Doctoraatsproefschrift nr. 1185 aan de faculteit Bio-ingenieurswetenschappen van de KU Leuven

CLINICAL ASSESSMENT,
GENETIC PARAMETERS
AND THE ROLE OF ELASTIN IN
CHRONIC PROGRESSIVE LYMPHEDEMA
IN THE BELGIAN DRAUGHT HORSE

Kirsten DE KEYSER

Supervisory Committee:
Prof. N. Buys
Prof. F. Gasthuys
Dr. S. Janssens
Members of the
Examination Committee:
Prof. J. Buyse
Prof. B. Goddeeris
Prof. L. Moons
Prof. J. Michiels
Prof. R. Ducatelle

Dissertation presented in
partial fulfilment of the
requirements for the
degree of Doctor in
Bioscience Engineering

June 2014

© 2014 KU Leuven, Science, Engineering & Technology
Uitgegeven in eigen beheer, Arenberg Doctoraatsschool, W. de Croylaan 6, 3001 Heverlee, België.
Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt worden
door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze ook zonder voorafgaandelijke
schriftelijke toestemming van de uitgever.
All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, microfilm,
electronic or any other means without written permission from the publisher.
Legal deposit number: D/2014/11.109/28.

SUMMARY

SUMMARY
Chronic progressive lymphedema (CPL) is an incurable disorder that affects several
related draught horse breeds worldwide, including the Belgian Draught Horse. Clinical signs
most typically occur at the lower part of the limbs, including a progressive soft tissue
swelling, fibrosis and deformation associated with skin surface aberrance. A partial genetic
susceptibility is suspected. In the Belgian Draught Horse, there is no uniform CPL diagnosis
methodology, which hampers the calculation of disease prevalence and the estimation of
genetic parameters. If CPL is hereditary, ideally, selection should be based on molecular
markers. Therefore, in present work, the necessary steps were taken to investigate the current
state of matter on CPL in the native population of Belgian Draught Horses, and, to explore the
genetic background of the disease susceptibility by means of quantitative and molecular
genetic research.
A CPL evaluation system (using clinical scores) was assessed, standardizing clinical
diagnosis. Using this system, clinical scores were collected in Belgian Draught Horses at
official contests (Belgium) and stable visits (Flanders, Belgium) from 2009 to 2011. Clinical
CPL prevalence approximated 61% in our total sampling group including a large proportion
of young and subclinically affected horses. In a subset of horses older than 3 years of age,
implying more phenotypic certainty (CPL = chronic disorder), prevalence amounted to 86%.
First lesions occurred from 1 year of age in a very mild condition, whereas distinct lesions
were generally seen from 3 years of age. Clinical severity increased with age, though faster in
stallions than in mares. Factors possibly associated with clinical scores, skin fold thickness
and hair diameter, were recorded as well. The latter 2 traits are objectively measurable and
could enhance future multivariable genetic models and/or function as a direct diagnostic aid
next to clinical examination. Factors (e.g. age and gender) possibly associated with clinical
scores, skin fold thickness and hair diameter were identified using statistical (mixed) models,
which served as a basis for the quantitative genetic part of the project.
A laboratory test for CPL would confirm clinical scores and assist in diagnosis.
Furthermore, such test values offer an extra objective trait in genetic models. An enzymelinked immunosorbent assay (ELISA) was described previously and proposed as a
diagnostic aid for CPL in draught horses. Using this ELISA, blood anti-elastin antibodies
(AEAb) were demonstrated previously in Belgian Draught Horses whereby a clinically
healthy group had significantly lower AEAb than 3 clinically affected groups (mild, moderate
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and severe symptoms). We evaluated the use of this AEAb ELISA as an in vitro diagnostic aid
in individual, clinically examined Belgian Draught Horses. Test reproducibility was assessed
performing assays in 2 different laboratories. Factors (e.g. gender and pregnancy) possibly
associated with AEAb were analyzed using statistical (mixed) models. Even when a high
AEAb cut-off was handled to obtain a reasonable specificity of 90%, a low sensitivity (21%)
of AEAb for CPL diagnosis was obtained. Therefore, the described AEAb ELISA procedure
was shown to be of no use as a diagnostic aid for CPL per horse, hence the obtained AEAb
values were not included in further analyses.
Genetic parameters for CPL were estimated using a multi-trait animal model,
including clinical scores, skin fold thickness and hair diameter. A separate bi-variate analysis
was performed to estimate the genetic correlation between clinical scores of fore and hind
limbs. Due to the uncertainty of the clinical scores in younger (possibly subclinically) affected
horses, analyses were based on 2 sets of data. A restricted dataset (D_3+) was formed,
excluding records from horses under 3 years of age from the complete dataset (D_full). Both
fixed (e.g. age) and random (permanent environment and date of recording) effects were
included. Heritabilities (s.e.) for clinical scores for D_full and D_3+ were 0.11 (0.06) and
0.26 (0.05) respectively. A large proportion of the variance in clinical scores was attributed to
the permanent environmental effect in D_full, but less in D_3+. Date of recording
explained a proportion of variance (s.e.) from 0.09 (0.03) to 0.61 (0.08). Additive genetic
correlations between clinical scores and both skin fold thickness and hair diameter showed
that the latter 2 traits cannot be used as a direct diagnostic aid for CPL, whereas their use in
the full model has to be examined further on a larger dataset. The additive genetic correlation
between scores of fore and hind limbs was high (93%). Due to the moderate heritability of the
clinical scores, and, in the absence of molecular markers, selection against CPL should focus
on estimated breeding values (from repeated clinical examinations of only the fore limbs).
Histological skin elastin alterations have been demonstrated in draught horses of
susceptible breeds compared to those of a non-susceptible breed. Therefore, elastin gene
(ELN) aberrance was suggested. We sequenced the full ELN in clinically affected Belgian
Draught Horses. The equine ELN reference of a Thoroughbred mare was analyzed in silico.
ELN regions in the Belgian Draught Horse that included polymorphisms were confirmed in a
lymphedema negative breed (Vlaams Paard). If Vlaams Paard polymorphisms were different
from those in the Belgian Draught Horse, they were confirmed in Thoroughbred Horses.
Formerly unknown regions in the ELN reference were annotated de novo. We confirmed
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polymorphisms previously reported and described new ones. No polymorphisms were unique
in the Belgian Draught Horses. However, completeness of the equine ELN reference can be
disputed, based on the high similarity between the genomic region 3’ of the equine reference
ELN and human reference cDNA. Furthermore, exploratory sequencing of a genomic
fragment 3’ of ELN revealed high similarity (81% identical nucleotides) to human ELN exon
31, suggesting a longer equine ELN coding region. Although this study does not support ELN
as a candidate for CPL, future perspectives for equine cDNA characterization and new
possibilities in the application of ELN as a candidate in elastin related pathologies are offered.
In conclusion, CPL in the Belgian Draught Horse is a multifactorial disorder. Horses
are born clinically healthy with a genetic load and pass through a subclinical stage. Clinical
disease onset can occur early in life, already from 1 year of age, CPL signs afterwards
progressively deteriorate. Clinical diagnosis should ideally be supported with a laboratory
diagnostic aid that also enables early detection. This however does not exist. Clinical scores
are influenced by permanent environmental effect as well as date of examination.
Histology showed marked dermal elastin aberrance in susceptible breeds and molecular
analysis could not refute ELN as a candidate for CPL, mainly due to uncertainty on the horse
ELN

