that had median scores of 0.5, Histological
scores ol the untreated foreleet were significantly greater (P<0.03)
than that of the wtreated forefeet. Histological scores in - the
untreated fore- and hindlimbs as a group = 18) were
stgnificantly greater (P<0.03) than that of the treated limbs (n = 6).

Detachment of the BM from the secondary epidermal
lamellac was present in all of the untreated feet exeept the hind
feet ol Crvo 3. Detachment ol the BM was not seen in any of the
treated feet.

Inter-evaduator agreement. expressed as a weighted Kappa
statistic. ranged from 046 (between evaluators B and D) 1o 0.79
(between evaluators A\ and D). The mean agreement was 0.56.

Real-time PCR analvsis

[n all instances (exeept the right hind foot of Crvo 1) MMP-2
MRNA expression was greater in cach of the untreated feet than the
corresponding treated foot of each horse. Expression in the treated
feet was consistently low. range 1.19-1.56 (mean [.39 = 0.06).
Expression in the untreated feet was more variable. range
P44 44 cmean 2.26 £ 0.20). MMP-2 mRNA expression in the
treated feet was significantly less (P<0.05) than that of the
corresponding untreated forefeet. Mean MMP-2 mRNA expression
magnitude m the treated feet (n =6y was signiticantly less (P<0.05)
than that ol all the untreated feet as a group (n = 18). but was
significantly greater (P<0.05) than that of the 4 normal control feet
(mean 104 £0.02) (IFig 31,

Discussion

Application ol the ice and water mixture was effective in cooling
the treated foot and was well tolerated by the horses. The 5 mm
thick tloor of the ice boot alTected neither stance nor. presumably.
weight distribution. Interestingly. the ool lifting. characteristic of
laminitis (Obel 1948y, observed in the untreated limbs. was absent
in the treated limbs. Raising the ice and water level resulted in
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Fig 3: Real-time PCR analvsis results. Mean + ~x.eo MMP-2 mRNA
expression magnitiude i e treated feet was signilicantly less (P<0.0)3)
than that of all the wntreated feet as a group. but was significantly grcate
(P<0.05) than that of the normal control feet.

more profound cooling of the digit compared with previous results
(Pollitt and van Eps 2004). The apparent restlience of the equine
distal limb to the potentially damaging effects of prolonged.
extreme cold confirmed the results ot Pollitt and van Eps (2004)
and enabled the use of cryvotherapy in the manner described.
Cryotherapy. when applied to one [oot, markedly reduced the
severity of acute laminitis in this study. Cryvotherapy completely
prevented the development of laminitis histopathology in the treated
feet of 2 horses. The treated feet of the remaining 4 horses had some
minor histopathological changes (slight elongation of the secondary
cpidermal Tamellae and/or changes in basal cell nuclear morphology
and position). However. the key lesion of’ laminitis (detachment of
the BM from the secondary epidermal lamellae) was not present.
and none of the treated feet had sufficient histopathology to be
categorised as "mild” within the grading system used. Histological
scores of the treated feet were significantly less (P<0.05) than those
of the untreated feet. Genetic up-regulation of MMP-2_ implicated
in the pathogenesis of laminitis (Johnson er al. 1998: Pollitt er ul.
1998: Kyaw-Tanner and Pollitt 2004). was also significantly
reduced in the treated limbs (P<0.05). Subjectively. cryotherapy
also prevented development of the lameness typical of faminitis.
The absence of any marked variation in the HT of the treated
fimbs suggests that sublamellar perfusion and metabolic rate
remained consistently low (Hood er «f. 2001). The HT data from
the untreated feet should be interpreted with caution due to the
[Tuctuations in ambient temperature (Hood er al. 2001).
Nevertheless. the period between 12 and 28 h when the untreated
forclimb HT was not signiticantly ditferent from ambient
temperature likely represents a period of vasoconstriction and/or
hypometabolism. Relative increases in digital perfusion and/or
metabolic rate are difficult to detect via HT measurement at higher
ambient temperatures such that were present in the current study
(Hood er «l. 2001). However, the sharp temperature rise (observed
in the untreated forelimb of all but one horse). and the sustained
increase in untreated limb HT that tollowed. likely represent a
period of relative digital vasodilation and/or increased metabolic
rate. A significant increase in the HT of all the untreated limbs over
0 h values, however. was present only at 48 h. Unfortunately. the
time of onsct of lameness relative to the HT changes could not be
cstablished due to the study design. The sharp HT rise observed in
the untreated forelimbs would probably have been retlected in the

mean HT of all the untreated limbs (Fig 2a) had normalisation of

the temperature data to the time of onset of lameness been possible.
Interestingly, the untreated forelimb of one horse in the study did
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not esperience @ marked HT reduction. and the HT increase was
more  gradual. Despite this. moderate to severe laminitis
histopathology developed i this limb.