reference sequence. Therefore,

future

perspectives

reside

in

ELN cDNA

characterization for the assessment of elastin related disorders in horses. In the absence of
molecular markers, and, due to the moderate heritability coefficients for clinical scores,
selection against CPL in the Belgian Draught Horse should ideally be based on estimated
breeding values. The necessary data are clinical scores, obtained by a scoring system from
repetitive clinical examinations of the fore limbs.
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SAMENVATTING
Chronisch progressief lymfoedeem (CPL) is een ongeneeslijke aandoening die
verschillende verwante trekpaardrassen wereldwijd aantast, waaronder het Belgisch
Trekpaard. De klinische symptomen zijn typisch gelokaliseerd aan de onderbenen: een
zwelling en fibrose van de weke delen, die gepaard gaat met blijvende misvormingen en
huidafwijkingen. Er bestaat een vermoeden dat de gevoeligheid voor CPL gedeeltelijk
genetisch bepaald is. Bij het Belgisch Trekpaard bestaat er tot op heden geen uniforme
methode om CPL te diagnosticeren en dit belemmert de schatting van prevalentie en
genetische parameters voor CPL. Indien CPL genetische bepaald is, zou selectie idealiter
gebaseerd zijn op moleculaire merkers. Daarom werden in deze studie de nodige stappen
ondernomen om de huidige stand van zake van CPL in het Belgisch Trekpaard in kaart te
brengen, en, om de genetische achtergrond te bepalen via kwantitatief en moleculair genetisch
onderzoek.
Om de klinische diagnose te standaardiseren, werd een CPL score systeem opgesteld.
Hiermee werd een groot aantal Belgische Trekpaarden onderzocht op officiële wedstrijden
(België) en stalbezoeken (Vlaanderen, België) van 2009 tot 2011. CPL prevalentie
benaderde 61% in de volledige dataset, die een groot aantal jonge en mogelijks subklinisch
aangetaste paarden bevatte. In een subset oudere paarden (≥ 3 jaar) met meer fenotypische
zekerheid (CPL = chronisch), was de prevalente 86%. De eerste zeer milde klinische tekenen
kwamen al op jonge leeftijd voor (vanaf 1 jaar). Vanaf 3-jarige leeftijd werden de letsels
doorgaans klinisch duidelijker. Klinische symptomen werden ernstiger mettertijd, maar dit
gebeurde sneller voor hengsten dan merries. Factoren mogelijks geassocieerd met de klinische
scores, huidplooi dikte en haar diameter, werden ook bemonsterd. Deze laatste 2
kenmerken zijn objectief meetbaar en kunnen genetische modellen optimaliseren en/of als een
direct diagnostisch criterium dienen naast het klinisch onderzoek. Met behulp van regressie
analyse (mixed models) werden niet genetische factoren onderzocht (e.g. leeftijd en geslacht)
die mogelijks geassocieerd zijn met klinische scores, huidplooi dikte en haar diameter. Dit
resulteerde in geoptimaliseerde statistische modellen als basis voor het kwantitatief genetisch
luik.
Een laboratoriumtest zou de klinische diagnose van CPL kunnen bevestigen en
versterken. Daarenboven zou deze objectieve testwaarde meegenomen kunnen worden in een
iv
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genetisch meerkenmerken model. Een enzyme-linked immunosorbent assay (ELISA) werd
eerder beschreven als een diagnostisch hulpmiddel voor CPL bij trekpaarden. Met deze
ELISA werden anti-elastine antistoffen (AEAb) in het bloed gedetecteerd: een klinisch
gezonde groep trekpaarden had significant lagere AEAb ten opzichte van 3 klinisch
aangetaste groepen (mild, matig en ernstige letsels). Daarom werd deze AEAb ELISA
onderzocht als een in vitro diagnostisch criterium per individueel, klinisch onderzocht,
Belgisch Trekpaard. De reproduceerbaarheid van de resultaten werd nagegaan door assays uit
te voeren in 2 verschillende laboratoria. Factoren mogelijks geassocieerd met AEAb (e.g.
geslacht en dracht) werden geanalyseerd met statistische (mixed) modellen. Zelfs indien een
hoge cut-off waarde gehanteerd werd om tot een aanvaardbare specificiteit van 90% te
komen, was de sensitiviteit van AEAb voor CPL diagnose slechts 21%. Daarom was de
AEAb ELISA niet bruikbaar als diagnostisch hulpmiddel voor CPL per paard en werden de
testwaarden niet verder gebruikt in het project.
Genetische parameters voor CPL werden geschat met een meerkenmerken
diermodel (klinische scores, huidplooi dikte en haar diameter). Daarnaast werd een
afzonderlijke analyse met een tweekenmerkenmodel uitgevoerd, om de genetische correlatie
te berekenen tussen de klinische scores van voor en achterbenen. Omdat het fenotype in jonge
dieren onzeker was (subklinisch aangetast), werden de modellen toegepast op 2 datasets: een
volledige set (D_full) die alle records bevatte en een subset (D_3+) waarvan de records van
dieren jonger dan 3 jaar verwijderd werden (meer zekerheid over het fenotype). Zowel fixed
(e.g. leeftijd) als random (permanent milieu en datum van staalname) effecten werden
opgenomen. Een hogere fenotypische zekerheid (D_3+) gaf hogere erfelijkheidsgraden van,
en hogere genetische correlaties tussen, de kenmerken. De erfelijkheidsgraden (s.e.) van de
klinische scores voor de analyse op D_full en D_3+ bedroegen respectievelijk 0.11 (0.06) en
0.26 (0.05). Een deel van de variantie in de klinische scores kon toebedeeld worden aan het
permanent milieu effect in D_full maar minder in D_3+. Datum van staalname verklaarde
een proportie van de variantie (s.e.) van 0.09 (0.03) tot 0.61 (0.08). Additief genetische
correlaties tussen klinische scores en huiplooi dikte en haar diameter, toonden aan dat deze
laatste 2 kenmerken niet gebruikt konden worden als direct diagnostisch hulpmiddel voor
CPL. Hun nut in een meerkenmerken diermodel moet verder onderzocht worden op een
grotere dataset. De additief genetische correlatie tussen klinische scores van voor en
achterbenen was 93%. Moleculair genetische merkers voor CPL zijn onbestaande, de
erfelijkheidsgraad van de klinische scores matig hoog. Daarom is selectie tegen CPL idealiter
v
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gebaseerd op geschatte fokwaarden. Deze schatters worden het best berekend op basis van
klinische scores van herhaald onderzoek van de voorbenen.
Histologisch onderzoek bij CPL gevoelige trekpaarden toonde duidelijke afwijkingen
aan het elastine in de huid en rond de lymfevaten in vergelijking met trekpaarden van een
ongevoelig ras. Een afwijkend elastine gen (ELN) werd voorgesteld als oorzaak. De
sequentie van ELN werd bepaald in klinisch aangetaste Belgische Trekpaarden en vergeleken
met de ELN referentie sequentie (van een Volbloed merrie). De referentie werd geanalyseerd
in silico en homologie met cDNA sequenties van andere species werd onderzocht. Die ELN
regio’s in het Belgisch Trekpaard met polymorfismen, werden ook gesequeneerd in een CPL
negatief trekpaard ras (Vlaams Paard). Indien polymorfismen in Vlaams Paard en Belgisch
Trekpaard verschilden, werden deze bevestigd in Volbloed paarden. Ongekende ELN
fragmenten werden de novo geannoteerd. Eerder beschreven polymorfismen werden door ons
bevestigd en nieuwe gerapporteerd. Geen polymorfisme door ons aangetoond was uniek in de
Belgisch Trekpaarden. De ELN referentie sequentie echter, was niet volledig en het is niet
mogelijk ELN als kandidaatgen voor CPL uit te sluiten. Er is sterke homologie tussen de
genomische regio 3’ van het paarden ELN en humaan ELN cDNA. In een verkennende studie
werd een genomisch fragment 3’ van paarden ELN gesequeneerd, met sterke homologie
(81%) aan humaan ELN exon 31. Daarom is de ELN coderende regio in het paard
waarschijnlijk langer dan beschreven in de referentie. ELN cDNA karakterisatie biedt
toekomstperspectieven voor ELN als kandidaatgen voor CPL en andere elastine gerelateerde
aandoeningen bij trekpaarden.
Tot slot, CPL is een multifactoriële aandoening in het Belgisch Trekpaard. De
paarden worden gezond geboren, met een zekere genetische belasting en gaan door een
subklinische fase. Klinische aanvang kan al vanaf 1-jarige leeftijd en daarna worden CPL
tekenen progressief erger. Klinische diagnosis zou het best aangevuld worden met een
laboratorium test, welke een vroegtijdige detectie van CPL mogelijk maakt, maar deze bestaat
tot op heden niet. Klinische scores worden beïnvloed door het permanent milieu effect en
datum van onderzoek. ELN kon als kandidaat voor CPL niet uitgesloten worden door een
onvolledige ELN referentie sequentie. ELN cDNA karakterisatie biedt toekomstperspectieven.
Er bestaan geen moleculaire merkers voor CPL bij trekpaarden. Door de matig hoge
erfelijkheidsgraad van klinische scores is selectie tegen CPL bij het Belgisch Trekpaard
idealiter gebaseerd op geschatte fokwaarden, afkomstig van herhaalde klinische metingen
van de voorbenen aan de hand van de score tabel.
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GENERAL INTRODUCTION AND OBJECTIVES

The Belgian Draught Horse is a part of Belgium’s cultural heritage. The breed had
immense popularity at the beginning of the 20th Century, which was reflected in the size of
the population. In 1913, Belgium counted over 260,000 Belgian Draught Horses. The Belgian
breed was well known, also in other European countries, Russia and the USA, and had an
excellent reputation as a gentle and reliable work horse. Due to a strong international demand,
a large amount of Belgian Draught Horses, over 34,500 in 1910, was exported to the above
mentioned countries. Even more, our ‘Belgian proud’ became the most important Belgian
export product at that time. Consequently, many Belgians were included in the breeding
program of other draught horse breeds around the world, to introduce the desired
characteristics of the former into the local breeds. With industrialization, Belgian Draught
Horses were used less for work, and concomitantly, the population size decreased markedly.
In 2013 6,599 horses were registered in the Belgian Draught Horse studbook, which
approximately represents 3% of the total Belgian horse population. Only 627 newborn foals
were registered in the studbook in 2013, which is the result of a steady decline of annual
subscriptions, especially over the last decade. However, the popularity of the Belgian Draught
Horses is again increasing last years. Indeed, horses were employed in garbage removal and
recently, the ecological shrimp catch in the North Sea using Belgian Draught Horses was
accepted as Belgian cultural patrimony. Belgian Draught Horses are still considered to be a
famous Belgian product, but the decreasing numbers put conservation of the breed on the
foreground. Moreover, the health of the Belgian Draught Horse is compromised by an
incurable disorder, called chronic progressive lymphedema (CPL). The impact of CPL on the
population is largely unknown, but is expected to be high. CPL is incurable and supportive
treatment is time consuming and implicates a high cost for the owner. The typical CPL signs
progressively aggravate and often even end in early euthanasia, which markedly decreases the
average life expectancy in the Belgian Draught Horse. Although scientific research on CPL
was driven forward in the last decade, the exact pathogenesis remains unclear. As CPL occurs
in different related draught horse breeds that often include Belgian Draught Horse ancestors in
their pedigrees, a genetic susceptibility for CPL is suspected. This makes the Belgian Draught
Horse a preferred breed to examine CPL clinical signs, disease prevalence and severity, and,
to investigate the genetic disease susceptibility.
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The first objective of the present work was to describe the current knowledge on
CPL in draught horses, including clinical, quantitative and molecular genetic
approaches (Chapter 1). The current state of matter on CPL in the Belgian and other draught
horse breeds provides the necessary insights in the clinical presentation of the disorder and
enlightens in which ways this debilitating condition should be tackled best.
No consensus exists on the evaluation of clinical signs in the veterinary examinations
at official Belgian Draught Horse contests. The second objective of this project was to
develop a clinical CPL evaluation system, to estimate disease prevalence and severity
and to identify non-genetic factors associated with CPL severity (Chapter 2). Since 2001,
clinical examinations and radiography of the lower limbs were routinely performed (Faculty
of Veterinary Medicine, Ghent University, Merelbeke, Belgium), but only in young stallions
in their final phase of the approval as an official stud. In the Belgian Draught Horse, no
population wide analysis of CPL was performed. An objective collection of CPL clinical data
on a large sample of Belgian Draught Horses was not performed before. Furthermore, no
knowledge was present about potentially interesting traits, genetically associated with CPL,
which could indirectly assist in selection. Therefore, skin fold thickness and hair diameter are
considered as candidate traits and measured.
There are clear indications that CPL in the Belgian Draught Horse is partially
heritable. The third objective was to perform a quantitative genetic analysis to estimate
the heritability of CPL susceptibility and to investigate genetic correlations with traits
(Chapter 3). Increased knowledge on the heritability gives an indication on the potential for
selection against CPL. Furthermore, possibly associated traits, skin fold thickness and hair
diameter, can enhance the genetic estimates of a multi-trait animal model and/or function as a
direct diagnostic aid next to clinical scores. The necessity of the examination of all 4 limbs
per horse needs to be assessed, as examining only fore limbs increases the safety of the
examination of horse limbs.
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Early diagnosis by a laboratory test facilitates early selection and increases diagnosis
objectivity. The fourth objective was to optimize an in vitro diagnostic aid for CPL per
horse, next to clinical examination (Chapter 2). An enzyme-linked immunosorbent assay
(ELISA) has been reported previously (van Brantegem et al., 2007a; b) and suggested to aid
in CPL diagnosis in clinically examined draught horses. However, the use of this anti-elastin
antibody (AEAb) ELISA as a diagnostic aid in individual, clinically examined horses was not
explored. The performance of this assay over different laboratories was not assessed before
and the possible association of factors such as pregnancy and gender to AEAb was not
studied. Moreover, AEAb can be used as an additional trait in the quantitative genetic model
to enhance genetic parameters for CPL.
To date, no polymorphisms were unique in CPL affected draught horses compared to
horses of non-susceptible breeds. Also no polymorphisms have been associated with a
lymphedema phenotype in a within breed analysis of affected and healthy horses. The fifth
objective of this study was the analysis of the elastin gene (ELN) as a candidate for CPL
susceptibility in Belgian Draught Horses. Elastin anomalies in skin and subcutis were
reported previously in CPL susceptible draught horses. Elastin supports lymph uptake and
propulsion. ELN aberrance might therefore lead to dermal elastin malformations and
consequently to a reduced lymphatic clearance, thus lymphedema. This makes ELN a strong
candidate gene for CPL. The full Belgian Draught Horse sequence is compared with the horse
ELN reference sequence. ELN sequence fragments of Vlaams Paard and Thoroughbred Horses
are analyzed as a confirmation of found polymorphisms. The identification of molecular
markers for CPL offer a tool for the early detection of susceptible horses and facilitate
selection against CPL.
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Adapted from:
De Keyser, K., Janssens, S. and Buys, N. Chronic progressive lymphedema in draught
horses. Equine veterinary journal. Article first published online: April 20th 2014.
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1.1

Chronic progressive lymphedema in draught horses

1.1.1 History and terminology
The Belgian Draught Horse was formerly used in agriculture and transportation. This
was reflected in their muscular and energetic appearance (Figure 1.1a) and the fact that they
were easy to keep. At the beginning of the 20th Century, this breed was very popular, not only
in Belgium. Our national proud had a worldwide reputation as a fair and reliable work horse.
Large numbers of Belgian Draught Horses were exported at that time, predominantly to
Germany, France and Holland, but also throughout the rest of Europe and the USA (de
Liedekerke, 1985). From the early 1900’s on, new selection criteria were followed that are
reflected in successive pictures of the yearly Belgian Draught Horse champions at official
contests organized by the studbook. Heaviness, especially of the lower limbs, was
emphasized, because it was interpreted as a physical parameter for strength and robustness. As
a consequence of this rigorous phenotypic selection, and, with the functional change towards
a breeding and leisure horse, the appearance of the Belgian Draught Horse markedly changed.
Nowadays, horses are squabby, have a shortened neck and trunk, and an increased limb
diameter and feathering (Figure 1.1b) compared to the Belgian Draught Horses at the
beginning of the 20th Century (De Brauwer, 2005). Concomitantly and unwillingly, the
stringent selection criteria also included increased occurrence of a pathological limb
condition.
a

b
Figure 1.1: Change in appearance of the Belgian Draught Horse as a result of phenotypic
selection in the 20 t h Century. (a) Brillant, born in 1868, first generation offspring of 1
of the 3 major founder stallions of the Belgian Draught Horse in Belgium. Brillant gave
rise to numerous offspring mainly used for agriculture and transportation. (b) An
approved stallion (2013). Nowadays the Belgian Draught Horse is mainly used for
breeding and leisure. Notice the strong emphasis on the heavy appearance, especially the
lower limbs, the increased feathering and the shortened neck and trunk compared to (a).
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In the Belgian Draught Horse, incurable lower limb abnormalities were present since
longtime (personal communication with breeders), but no official records on their existence
were found. First scientific reports on lower limb aberrance date from 1909, in German
draught horses (Schutzer, 1909; Gustine, 1910: in Wallraf, 2003). Interestingly, these lesions
resembled those encountered in the Belgian breed. From the chronic, progressive and
incurable nature of the limb skin signs, the clinical image was called ‘chronic pastern
dermatitis’ (CPD). Later on, CPD was also described in French (French Ardenner, Breton
and Percheron, Duclos, 1972: in Wallraf, 2003), 6 German (Table 1.1, Wallraf, 2003) and 2
American populations (Shire and Clydesdale, Ferraro, 2001). Interestingly, many Belgian
Draught Horses were incorporated as ancestors in draught horse breeds spread around the
world. In the USA, the ‘American Belgian’, was nearly entirely based on Belgian import.
Therefore, it is very likely that the limb lesions in the above-mentioned draught horse breeds
are caused by 1 and the same disorder with a suggested genetic susceptibility. Only in 2003,
the syndrome was redefined as ‘chronic progressive lymphedema’ (CPL) (De Cock et al.,
2003). Mainly because a remarkably similar clinical and histological presentation with its
human counterpart, non-filarial chronic lymphedema (Price, 1973; Richards, 1981; Daroczy,
1995). Over the last decade, CPL was confirmed in the Belgian Draught Horse (Verschooten
et al., 2003), Shire and Clydesdale (Ferraro, 2003), Tinkers (Prof. Dr. F. Gasthuys, personal
communication 2011), Friesians (Boema, et al., 2012) and Gybsy Cobs (Powell and Affolter,
2012). Therefore, they are referred to as CPL susceptible breeds. Clinical prevalence was
reported to be high in the Belgian and some German breeds (up to 96% of the horses included
in the study, see Table 1.1, Verschooten et al., 2003; Wallraf, 2003).
Prevalences have not been estimated in other susceptible breeds. Other draught horse
breeds (e.g. Vlaams Paard and Suffolk) are considered to be non-susceptible, since there is
no reported evidence of the condition. Suffolks (De Cock et al., 2003) and American
Percherons (De Cock et al., 2006a, 2009) have been used as a negative control horse in
studies on CPL of the last decade. Nevertheless, in the popular literature and social media,
individual horses of non-susceptible breeds have been reported with similar lower limb
lesions. It is not clear if those signs result from a different pathology mimicing CPL or are
indeed lymphedema.
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Table 1.1. Prevalence of clinical CPL associated lesions in draught horses. n = sample size,
Affected (%) = percentage of the sample with clinical lesions at at least 1 limb.
Breed

n

Method of examination

Affected (%)

Reference

South German
Black Forest
Schleswig
Saxon-Thuringian
Rhenish-German
Mecklenburg
Belgian (stallions)

455
139
100
83
77
55
134

Clinical examination
Clinical examination
Clinical examination
Clinical examination
Clinical examination
Clinical examination
Radiography analysis

58.5
47.5
86.0
84.3
96.1
76.4
82.0

Wallraf, 2003
Wallraf, 2003
Wallraf, 2003
Wallraf, 2003
Wallraf, 2003
Wallraf, 2003
Verschooten et al., 2003

Nowadays, ‘CPD’ and ‘CPL’ are both in use for this clinical presentation. ‘CPD’ is
predominantly encountered in German studies (Geburek et al., 2005a, b; Mömke and Distl,
2007b) and ‘CPL’ in American and other European studies, while some refer to both terms
(Mittmann et al., 2010). A possible explanation for this phenomenon was that American and
German research was performed parallel and independently. In the German studies, CPD skin
lesions were described as different types of dermatitis, namely an eczematous, crusty,
hyperkeratotic-hyperplastic, nodular or warty dermatitis (Wallraf, 2003). CPL was described
in American studies in the same year (De Cock et al., 2003; Ferraro, 2003) and the
predominant clinical lesions equalled CPD, but were defined as exudate, crusts,
hyperkeratosis, skin thickening, skin folds and nodules. The term ‘CPL’ is definitely
preferred above ‘CPD’, as associated clinical lesions are not confined to a dermatological
problem only but are due to an underlying cause. Indeed, similar to chronic lower limb
lymphedema in man, a reduced lymphatic clearance was demonstrated in the limbs of
clinically affected draught horses, by means of lymphoscintigraphy (De Cock et al., 2006b).
Therefore, the clinical CPL signs occur secondary, most likely the result of an underlying
lymph system malfunction.
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1.1.2 The lymph system: basic principles
Lymph has been defined as the ‘extracellular protein rich fluid, that has entered in
lymph capillaries’ (Swartz, 2001). The lymph system is a specific vessel network present in
nearly all tissues. Functions include tissue fluid homeostasis (fluid, plasma macromolecules
and cells extravasated from blood vessels), immune surveillance, removal of cellular debris
and adsorption of fatty acids in the gut (Skobe and Detmar, 2000; Butler et al., 2009). The
lymphatic system has no central pump in contrast with the blood circulation (the heart).
Lymph capillary vessel walls consist of a single layer of partially overlapping lymphatic
endothelial cells (LEC) that form valve like openings. In contrast with blood capillaries, LEC
do not possess a descent lining by a basement membrane, pericytes or smooth muscle cells
(Karpanen and Alitalo, 2008). In between the LEC, there are discontinuous cell-cell junctions
that enable the uptake of fluid, macromolecules and cells from the interstitium (Baluk et al.,
2007). In addition to this highly permeable lining, elastic fibrillar structures or ‘anchoring
filaments’ are attached to the LEC. These filaments link LEC to the surrounding extracellular
matrix components as collagen and elastic fibres (Figure 1.2) and facilitate intercellular
opening of the lymph capillaries in case of interstitial pressure rise (Gerli et al., 1990).
Lymph capillary

Lymph collector
Basement
membrane

Basement membrane
Anchoring filaments
Extracellular matrix
H2O
Proteins
Lipids

Leukocyte

Blood capillary

Figure 1.2: Structure of lymph capillaries and collectors: Lymph capillaries are lined by
partially overlapping endothelial cells that form valve like openings, to facilitate luminal
access for fluid, macromolecules and cells that have been leaked from the blood
circulation. Lymph capillaries lack a complete basem ent membrane. Elastic fibres
(anchoring filaments) connect the lymphatic endothelial cells to the extracellular matrix
and enable luminal access in case of increased interstitial pressure. The lymph drains
from the capillaries into lymphatic precollectors and collectors, that have a complete
basement membrane as well as pericytes and vascular smooth muscle cells (dark) with
contractile ability to facilitate lymph propulsion. Collectors contain luminal valves that
prevent the backflow of lymph (Figure adapte d from Karpanen and Alitalo (2008)).

13

STATE-OF-THE-ART

The lymphatic system is a network of lower density in comparison to the blood
circulatory system, whereby interstitial fluid has to travel a relatively long distance before
entering the lymph capillaries (Ikomi and Schmid-Schonbein, 1995). Lymph is passively
transported by arterial pulsation and muscle contraction (exercise) from lymph capillaries into
the pre-collecting vessels that converge into larger lymph collectors (Ikomi and SchmidSchonbein, 1995). Collector walls have elastin fibres (De Cock et al., 2003; Harland et al.,
2004), smooth muscle cells and pericytes with contractile ability to promote lymph flow.
Additionally, collectors have luminal valves that prevent lymph backflow (Karpanen and
Alitalo, 2008). The lymphatic system will transfer the lymph back into the blood circulation,
via anastomosis with the cardial vein (Butler et al., 2009). This suggests that initial lymph
propulsion in smaller vessels is predominantly mediated by extracellular matrix elastic
support, whereas in larger vessels, lymph flow is facilitated by vessel wall elasticity and
contractility.
The driving force behind lymph uptake and flow are the so-called Starling forces
(Taylor, 1981). Starling defined the basic forces that are responsible for the maintenance of
the balance between the microcirculation (blood and lymph capillaries) and the interstitium.
Formation of interstitial fluid, depends on blood capillary filtration (capillary pressure) and
reabsorption by lymph capillaries (Bennett et al., 1959: In Taylor, 1981). An equilibrium is
maintained in case of a balanced situation between the vascular hydrostatic pressure
(depending on blood pressure), the tissue fluid pressure (depending on tissue spaces formed
by for example collagen and elastin, through which the fluid must penetrate to reach the
lymphatics) and the colloid osmotic pressure of both tissue and plasma (protein concentration
on the inner and outer side of the vessels) (Starling, 1894, 1896: In Taylor, 1981).
1.1.3 Pathogenesis
An imbalance of Starling’s mechanism will lead to edema, an increase of the
extracellular matrix fluid (Taylor, 1981; Ryan and De Berker, 1995). An overview edema
causes is given in Figure 1.3. The most common causes are venous obstruction as for instance
in thrombosis (Figure 1.3, arrow a) an increased capillary filtration rate that overwhelms the
lymphatic drainage capacity as for instance seen in heart failure (Figure 1.3, arrow b)
(Mortimer, 1998). The so-called lymphedema (Figure 1.3, arrow c) is edema caused by a
failure of the lymphatic drainage in face of a normal capillary filtration and is less common
than edema due to arterial or venous anomalies (Taylor, 1981; Ryan and De Berker, 1995).
14

STATE-OF-THE-ART

Two types of lymphedema have been described. ‘Primary’ or ‘idiopathic’ lymphedema in
man is associated with genetic and familial anomalies in lymphatic structure and function
(Ridner, 2013). Primary lymphedema is further categorized according to age of clinical
disease onset into ‘congenital’ (at birth or within the first 2 years of life), ‘praecox’ (at time of
puberty or at latest at the third decade of life) and ‘tarda’ (after 35 years of age) (Rockson,
2001). The second and more common type is ‘acquired’ or ‘secondary’ lymphedema, which
has a known cause such as surgical trauma, inflammatory processes or lymphatic obstruction
(Mortimer, 1998; Rockson, 2001).
Arterial system

Venous system
Heart

b
Venule

Lymph duct

Extracellular matrix

Arteriole

Lymph node

Lymph
system

c

a
Lymph
capillary

Fibroblast

Blood capillary

Lymph capillary

d
Blood
capillary

Figure 1.3: Schematic representation of the blood and lymphatic system and main causes of interstitial
edema (white arrows): (a) Venous obstruction (e.g. blood cloth) inhibits the blood flow, induces fluid
stasis and increased leaking of fluid in the extracellular matrix (edema). (b) Heart failure weakens the
blood circulation and thereby increases leaking of fluid in the extracellular matrix (edema). (c)
Lymphatic failure reduces the uptake of interstitial fluid and increases extracellular matrix fluid
(lymphedema). (d) Increased blood protein level that will try equalize with the extracellular matrix
protein level in order to maintain balance. Proteins act as sponges to keep the fluid in the bloodstream,
hence increased protein migration towards the extracellular matrix goes with an increased escape of
fluid from the circulation and edema.