The basic mechanisms of cryotherapy. namely the vascular and
hypometabolic effects (Swenson er al. 1996), provide insight into
the pathophysiology of acute laminitis. Substances delivered via the
circulation to the digit. such as eytokines (Pollitt 1996) and bacterial
products of hindgut origin (Mungall er «l. 2001). have been
proposed as potential initiators of MMP mediated  lamellar
separation. Profound. continuous vasoconstriction may have
prevented the delivery of these haematogenous “laminitis trigger
factors” to the treated digit in this study. Such profound
vasoconstriction  would  seem  contraindicated il digital
hypoperfusion was the primary mechanism involved in the
development of laminitis (Hood er ¢f. 1993). Indeed. cryotherapy is
contraindicated in human patients with peripheral vascular discases.
such as Raynaud’s phenomenon (Lehmann and de Latcur 1990).

The hypometabolic effect of cryotherapy 1s potent and complex
(Zachariassen 1991). Metabolic rate and oxygen consumption are
inversely related to tissue temperature (Fuhrman and Fuhrman
1959). Directly or indirectly. cryotherapy reduced the expression of
MMP-2 mRNA in the lamellar tissue of the treated feet in this study
and prevented the development of signiticant histological lesions.
Cryotherapy has been shown to protect against tumor necrosis
lactor-c-induced microvascular perfusion failure. apoptosis, and
leucoeyte adhesion in the striated muscle of hamsters (Westerman er
al. 1999). Polymorphonuclear leukocvie infiltration has been
implicated as a contributor to BM separation and lamellar damage
by Pollitt (1996). Preventing this with cryotherapy may be
beneficial. Local mRNA expression of the potent cytokine
interleukin-1p during the prodromal stages of laminitis (Fontaine er
al . 2001) could also be limited by cryotherapy.

Mild histological changes and slightly elevated MMP-2 mRNA
expression were present in some of the treated limbs and a direct
noxious eftect of eryotherapy could possibly have caused this.
However. we conclude that some circulatory delivery of laminitis
trigger factors still occurred to activate lamellar MMPs in the cooled
feet. albeit at a much reduced level. The mild increase in MMP-2
MRNA expression in the treated limbs in conjunction with mild
histological changes supports the notion that these enzymes are
involved early in the development of the laminitis lesion.

The design of the current study lacked absolute control
measures for the rubber boot and the column of ice/water
surrounding the treated limb. Although unlikely. it is possible that a
tactor other thun the cooling effect may have contributed to
reducing the severity of laminitis in the treated limbs. For ethical
reasons the experiments were terminated at 48 h, soon atter the toot
pain of laminitis appeared. What was not determined is whether
laminitis could still have developed after cryotherapy ceased. The
lameness grading system traditionally used for laminitis (Obel
1948) is unsuitable for comparison between limbs and therefore the
general lameness grading system of Stashak (1987) was used in this
study. Although lameness was not observed in the treated limbs in
this study. it is possible that mild lameness may have been present
but was undetectable in the tace of the moderate-severe lameness in
the untreated forelimbs. The reliability of the histopathology
grading system (Pollitt 1996) was assessed by measurement of the
level of inter-evaluator agreement. The calculated Kappa statistic,
which can vary from -1 (no agreement) through 0 (agreement by
chance) to I (perfect agreement), can be interpreted on the scale
developed by Landis and Koch (1977): 0.81-1.00. "almost perfect’;
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0.61-0.80. “substantial: 0.41-0.60. "moderate™: 0.21-0.40, “fair™:
0.00-0.20. *slight": and <0.0. *poor” agreement. The inter-cvaluator
agrecement in this study ranged from moderate to substantial. with
the mean agreement (0.56) marginally below what is considered
substantial. This compares favourably with the agreement between
pathologists evaluating neoplasia of the colon/rectum (Jensen ez al.
1995) and prostate (Allam er a/. 1996) in human patients. where
Kappa statistics were 0.20-0.45. We conclude that the grading
system of Pollitt (1996) was satistactory in this study: however.
improved evaluator training and more cxacl criteria for grading
could improve the reliability of the system for luture studies.

The results of this study suggest that the severity of acute
laminitis may be reduced if distal limb cryotherapy is applicd during
the developmental stage of the diseasc. We propose that cryatherapy
prevents haematogenous delivery of laminitis trigger tactors to the
lamellar tissue through vasoconstriction of the digital circulation.
The low temperature achieved by the application of ice and water to
the equine distal limb inhibits MMP production and activity. even iff
iriggering factors are present. Although we suggest cryotherapy as a
potentially effective prophylactic strategy in horses at risk of
developing acute laminitis, we currently have no data to support
cryotherapy in established acute or chronic laminitis cases.
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