We consider CPL in draught horses to be a primary type of lymphedema: a genetic
contribution is assumed and secondary lymphedema causes have not been demonstrated in
affected breeds (De Cock et al., 2003, 2006a, 2009). Indeed, in clinically affected horses, a
delayed lymphatic clearance was shown by lymphoscintigraphy and the extent of this delay
correlated to the clinical disease severity (De Cock et al., 2006b). In the final lymphedema
stage, there was a complete lymph stasis, as a consequence of intrinsic lymphatic dysfunction
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with severe vessel dilatation and tortuosity and tissue fibrosis (De Cock et al., 2003; Avraham
et al., 2009). These findings support the hypothesis that lymph stasis is responsible for the
lower limb swelling and secondary skin lesions associated with CPL in draught
horses.Furthermore, an inadequate quantity and/or quality of lymphatic elastic support was
suggested to be of major importance in the occurrence of CPL in draught horses (De Cock et
al., 2003, 2006a, 2009). Lymph clearance is a combination of lymph uptake (Gerli et al.,
1991; Skobe and Detmar, 2000) and propulsion (Gerli et al., 1990) and is facilitated by the
extracellular matrix protein elastin. Elastin is the main component (> 90%) of elastic fibres
(Rosenbloom et al., 1993), that organize as a 3-dimensional network in skin (Cotta-Pereira et
al., 1976). The other 10% comprises microfibrils. Elastic fibres act as an elastic sponge while
interconnecting several structures as lymph vessels and hair follicles and form a ‘path of low
resistance’ for the uptake of fluid and molecules into the initial lymphatics (Meyer et al.,
1994). Such networks, accompanied by dense and well organized perilymphatic elastin, have
been demonstrated in draught horses of non-susceptible breeds (De Cock et al., 2009, 2003).
Furthermore, the percentage of elastic fibres is high (approximately 45%) in larger lymph
vessels (lymphatic collectors) in the limbs of healthy horses, indicating the importance of
elastin in passive lymph transport (Harland et al., 2004).
The histopathology of chronic lymphedema in man has been described by Daroczy
(1995): the connection between lymphatic endothelial cells (LEC) and collagen and elastic
fibres was lost. LEC showed arch-like elevations into the lumen of lymph capillaries and
many intercellular junctions were open, permitting a constant backflow of lymph into the
extracellular matrix. This adversely affected the venous and arterial microcirculation, leading
to vessel formation called ‘lymphostatic hemangiopathy’. The number of myofibroblasts
(contractive cells) around lymph capillaries increased, which suggested a compensatory
mechanism for the lack of lymphatic elastic support. Fibroblasts also showed an intense
activity including the production of collagen and elastin. The number of inflammatory cells,
histiocytes (connective tissue macrophage), mastocytes, plasma cells and lymphocytes,
increased in the extracellular matrix. Elastic fibres in dermis and subcutis had a degenerative
aspect (Unna, 1896; Liu and Olszewski, 1992; Ryan and De Berker, 1995; Ryan, 2009). The
appearance of healthy elastin in normal elastic fibres on osmium tetroxide staining is black,
degenerated elastic fibres have a typical dotted, ‘moth-eaten’ pattern with loss of the black
colouring (Figure 1.4).
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The histopathology of CPL susceptible draught horses highly resembles that of man.
Especially the elastin aberrance was further explored in draught horses (De Cock et al.,
2006a). Desmosin can be analyzed as a measure of elastin quantity, as desmosin (and
isodesmosin) are cross links only seen in mature elastin (Starcher, 1977; Lamerz et al., 2013).
Clinically healthy horses of a susceptible breed were shown to have lower quantities of
desmosin, thus elastin, compared to those of a non-susceptible breed (De Cock et al., 2006a).
The dermal quantitative elastin changes were comparable in both the neck and the limbs in
susceptible horses, although it was more distinct in the limbs. There were no macroscopic
lesions in organs other than skin and subcutis of the affected limbs (De Cock et al., 2003), nor
in the elastin rich tissue of the aorta (De Cock et al., 2009). Therefore, it was suggested that
CPL is a generalized skin disorder that affects the dermal lymphatic elastic support (De Cock
et al., 2006a).

Elastic
fibre

Extracellular
matrix

Elastic
fibre

Fibroblast with
elongated
pseudopodia

Figure 1.4: Elastic fibre degeneration in chronic lymphedema in man. Electron microscopy of
elastic fibres showing a loss of elastin in the central area (normal elastin = black areas,
loss of elastin = grey areas) resulting in a ‘ moth-eaten’ pattern. Osmium tetroxide
staining, 4200x magnification (Figure adapted from Daroczy (1995)).

By histology and immunohistochemistry, it was shown that, in parallel with the
clinical CPL progression, the dermal elastin quantity significantly increased. However, the
elastin seemed to be assembled in an unstructured fashion (De Cock et al., 2009). Also the
distribution of different elastic fibre subtypes throughout the dermis was assessed. In healthy
horse (and human) skin, 3 different elastic fibre types exist (Figure 1.5a) (Cotta-Pereira et al.,
1976). From the superficial to the deep dermis, we respectively have ‘oxytalan’, ‘elaunin’ and
‘elastic’ fibres. With CPL progression the elastin content in all fibre subtypes increased but
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with the structure was abnormal. Especially subepidermal (oytalan fibres), a broad band of
clumped and densely labelled material was seen (Figure 1.5b) (De Cock et al., 2009).
It seems that the extracellular matrix attempts to compensate the initial lack of elastic
support in clinically healthy horses of susceptible breeds, by forming ‘new’ and adultly
formed elastin. Indeed, with clinical disease progression, more elastin was seen, but
unfortunately in a disorganized form. On the contrary, in severely affected horses, the
perilymphatic elastin was histologically sparse in comparison to negative control horses (De
Cock et al., 2003). This also occurred in severe cases of human chronic lymphedema
(Daroczy, 1995) and can be seen as a ‘dilution’ due to the severe fibrosis (De Cock et al.,
2003). Physiological elastin generation occurs in a restricted time frame, from the late fetal to
early neonatal period (Sephel et al., 1987; Swee et al., 1995). Soluble (tropoelastin) precursor
molecules cross link in order to form the mature, highly resilient and insoluble elastin which
should last over a lifetime. Because of the molecular complexity and the requirement of
several helper proteins for its generation, elastin repair and regeneration in adult tissues often
results in a product that does not organize appropriately into a functional molecule (Shifren
and Mecham, 2006). We hypothesize that the histologically abnormal elastin shown in
affected horses results in anomalous elasticity, which is unable to sustain lymph uptake and
result in an adequate lymphatic clearance. To date, this elastin aberrance was not examined
further as a possible causative factor for chronic lymphedema in man or draught horses.

Epidermis

Dermoepidermal
junction

Deep
dermis

a

b

Figure 1.5: Immunohistochemistry of dermal elastic fibre subtypes in the dermis of the
distal fore limb of a draught horse. (a) Draught horse of a clinically healthy horse of a
non-susceptible breed (Percheron) with oxytalan (small arrow), elaunin (arrow head) and
elastic fibres (big arrow), bar = 25µm. (b) A severely affected draught horse with marked
accumulation of dermal elastin near the epidermis as a band of clumped material (inset),
bars (black) = 250 µm and 25 µm (inset) (Figure adapted from De Cock et al. (2009)).
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1.1.4 Clinical symptoms
CPL in draught horses is chronic and progressive. Typically the lower limbs are
affected due to deficient lymph drainage pathways in the limbs (Harland et al., 2004;
Kerchner et al., 2008) in combination with a locally elevated lymphatic hydrostatic pressure
(De Cock et al., 2003, 2006a). This results in a progressive limb swelling, associated with
mild to severe deformation and various skin surface lesions, though some of the affected
horses also present distinct skin folds of the neck and the trunk. Draught Horses are born
clinically healthy (Figure 1.6a, b). The initial signs at the typical location, are mild and
generally are not present before 2 years of age (De Cock et al., 2003). Young horses first show
a compressible limb swelling, hyperkeratosis, skin scaling and 1 or 2 skin folds in the rear
pastern region (Figure 1.6c - e). Such skin folds often are the first palpable CPL sign hidden
underneath the characteristic feathering (Geburek et al., 2005b). Small crusty erosions and/or
moist ulcers are also present (Figure 1.6f). Although disease progression typically occurs over
a time span of at least 2 years, this is highly variable and depends on the level of skin care and
supportive treatment and on the occurrence of trauma and/or secondary infections (MacLaren,
2001; Rockson, 2001).
Deterioration encompasses a progressive swelling of the lower limbs with soft tissue
deformation and skin surface aberrance (e.g. dermatitis, hyperkeratosis, ulceration). As the
lymphedema affects the dermis, subcutis and underlying tissues, the entire lower limb loses its
original shape. Nodules of varying size result from fibrosis (Dr. H. De Cock, personal
communication) and multiple skin folds are the result of fibrosis and a progressive increase in
extracellular matrix (MacLaren, 2001) (Figure 1.7c, d). Eventually these nodules and folds
will encircle the entire limb(s) up to the carpus/tarsus, hampering free movement.
Consequently such areas are often injured especially around joints (Powell and Affolter, 2012)
(Figure 1.7e, f). Wounds, ulcers and the skin inside the folds are often exudative and produce
a strong odor because of secondary bacterial overgrowth (MacLaren, 2001). The dorsal aspect
of the hock often produces a moist exudate that runs down the lateral limb side, with crusty
erosions or ulcers (Figure 1.7a, b). In man, the leaking of lymph through the skin surface in
chronic lymphedema is called ‘lymphorrhoea’ (de Godoy et al., 2012). In horses, the lower
limbs and the dorsal aspect of the hock are prone to the production of exuberant granulation
tissue which interferes with an adequate wound healing (Bertone, 1989) and compromised
skin immunity in CPL affected limbs may further compromise wound healing (MacLaren,
2001; Ruocco et al., 2011). In advanced cases, the general condition of the horse is affected
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by the lameness, secondary infections (including maggot infestations) and reduced appetite.
Some horses need to be put down as early as 6 years of age (Ferraro, 2003).
1.1.5 Diagnosis
It is important to be aware that a skin disorder at the level of the lower limbs in
draught horses is possibly caused by an underlying lymphatic dysfunction. Due to the
feathering and subtlety of signs in an early disease stage, palpation is necessary for diagnosis.
Clipping of the feathering is advised to permit inspection, but many owners refuse to remove
the feathering. Currently, clinical examination (and history) are the most common methods to
diagnose CPL. Initial clinical lesions might be confused with several causes of pastern
dermatitis (mite infestation, bacterial or fungal infections) (Knottenbelt, 2009). Although CPL
lesions are also sometimes referred to as CPD (Mittmann et al., 2010), pastern dermatitis is a
common inflammatory skin condition in horses with a completely different pathology
(Knottenbelt, 2009). Possible causes of pastern dermatitis are bacterial infection,
dermathophytosis, Chorioptes equi (C. equi), trombiculosis, photosensitization, vasculitis or
contact dermatitis due to chemical irritants (Scott 2003; Knottenbelt 2009). A moist or
bleeding dermatitis develops, that may spread up to the carpal/tarsal joint(s) in severe cases
(Scott and Miller, 2003). Of the possible causes described above, especially C. equi has a
tropism for draught horses. This is a result of the feathering that provides feed (entrapment of
physiological skin scales). It is a non-burrowing mite that causes dermatitis, skin crusts,
scaling and pruritus. In severe cases, it leads to a condition called ‘mange’, hence ‘chorioptic
mange’ (Knottenbelt, 2009). Affected animals experience discomfort and stamp en scratch,
causing exterior changes (Scott and Miller, 2003; Knottenbelt, 2009; Paterson and Coumbe,
2009). All causes of pastern dermatitis generally respond well to treatment (Ferraro, 2003).
The extreme disability caused by CPL is not seen in pastern dermatitis. CPL affected draught
horses are more liable to secondary infections as the local skin immunity is impaired (Mallon
et al., 1997; Knottenbelt, 2009). Several causes of pastern dermatitis therefore commonly
occur in combination with CPL. In 2 studies, 40 to 73% of CPL affected draught horses
suffered from chorioptic mange (Geburek et al., 2005a, b). Vice versa, those secondary
infections as chorioptic mange influence CPL progression and might complicate CPL
diagnosis (De Cock et al., 2003; Walraff, 2003; Geburek et al., 2005b). Therefore, 1 disease
can complicate and trigger the other, which is a real burden for care and supportive treatment
in CPL affected horses (Powell and Affolter, 2012). To our knowledge, other clinical
conditions are unlikely to be confounded with the severe signs associated with CPL.
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Figure 1.6: Clinical signs of chronic progressive lymphedema in Belgian Draught Horses. (a, b) Clinically healthy limbs, fore (a) and hind (b).
(c - f) Mildly affected horses. A horse showing 1 small skin fold in the plantar pastern region of the right fore limb (c) and a hors e showing
skin scaling (d), pitting edema (e) and dermatitis and small ulc erations underneath the feathers of the left fore limb (f).
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Figure 1.7: Clinical signs of chronic progressive lymphedema in Belgian Draught Horses. (a, b) A moderately affected horse. Pastern lesions are
only noticeable on palpation, but the dorsal hock of both hind limbs shows broken hairs, a skin fold and crusts. ( c, d) A severely affected
horse showing marked skin folds and nodules, climbing up the fore ( c) and hind limbs (d) towards the carpal and tarsal region. ( e, f) Extreme
lesions in fore and hind limbs: marked skin folds encircling the entire limbs, in between the folds there is bacterial overgrowth and maggot
infestation that produce a copious odour.
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Additionally, radiography can be performed next to clinical examination. Radiography
was introduced as a part of the official Belgian Draught Horse stallion approval process and
allows early detection of skin thickening, skin folds and nodules (Figure 1.8a - d)
(Verschooten et al., 2003). Lymphoscintigraphy was performed in 1 study in a small sample of
horses (De Cock et al., 2006b) but has not (yet) been used for routine diagnosis or screening.
In man, lymphoscintigraphy is the method of choice to distinguish lymphedema from other
causes of lower limb swelling (The international society of lymphology, 2009). Diagnostic
techniques used in human medicine, are often too expensive or impractical for routine
diagnosis in draught horses as tissue tonometry, opto-electronic perometry, bioimpedance,
lymphoscintigraphy,

lymphangiography,

magnetic

resonance

imaging,

computerized

tomography and ultrasonography (Rockson, 2001; Moseley et al., 2002; Bagheri et al., 2005;
Adriaenssens et al., 2012; Liu et al., 2012; Mihara et al., 2013).

a

b

c

d

Figure 1.8: Radiography of CPL associated lesions in the 4 limbs of a Belgian Draught
Horse stallion: (a) left fore, (b) left hind, (c) right fore and (d) right hind limb. Notice
the skin thickening and the presence of skin folds and/or nodules, especially in the
palmar/plantar region. (Department of Medical Imaging of Domestic Animals, Faculty of
Veterinary Medicine, Ghent University, Merelbeke, Belgium).

Finally, an enzyme-linked immunosorbent assay (ELISA) was developed for the
detection of blood anti-elastin antibodies (AEAb) in man (Stein et al., 1965; Baydanoff et
al., 1987b) and horses (van Brantegem et al., 2007a). This ELISA could serve as a diagnostic
aid for elastin related disorders. Briefly, a physiologically low elastin turnover with age
occurs in healthy subjects (Frances and Robert, 1984). Breakdown of elastin generates elastin
derived peptides (EDP) and implies the exposure of formerly hidden epitopes (Baydanoff et
al., 1987a). Such epitopes can be recognized by immunocompetent cells, which could result in
an immune respons and the production of AEAb (Stein et al., 1965; Baydanoff et al., 1987b).
These AEAb followed an age related trend in healthy subjects (Baydanoff et al., 1987b) and
horses (van Brantegem et al., 2007a) (Table 1.2).
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The elastin histopathology in CPL susceptible breeds is suggestive for an elastin
breakdown that overrules the physiological turnover (De Cock et al., 2006a, 2009). In man,
AEAb ELISA was used for the detection of several elastin related disorders, including
connective tissue disorders (Colburn et al., 2003; Hong et al., 2012), atherosclerosis
(Baydanoff et al., 1987b), arteriosclerosis (Bako et al., 1987), lung cancer (Gmiński et al.,
1992) and polymyalgia rheumatica (Colburn et al., 2006). A similar AEAb ELISA
methodology showed significantly higher AEAb in clinically affected draught horses (mild,
moderate and severe signs) than in clinically healthy horses of a susceptible breed and
negative control horses (Belgian Warmblood Horse) (van Brantegem et al., 2007b).
Moreover, the AEAb level increased with the disease severity of different clinical groups (no,
mild, moderate and severe lesions) (Table 1.2). Therefore, the ELISA was proposed as a
diagnostic aid for CPL in combination with a clinical examination (van Brantegem et al.,
2007b). However, the use of the AEAb ELISA as a routine diagnostic test in individual,
clinically examined draught horses, still needs to be assessed.
Table 1.2. Anti-elastin antibodies by age in Belgian Warmblood Horses and by clinical CPL
category in Belgian Draught Horses, assessed by ELISA. n = sample size, ̅ (SD) =
mean optical density (standard deviation), CPL = clinical severity of CPL lesions at the
level of the lower limbs, Control = non -susceptible control breed (Belgian Warmblood
Horse). Tables adapted from Van Brantegem et al. (2007a, b).
Breed and factor

Levels/factor

n

̅ (SD)

Median
A

< 4 months
5
0.16 (0.06)
4-23
months
4
0.35 (0.10)AB
Belgian Warmblood Horse
2-3 years
18
0.40 (0.04)B
Age
4-10 years
41
0.38 (0.03)B
> 11 years
16
0.35 (0.06)AB
No
36
0.43 (0.05)C
Mild
43
0.72 (0.07)D
Belgian Draught Horse
Moderate
8
0.87 (0.22)D
CPL
Severe
10
0.99 (0.21)D
Control
83
0.36 (0.02)C
A, B
Statistically significant (p < 0.05): analysis of variance (Tukey’s adjustment).
C, D
Statistically significant (p < 0.05): analysis of variance (Dunnet’s adjustment).

0.11
0.35
0.40
0.36
0.28
0.38
0.56
0.70
0.76
0.37
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1.1.6 Treatment
CPL is incurable and requires a lifelong intensive management to slow down disease
progression. This is based on 3 principles: to control the tissue edema by supporting lymph
flow, to provide skin care and to treat secondary infections. Management can be
disappointing as failure of supportive therapy and relapse of infections are common
(Littlewood, 1999; Rendle et al., 2007; Powell and Affolter, 2012). Clipping of the feathering
provides access to the skin surface and reveals ‘hidden’ lesions (Figure 1.9a, b). Dirt, urine
and crusts from the skin surface and lesions should be removed using fresh water either by
simple rinsing or using specialized water baths (L. Van Hove, N. Smeers, personal
communication). Salt, chloride or a disinfectant such as chloroxylenol (Dettol®) or povide
iodene (Iso-betadine®) can be added to the water. A combination of cleaning, disinfecting
and massage can be achieved using a ‘horse-jacuzzi’, recently developed for the management
of CPL affected draught horses (A. Gevels, www.paardenjacuzzi.com). For the treatment of
secondary infections, topical antibacterial and antiparasitic substances, like phoxime, are often
used. Mites (C. equi) are common in heavily feathered draught horses (Cremers, 1985). The
combination of clipping, washing with a keratolytic shampoo and the application of a lime
sulphur dip solution (4 times at a 7 day interval) resulted in complete mite removal in 22
draught horses (Paterson and Coumbe, 2009). C. equi has a life cycle of approximately 3
weeks and is able to survive in the environment, but also ‘carriers’ exist (C. equi affected
horses without clinical signs that are able to transfer the mites) (Knottenbelt, 2009).
Therefore, even if mites are completely removed, close attention has to be paid to identify
possible reinfections. Oral moxidectin (Rufenacht et al., 2010) and injection of ivermectin
(Littlewood et al., 1995) or doramectin (Rendle et al., 2007) did not completely eliminate
mites or reduced CPL lesions. It is possible that the mites were inaccessible within the skin
crusts, so oral and systemic therapies for C. equi are not advised.
Exercise is essential for the enhancement of lymph flow (Kerchner et al., 2008).
Muscular activity acts as a pump for the adjacent lymph vessels (de Godoy and Godoy, 2004).
A combination of decongestion by multilayer compression bandaging and manual lymph
drainage (massage) has been performed in 5 affected draught horses (Powell and Affolter,
2012). The limb volume reduced and the quality of movement improved. Hyperkeratosis,
ulcerations and crusts healed, but skin folds and nodules were not removed. In man, it takes
time to reduce skin folds (treatment periods up to 24 weeks) (Badger et al., 2000; Lasinski et
al., 2012). It is possible that the time lapse (2 weeks) for the equine study was too short for the
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skin folds and nodules to reduce in volume (Powell and Affolter, 2012). The compression
bandaging technique also has disadvantages. The large amount of bandage materials is
expensive and there is a high risk of flare-up of mites (in 3 out of 5 horses in the study) as a
consequence of bandaging (Powell and Affolter, 2012).
a

b
Figure 1.9: Clipping is essential for a good lymphedema management in draught horses. (a)
Before clipping, this left hind limb did not look healthy, but due to the extreme
feathering severe skin lesions and deformations were visually hidden. (b) After clipping,
the dermatitis, many thick skin folds, nodules and the maggot infestation (circle) became
apparent.

In man, surgery is the last resort for non-responsive patients (Brennan and Miller,
1998). There are 2 surgical approaches: a ‘reconstructive’ approach to restore lymphatic
function and the ‘debulking’ approach to remove excessive tissue and fluid (Kerchner et al.,
2008; de Godoy et al., 2010). In a Belgian Draught Horse gelding, resection of several
circumscribed masses by dissection and electro-cauterization had good postoperative results
(Poore et al., 2012). After a 24-month period, no significant regrowth or complications
occurred. The skin surface of a large lower limb area was removed in a Belgian Draught
Horse by ‘epidermal shaving’ (hyperkeratotic epidermis and a large portion of nodules and
skin folds) (Vlamink et al., 2008). This reduced lower limb diameter, but required a rigorous
postoperative supportive treatment, including compression bandaging, exercise, wound care
and analgesia, to assure a long-term effect (L. Vlamink, personal communication).
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1.1.7 Factors associated with lymphedema occurrence and severity
Several horse and environmental factors have been associated with the occurrence and
the severity of CPL lesions. Aging is significantly correlated to disease severity (Geburek et
al., 2005b), while sex is significantly associated with the occurrence of lesions (disease
prevalence in stallions was significantly higher than in mares) (Wallraf, 2003), but not with
disease severity (Geburek et al., 2005b). Clinical severity and white markings were related in
one study (Ferraro, 2001), but not in another (Geburek et al., 2005b). Cannon bone
circumference, prominence of feathering, ergots, chestnuts and bulges in the fetlock region
were significantly correlated to disease severity. It is not clear if these features are
consequences of CPL or that they are a risk factor for disease severity. Hoof quality was
significantly correlated to severity (Geburek et al., 2005b), although infrequent and poor
grooming did not influence the occurrence (Wallraf, 2003). Horses kept in outside pens on
rubber flooring were significantly less severely affected in comparison to those kept on sand
or soil. Poor stable hygiene significantly increased CPL severity (Geburek et al., 2005b). In
horses kept for breeding and production of meat and/or milk, lesions occurred significantly
more than in riding and work horses (in tree pulling and agricultural usage) (Wallraf, 2003),
although use for breeding and amount of work was not significantly correlated to disease
severity by others (Geburek et al., 2005b).
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1.2

Quantitative genetic analysis of CPL susceptibility

1.2.1 Introduction
1.2.1.1 Phenotypic and genetic variance
A quantitative trait is a characteristic displaying a continuous variation. Differences
between measurements of a trait in a population result in phenotypic variance. CPL is
assumed to be a multifactorial disorder (Wallraf, 2003). Meaning that variation in disease
susceptibility is composed of different sources of variation: the genetic variance, the
environmental variance and possibly an interaction of both (Abiola et al., 2003). The
genotype-environmental interaction is defined as a different effect of a certain genotype on
disease risk in animals with different environmental exposures (Ottman, 1996). For CPL,
environmental risk factors for CPL occurrence (e.g. stable climate) were shown in German
draught horse breeds (Wallraf, 2003) and an interaction effect of genotype and environment
for CPL susceptibility has been suggested but not has not been investigated to date. Under the
assumption that no genotype-environmental interaction exists, the total phenotypic variance
can be simply written as:
(1.1)
where

represents the phenotypic variance,

is the genetic variance (or the

genetic contribution to the total phenotypic variance) and
contribution to the total phenotypic variance.

is the environmental

can be further subdivided in 3 components,

being the variance caused by the additive genetic effects, dominance genetic effects and
epistatic genetic effects. Therefore,

can be written as:
(1.2)

where

is the genetic variance induced by the additive genetic effects,

genetic variance induced by dominant genetic effects and
by gene interaction effects.

is the

is the genetic variance induced

refers to deviations from the mean population phenotype,

caused by the inheritance of particular alleles and the relative effect of these alleles on a
certain phenotype. In case of

, the deviation from the mean population phenotype occurs as

a consequence of 1 allele at a certain locus that masks the expression (phenotype) of the other
allele at the same locus. With

, the effect of a gene itself depends on the effect of 1 or more

other genes at another locus (other loci).

is the only component of (1.2) that can be
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conserved and selected for every generation. The value of

can be estimated, by estimating

the phenotypic similarities between relatives in a certain population (Falconer and Mackay,
1996; Wilson et al., 2010).
1.2.1.2 Heritability coefficients and breeding values
The phenotypic response on selection for a certain trait will largely depend on the
proportion of the

to the total

: how much of the phenotype is actually based on the

genetic make-up for this specific trait? This proportion is called the ‘heritability’ of a trait
(Falconer and Mackay, 1996). The heritability in the broad sense (

is given by:
(1.3)

It is clear that the magnitude of both
a certain trait. According to (1.1),
Therefore, if

contributes strongly to

and

determine the degree of heritability of

is also mediated by environmental conditions.
, than

will contribute less in (1.3), resulting in a

low heritability in the broad sense. The heritability in narrow sense (

is obtained if only

(1.2) is considered in the equation (1.3) (because additive genetic effects are the only
effects we can actually select for). Therefore, the ‘heritability in the narrow sense’ (

is

given by equation 1.4, which is an expression for the degree of resemblance for a trait
between relatives (Falconer, 1989).
(1.4)
1.2.1.3 Genetic correlations
In the case of multiple phenotypes, the relationship between traits is expressed by a
correlation. For example, hip dysplasia in dogs was phenotypically characterized by means of
scoring 4 different traits (including for instance an ordinal hip joint radiography score) (Zhang
et al., 2009). If pairs of such traits (e.g. trait x and trait y) are genetically correlated, this
means that both traits are influenced by the same locus (loci). The additive genetic
correlation (

) between traits x and y is given by:
(1.5)
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where
and

is the additive genetic covariance between trait x and trait y and

are the additive genetic standard deviation of trait x, respectively trait y. The

inclusion of genetically correlated traits in a model, which is called a multi-trait model, gives
often more accurate estimates for the genetic parameters (such as heritability coefficients) in
comparison to a single trait model (Kadarmideen et al., 2003; Leighton and Booker, 2003;
Sapp et al., 2005). Therefore, for co-varying traits, analogous to equation (1.1) and (1.2), it is
possible to estimate how much of the phenotypic covariance (

) is caused by

. If data

on phenotypic traits are combined with pedigree information (giving the relationships
between individuals), the inheritance of that trait can be estimated (or the quantity of

of

traits (co)variance) without explicitly knowing the genetic loci involved (Wilson et al., 2010).
Also for each animal individually, a so-called ‘breeding value’ for a certain trait can be
estimated. This ‘estimated breeding value’(EBV) is defined as:
̅
where

is an observed phenotype and ̅

(1.6)
is the population mean phenotype for a

certain trait (Leighton and Booker, 2003; Wilson et al., 2010).
For the estimation of the genetic parameters (heritability coefficients, additive genetic
correlations and EBV), different types of statistical models can be applied. There are linear
(continuous or several classes) and threshold (yes or no) models, depending on the trait to be
analyzed and the method of phenotypic classification. E.g. in case of CPL, this trait can be
classified using ordinal scores per category of clinical severity (De Cock et al., 2006) or based
on presence of associated lesions (yes of no) is the classifier. For both linear and threshold
models, a distinction between animal and sire models can be made. With an animal model, it
is possible to estimate breeding values for individual animals in the dataset. A sire model
estimates only the breeding values of the sires, based on the records of their progeny. In the
following paragraph the basic concepts of the linear animal model are explained.

29

STATE-OF-THE-ART

1.2.1.4 Linear animal model
In an animal model, the EBV of an individual is included as an explanatory variable
for the phenotype under investigation (Kruuk, 2004). As mentioned before, an animal’s
phenotype often depends on genetic factors and the environment. The linear mixed
(containing both fixed and random effects) animal model in its simple form is given as:
(1.7)
where

represents the observed value on the

animal,

is the overall mean that

is affected by the identifiable fixed effects such as environmental effects (e.g. management)
and/or other non-environmental factors (e.g. sex and age),
the

animal and

is the EBV (genetic merit) of

is the sum of random environmental effects from the

th

th

record of the

f.i. include ‘stable

animal (random error term). In case of CPL, fixed effects that affect

climate’, ‘year of birth’ and ‘sex’ (Wallraf, 2003). The choice of fixed effects to be included
in the model is a result of expert knowledge, literature survey and preliminary (phenotypic)
analysis of variance. The aim is to include possible influencing factors, e.g. the presence of
multiple evaluators of a certain trait. If such variation is not accounted for, then its
contribution to the total variation will be included in

, resulting in a lower

estimate (see

equation 1.4).
The random effects describe factors with multiple levels, sampled from a population
of possible values. Each random effect is assumed to come from a specific distribution with
mean = 0 and unknown variance (Kruuk, 2004). In (1.6) the EBV and error term are treated as
random effects and the analysis provides an estimate of their variance (Galwey, 2006; Wilson
et al., 2010): the variance for ‘EBV’

and for the residual error term

. Using a linear

model, all effects included in the model are assumed to be additive, so that equation (1.6) can
be generalized for many animals and several effects. In matrix notation this results in the
following linear mixed model:
(1.8)
where Y represents a vector of observations on all individuals,

is a design matrix (of

0’s and 1’s) relating the appropriate fixed effects to each individual,

represents a vector of

fixed effects,

is a design matrix relating the appropriate random effects to each individual,

is a vector of random effects (including additive genetic effects), and

is the vector of
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residual errors (Kruuk, 2004). Or more simply, in case of 1 observation per animal and no
other random effects, this simplifies to equation 1.9, which is identical to equation 1.7:
(1.9)
Where

is a vector of 1’s,

(

),

is the identity matrix and

is the

vector of additive genetic effects. The variance-covariance matrix ( ) for the vector

can be

derived from the expected covariance for additive genetic effects between relatives. For each
pair of individuals from a sample (e.g. horse i and horse j), the additive genetic covariance
between i and j is given by:

, where

stands for the coefficient of coancestry. This is

the probability that a random allele from horse i is identical by descent to a random allele
from horse j. For instance for parents and offspring, this is 0.25, resulting in an additive
genetic covariance of

(Kruuk, 2004). Therefore,

the additive genetic relationship matrix, a
relatedness between individuals (i and j)

, where

is

matrix that contains all pairwise values of
(Figure 1.10).

a

b
Figure 1.10: Additive genetic relationship. (a) An example pedigree, with males (squares) and
females (circles). (b) A relatedness matrix derived from the pedigree in (a). Rows and
columns refer to animal identifications. If no pare ntage information is known for a
certain horse, it is assumed that the horse is not related to all the others in the pedigree.
(Figure adapted from Wilson et al. (2010)).

Doubling the value of

gives a value for the more familiar term ‘relatedness’, for

instance 0.50 in case of parent-offspring and fullsibs or 0.25 in case of halfsibs. The higher
the relatedness and

of the trait, the greater the covariance between the individuals i and j

will be. For all individuals of a pedigree, the matrix of
as:

for a certain trait can be given

( Kruuk, 2004; Wilson et al., 2010).
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1.2.1.5 Definition and estimation of variance components
Variance components are estimates for the contribution of random effects to the
total
and

of a certain trait. In (1.7), the variance of

and

were denoted

and

and

are called variance components (Rasch and Masata, 2006). Inference on variance of a

certain population can be obtained by 2 approaches: the ‘frequency’ and the ‘Bayesian’
approach. The frequency approach assumes that the mean and the variance components are
fixed but unknown values or vectors that need to be estimated from the data. With the
Bayesian approach, it is assumed that the variance components are random variables, but with
some prior knowledge about their distribution (sometimes from earlier experiments), that
need to be inferred. Based on the prior knowledge, the Bayesian method will construct an
interval of credibility representing the uncertainty (Blasco, 2001; Rasch and Masata, 2006).
The frequency approach comprises 4 different analysis methods: the minimum-norm
and minimum-variance quadratic unbiased estimators (MINQUE), the analysis of variance
method (ANOVA), the maximum-likelihood method (ML) and the restricted maximumlikelihood method (REML) (Rasch and Masata, 2006). There is no ‘best’ method for the
estimation of variance components, although the REML method was and still is frequently
used for the estimation of genetic parameters (Preisinger et al., 1991; Misztal et al., 1995;
Boelling and Pollott, 1998; Suontama et al., 2009; Gómez et al., 2010; Pabiou et al., 2011;
Olsen et al., 2012; Wright et al., 2013). REML is based on a ‘restricted likelihood function’
that is dependent on the variance components that will be estimated only and does not depend
on the fixed effects (Rasch and Masata, 2006).
1.2.1.6 Restricted maximum likelihood estimation
The REML method searches a solution for the parameters in the model that
maximize the likelihood of the real data. In other words, if there are parameter estimates
with low likelihoods, then observing the real data would be unlikely if these parameters were
the true parameters (Edwards, 1974). The likelihood of the data is iteratively maximized only
for the random effects, hence REML is a restricted maximum likelihood solution. To estimate
the likelihood ( ) of (1.8), it is assumed that the additive genetic effects, the residual errors
and the traits are normally distributed. The vector
composed of

and

has a mean (

) and a variance ( ).

is

and can be written as:
(1.10)
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Maximum likelihood estimates the variances and for the genetic ( ̂ ) and residual
( ̂ ) effects, this will be obtained by maximizing the likelihood (computationally easier on
the logarithm). The ‘log-likelihood’ (

) is given by:
| |

(1.11)

where c is a constant that can be ignored in finding the maximum and | | is the
determinant of the
of

and

matrix. The aim is to obtain estimates for

and

(which is composed

). ML estimation results in biased estimates and an underestimation of the

residual variance, because this method cannot incorporate the degrees of freedom lost in the
estimation of fixed effects. The bias is larger if the number of fixed effects is large. Using
REML, fixed effects are not directly included in the calculation (Patterson and Thompson,
1971; Shaw, 1987). To obtain then REML estimates instead of ML estimates, (1.8) can be
transformed into:
(1.12)
in which

represents a transformed vector, containing the data that are corrected by a

transformation matrix
estimates of

(

).

depends on the design matrix

(

) and the

are no longer considered, only the estimates for the variance components ( ̂
( ̂ ) can be computed as:

and ̂ ). The estimated
̂

̂

̂

̂ )

(1.13)

The REML procedure is rather flexible and it is possible to include a variety of fixed
effects to the model and/or to account for other random effects. Also, the data set can be
unbalanced or contain repeated measurements and unbalanced pedigree structure can be used,
as animals with few information known can be easily included. An analysis is as good as the
information provided in the data sets (samples and pedigree), so maximal information
provided will increase analysis precision. With increasing model complexity, there is a higher
chance for (a) over-specification of the model (and algorithms that will fail to converge), (b)
confounding effects (variables correlating to both the dependent and independent variable(s))
and (c) misinterpretation (Kruuk, 2004; Searle et al., 2006).
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1.2.1.7 Breeding value estimation
Using the variance component estimates (equation 1.11), individual additive genetic
effects (EBV), prediction of other random effects as well as estimates for the fixed effects can
be calculated. These are referred to as BLUP’s and BLUE’s: best (minimization of the error
variance) linear (linear functions of the data), unbiased (the expected mean = the estimates)
predictors (for random effects) or estimates (for fixed effects) (Kruuk, 2004). For (1.6), the
BLUP’s for

and the BLUE for
̂

can be respectively estimated from:
̂

̂

(1.14)
(1.15)

For related animals, the BLUP estimate of an individual is determined by the deviation
from the population mean of its own phenotype as well as the phenotypes of all its relatives in
the pedigree (scaled by the relatedness to the individual). Therefore, if the shared genetic
information between 2 individuals is high (Figure 1.10), the model takes this into account.
Also, if the trait was measured on a limited amount of individuals only, the EBV are still
estimated for all relatives ( Leighton and Booker, 2003; Kruuk, 2004).
EBV are a statistical prediction of the relative genetic merit of animals in a certain
sample. Depending on the definition of the trait high to low EBV are preferable. EBV are a
guideline for a more objective choice of breeding animals, in order to realize genetic
improvement for that trait. EBV for a single trait do not indicate which animals are generally
‘the best for breeding’. A more objective parameter is obtained if the EBV is amplified with
‘coefficients of importance’ (weights) and summed, resulting in a general ‘index value’ per
individual (Leighton and Booker, 2003). Examples of these general indices are the indices
computed for production and reproduction traits in pigs, the index for show jumping and the
index for litter size in sheep (www.livestockgenetics.be). These indices are used by breeding
associations to guide selection.
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1.2.2 Heritability of CPL
In paragraph 1.1.1 relatedness of different draught horse breeds was described. For the
Rhenish German Draught Horse (sample size = 77) it was estimated that 34% of the ancestors
were of Belgian Draught Horse origin (Mittmann et al., 2010). Moreover, it was suggested
that the introduction of Belgian Draught Horses in several German draught horse breeds has
led to a higher occurrence of CPL lower limb lesions at least in some of the latter breeds
(Wallraf, 2003). Also the Belgian Draught Horse and the non-susceptible Vlaams Paard have
common founders, dating from the official start of the Belgian Draught Horse studbook in
1886 (de Liedekerke, 1985; De Brauwer, 2005). Three draught horse lines in Belgium were
split from a so-called ‘original draught horse population’, being the ‘Belgian Draught Horse’,
the ‘Ardenner Horse’ and the ‘Vlaams Paard’. The Belgian Draught Horse and the Ardenner
remained the only Belgian draught breeds for many years, whereas Vlaams Paard was lost.
Vlaams Paard was only recently (1993) reintroduced in Belgium from the North American
population of ‘Belgians’, a population that shows similarity with the original Vlaams Paard of
the beginning of the 20th Century. Belgian Draught Horse stallions are often used in the
Belgian Ardenner Horse breeding program (J. De Boitselier, personal communication), but
this is not the case for Vlaams Paard.
Only 1 study on genetic parameters for CPL and possibly associated traits is available
in literature, performed on 912 horses belonging to 6 different German draught breeds
(Wallraf, 2003). The clinical presentation was called ‘CPD’, although later on that year, the
more appropriate name ‘CPL’ was introduced (De Cock et al., 2003) for the same pathology
(see paragraph 1.1.1). Horses were sampled at stable visits throughout Germany, where
breeds were sampled per season, e.g. South German Draught Horses in July-September and
Mecklenburg Draught Horse in March. Heritability coefficients for the occurrence of CPD per
horse (binary response: yes/no) and per limb (ordinal, 1 to 4 limbs affected per horse) were
estimated. On average 67% showed lesions on at least 1 limb. The majority was affected on
all 4 limbs or only the hind limbs, respectively 30 and 24%. Only horses older than 2.5 years
of age were included in the study, as it was stated that distinct symptoms were only seen in
horses older than 2.5 years. In the age interval of 2.5 - 6 years, 61% showed clinical lesions.
The occurrence of lesions increased with age: for 7 - 12 years and > 13 years respectively 66
and 81% was affected.

35

STATE-OF-THE-ART

Genetic estimates were obtained by Wallraf (2003) using both a univariate and a
multi-trait animal model, by means of the REML method, with the VCE4 software. Traits that
could be associated to the occurrence of lesions, e.g. skin fold thickness and limb hair related
parameters (hair length and density and the extension of hair growth) were included and
genetic correlations were estimated. Skin fold thickness (mm) was measured (3 times and
averaged) using a skin fold caliper (Herberholz, Solingen, Germany). Maximum limb hair
length (cm) was measured at the palmar or plantar side, using a tape-measure. Hair density
was evaluated using a scale (1 - 5: little, little-moderate, moderate, moderate-dense and
dense). Hair extension was evaluated, based on the height of hair growth on the limbs,
beginning from the toes, with boundaries: fetlock, fetlock joint, halfway cannon bone and
total length of the cannon bone. Non-genetic factors that might be associated with clinical
prevalence (e.g. year of birth, sex and stable hygiene) were included in the model. ‘Restricted
models’ were analyzed per breed and a ‘full model’ was analyzed over all breeds. The full
model also included the genetic portion of each breed fitted as a fixed effect (Table 1.3).
Standard errors of heritability and regression coefficients were moderate to high. For the
analysis a linear animal model was used, although the dependent variable ‘CPD lesions’ was
treated as a binary trait (lesions per horse and lesions per limb per horse: yes or no). Such data
are analyzed more appropriately by means of a threshold animal model.
Table 1.3. Estimated heritabilities of clinical CPD occurrence, regression coefficients and
genetic proportions in draught horses. n = sample size, h²_H (s.e.) = heritability per
horse (standard error), h²_L (s.e.) = heritability per limb, R_H (s.e.) = regression
coefficient for the genetic proportion per horse , R_L (s.e.) = regression coefficient for
the genetic proportion per limb, G (SD) = genetic proportion per breed (standard
deviation), NR = not reported. Table adapted from Wallraf (2003).
Breed

n

h²_H

h²_L

R_H

R_L

G

South German
Black Forest
Schleswig
Rhenish-German
East German
Saxon-Thuringian
Mecklenburg
Altmark
Swedish-Ardenner
Belgian
USA Belgian

455
139
100
77
141
83
55
3
3
1
1

0.14 (0.07)
0.29 (0.24)
0.82 (0.24)
1
0.19 (0.15)

0.17 (0.07)
0.12 (0.12)
0.47 (0.26)
0.51 (0.32)
0.39 (0.15)

16.05 (21.41)
-13.96 (20.66)
19.35 (21.92)
25.46 (21.94)
15.13 (25.41)

-0.23 (0.63)
-0.64 (0.61)
1.37 (0.64)
1.61 (0.64)
1.04 (0.75)

26.36 (26.95)
12.75 (30.49)
7.50 (22.08)
16.06 (30.65)
10.69 (9.49)

NR
43.48 (26.57)
NR

NR
2.28 (0.78)
NR

NR
4.49 (11.09)
NR
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The estimated heritability coefficients (s.e.) for the linear full model were 0.21 (0.06)
and 0.24 (0.05) for the occurrence of lesions per horse and the occurrence of lesions per limb
(1 to 4 per horse) respectively. The full multivariate model (comprising lesions per horse,
lesions per limb, skin fold thickness, hair length and density and the extension of hair growth,
resulted in slightly higher estimates: 0.22 (0.04) and 0.25 (0.04) for lesions per horse and per
limb (per horse) respectively. Heritability coefficients for skin fold thickness, hair length,
density and extension, estimated using a multi-trait animal model over all German breeds,
were 0.33 (0.04), 0.28 (0.04), 0.31 (0.05) and 0.30 (0.05) respectively. Correlation
coefficients ranged from -0.24 (0.11) (between CPD occurrence and hair length) to
0.75 (0.06) (between hair density and extension). Of all traits included in the multivariate
animal model, the occurrence of CPD genetically correlated the highest with skin fold
thickness with a coefficient of 0.43 (0.10). Significant fixed effects for the occurrence of
lesions per horse were demonstrated for sex (p < 0.05), year of birth (p < 0.01), stable climate
(p < 0.05), feeding of silage in winter (p < 0.01), hoof maintenance (p < 0.05) and usage
(p < 0.05). The Black Forest Draught Horse breed had a negative regression coefficient for
the occurrence of lesions per horse, which indicated a lower disease prevalence as compared
to all other breeds (with positive estimates) (Wallraf, 2003).
Older studies on the heritability of CPD associated lesions were also reported by
Wallraf (2003). These were performed on German draught horses. Schäper et al. (1933: in
Wallraf, (2003)) stated that 1 Belgian Draught Horse stallion was responsible for the
increased occurrence of CPD associated lesion in draught horses that were sampled in the
regions Rheinland and Westfalen. This stallion was intensively used in the breeding program
for 11 years and gave rise to many popular stallions in these German regions. Others declared
that selection towards a bigger limb diameter is related to a higher occurrence of lesions
(Weisher, 1949: in Wallraf (2003)). In conclusion, a genetic background for lesions associated
to CPD and an environmental contribution were demonstrated in German breeds. Therefore, a
genetic susceptibility for CPL exists in the Belgian Draught Horse is assumed.
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1.3

Molecular genetic research of chronic progressive lymphedema

1.3.1 Introduction
In animals it is likely that a primary type of lymphedema only commonly occurs in
draught horses. Two candidate genes were examined (Mömke and Distl, 2007b; Young et al.,
2007) and a genome wide association study (GWAS) (Mittmann et al., 2010) was performed
in German draught horse breeds. For other species, studies on (idiopathic) limb lymphedema
were confined to a limited sample of animals, so no molecular genetic analyses were
performed in species other than draught horses. Primary lymphedema in animals has been
described in cattle (Schild et al., 1991), dogs (Leighton and Suter, 1979; Webb et al., 2004;
Schuller et al., 2011), cats (Jacobsen and Eggers, 1997) and pigs (van der Putte, 1978). In
Hereford cattle, primary lymphedema was transmitted via an autosomal dominant mechanism
with incomplete penetrance or variable expression. This was shown in the offspring of
unaffected cows and an affected bull. The edema predominantly affected the lower limbs,
similar to CPL in draught horses. Also, transverse fissures of the skin occurred, suggested due
to a lack of elasticity resulting from edema and subcutaneous fibrous tissue proliferation
(Schild et al., 1991). On the contrary, lymphatic hypoplasia was suggested as a cause, which
was did not occur in CPL affected draught horses (De Cock et al., 2006a, 2009). The
molecular mechanism in Hereford cattle was not further examined.
Molecular genetic research on primary lymphedema has most elaborately been
performed in man. In man, primary lymphedema was associated to several mutations in a
range of genes important in lymphatic development and function. (Ferrell et al., 2008).
Firstly, those genes for which a causative effect has been demonstrated are described, the
‘vascular endothelial growth factor receptor 3 gene’ (VEGFR3) (Irrthum et al., 2000;
Karkkainen et al., 2000), the ‘forkhead box C2 gene’ (FOXC2) (Fang et al., 2000; Bell et al.,
2001; Finegold et al., 2001; Irrthum et al., 2003; Rezaie et al., 2008; Van Steensel et al., 2009;
Sutkowska et al., 2012), the ‘SRY-box 18 gene’ (SOX18) (Irrthum et al., 2003) and the
‘collagen and calcium binding EGF domain 1’ (CCBE1) (Alders et al., 2009). Secondly, those
genes associated to a lymphedema phenotype without the assessment of a causative effect are
described by year of publication. Although molecular genetic research is elaborate, primary
lymphedema is a rare condition in comparison to secondary lymphedema, that can occur
solely or in combination with other pathological features (syndromes) (Rockson, 2001). An
overview of association studies is given in Table 1.4 (at the end of paragraph 1.3.2.1).
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1.3.2 Molecular genetic research in man
1.3.2.1 Primary lymphedema
The first genetic locus for primary lymphedema was mapped to the Homo sapiens
autosome (HSA) 5q35. This was shown in 3 (Ferrell et al., 1998) and 5 (Evans et al., 1999)
multi-generation families. In this region, VEGFR3 is located, a gene also referred to as the
‘fms-related tyrosine kinase 4 gene’ (FLT4) (Ferrell et al., 2008). VEGFR3 encodes the
vascular endothelial growth factor receptor 3 (VEGFR3), a type 3 tyrosine kinase receptor,
important in lymphangiogenesis (Mellor et al., 2010). VEGFR3 is expressed in developing
lymphatic vessels during mouse embryogenesis and in lymphatic endothelia in adults
(Kaipainen et al., 1995; Veikkola et al., Alitalo, 2000). Five VEGFR3 mutations were
associated to an early onset type of lower limb lymphedema (at birth or soon after birth), that
was dominantly inherited (Irrthum et al., 2000; Karkkainen et al., 2000). Other anomalous
features, as cellulitis, dilated leg veins and papillomatosis were described in patients with a
mutant VEGFR3, but those signs were seen less (10 - 23%) in comparison to the lower limb
lymphedema (90%) (n = 71) (Brice et al., 2005). The disorder associated to those signs is
named ‘type I hereditary lymphedema’ or ‘Milroy disease’ [OMIM 153100]. OMIM
stands for Online Mendelian Inheritance in Man. Disease associated alleles all showed a
missense mutation that lead to an amino acid substitution in the intracellular catalytic loop of
VEGFR3 (Figure 1.11). An increase of mutant VEGFR3 cDNA, expressed in a vector, went
with a decrease in VEGFR3 phosphorylation compared to the wild type (Irrthum et al., 2000).
A transcriptional luciferase reporter assay showed that an increase of mutant VEGFR3
decreased the activation of transcription activation complexes (Karkkainen et al., 2000).
These findings correspond to a defective signaling function of the mutant protein. It was
suggested that mutant VEGFR3 diminishes or delays the development of lymphatic vessels
and subsequently induces a lymphedema phenotype (Irrthum et al., 2000; Karkkainen et al.,
2000).

Initial

lymphatic

vessel

density was

assessed

in

vivo

by fluorescence

microlymphangiography in Milroy patients with a VEGFR3 mutation (Mellor et al., 2010). In
those patients, also histology was performed whereby a reduction in dermal lymphatics
(hypoplasia) compared to a healthy control was found. Also a reduced lymphatic functionality
(in vivo fluorescence microlymphangiography) was associated with Milroy disease (Mellor et
al., 2010). Other lymphedema associated polymorphisms could not be excluded, as linkage to
HSA 5q35 was not shown in some of the primary lymphedema families. This suggests the
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involvement of other lymphedema-associated genes, possibly with a function in pathways
downstream of VEGFR3 (Karkkainen et al., 2000).
At the same time Milroy disease was mapped, a second locus for primary lymphedema
was mapped to HSA 16q24.3 in 3 multi-generation families (Mangion et al., 1999). In this
region, FOXC2 is located (Fang et al., 2000). FOXC2, also referred to as ‘mesenchyme
forkhead 1 gene’ (MFH1) is a member of the forkhead/winged helix family of transcription
factors. Members of this family are involved in arterial and lymphatic development (Fang et
al., 2000; Seo et al., 2006). Transcription factors control transcription initiation, which is a
key event in gene regulation. FOXC2 mRNA is expressed in embryonic connective tissue that
gives rise to for instance the endothelium and smooth muscle cells of lymph and blood vessels
(Miura et al., 1993). Several FOXC2 mutations were associated to a delayed onset type of
lymphedema (at puberty or later) that is dominantly inherited. This disease is called ‘type II
hereditary lymphedema’ or ‘lymphedema-distichasis syndrome’ [OMIM 153400]. Lower
extremity lymphedema and distichiasis (fine hairs growing inappropriately from the
meibomian glands) are the most consistent features (Figure 1.12) (Mellor et al., 2011).

Nucleotide
binding loop
Catalytic loop
H1035R

a

b

Figure 1.11: Models of VEGFR3 folds with positions of lymphedema associated mutations:
the protein backbone is displayed as a ribbon. (a) Structure of VEGFR2, a tyrosine kinase
receptor (77% identical to VEGFR3) and location of the histidine to arginine mutated
residue (H1035R) in VEGFR3 in lymphedema patients (Milroy disease). This mutatio n
disorders the catalytic loop and decreases VEGFR3 phosphorylation (Figure adapted from
Irrthum et al., 2000). (b) Positions of mutant residues in Milroy patients are shown:
glycine to arginine (G857R), arginine to proline (R1041P), leucine to proline (L1044P)
and proline to leucine (P1114L). These mutations decrease the activation of transcription
activation complexes. Binding position of a ligand (ATP analogue) was modelled (arrow)
(Figure adapted from Karkkainen et al. (2000)).
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Lymphedema-distichiasis was also associated to variable overlapping phenotypes of
other lymphedema syndromes that include additional features as ptosis [OMIM153000], cleft
palate, yellow nails [OMIM153300] and congenital heart disease, hydrops fetalis and
pulmonary lymphangiectasia (Fang et al., 2000; Bell et al., 2001; Finegold et al., 2001; Wang,
2005; De Bruyn et al., 2012).
FOXC2 mutations are divers: a missense mutation and a 4 nucleotide duplication
(Fang et al., 2000), a 7bp duplication-insertion, a 14bp duplication-insertion, 4 individual
single base deletions, individual 8-19bp deletions, a transition, 9 individual single base
insertions, 2 2bp insertions, a 7bp insertion, a 7bp deletion-insertion (Bell et al., 2001;
Finegold et al., 2001), a 2bp deletion (Sutkowska et al., 2012), a 22bp deletion (Rezaie et al.,
2008), 3 transitions, 1 single base insertion, 1 single base deletion, a 2bp deletion (van
Steensel et al., 2009) and a C - A transition (de Bruyn et al., 2012). All mutations were
located in the forkhead domain and induced a premature stop codon with varying lengths of
the novel transcript. The FOXC2 forkhead domain consists of a highly conserved 110 amino
acid sequence, containing α-helices and β-strands that are separated by 2 winge-like domains
(Clark et al., 1993). This structural unit needs to be conserved to be fully functional
(Kaufmann et al., 1994). Reported mutations occurred within or shortly after the forkhead
domain. These will therefore disrupt DNA binding domains or C-terminal α-helices (Bell et
al., 2001; Finegold et al., 2001). These regions are both critical for transcriptional activation
by FOXC2 (Kaufmann and Knöchel, 1996). FOXC2 haploinsufficiency, demonstrated by
complete forward and reverse sequencing of the coding region, resulted in clinical
lymphedema-distichiasis symptoms in man (Fang et al., 2000). Haploinsufficiency and the
mode of inheritance are consistent with the variable phenotype seen in lymphedemadistichiasis patients (Fang et al., 2000; Finegold et al., 2001). Also, lymphatic function in
FOXC2-/- mice resulted in a lack of lymphatic and venous valves and an increase in smooth
muscle cells surrounding dermal lymphatic capillaries (Petrova et al., 2004). Fluorescence
lymphangiography in FOXC2+/- patients showed a significantly reduced fluid uptake by the
initial lymphatics in the foot in comparison to healthy controls (Mellor et al., 2011).
Corresponding to the results in mice, additional immunohistochemistry in man also showed
an abnormal amount of smooth muscle cell near the initial lymphatics (Mellor et al., 2011).
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a

b

Figure 1.12: Clinical symptoms in lymphedema -distichiasis syndrome: (a) Bilateral limb
lymphedema with severe swelling and formation of skin folds. (b) Distichiasis (double
row of eye lashes, the extra row irritates the cornea). (Figure adapted from Mellor et al.
(2011)).

In contrast to VEGFR3 mutations, no lymphatic hypoplasia was present. If the
lymphedema foot was placed at heart level (reducing the hydrostatic pressure), lymphatic
filling was not affected in FOXC2+/- patients (Mellor et al., 2011). This is an indication that
there is no failure of lymphatic uptake, in contrast to Milroy patients (Mellor et al., 2010).
Furthermore, FOXC2 mutations located outside the forkhead domain (4 single base
transitions) were also associated to a lymphedema phenotype. These mutations were found in
4 of 288 patients with a primary lymphedema phenotype and 2 of those patients showed
lymphedema with distichiasis (van Steensel et al., 2009). This clinical presentation resulted
from another aberrant mechanism (van Steensel et al., 2009). In search for the mechanisms,
mutants were cloned and transfected in cell lines together with a luciferase transporter. This
resulted in an increased cellular activity, suggestive for a gain of function. The exact reason
for this increased activity is not yet clear, but a more stable interaction with protein and DNA
was suggested (van Steensel et al., 2009). The mechanism between mutations outside the
forkhead domain and the associated lymphedema phenotype has to be enlightened.
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There exists a second form of type II hereditary lymphedema, which is not caused by
mutations in FOXC2. This disorder is referred to as ‘non-syndromic lymphedema’ or
‘Meige disease’ [OMIM153200] (Rezaie et al., 2008). Clinically, the lymphedema features of
Meige disease and lymphedema-distichiasis syndrome are indistinguishable. Meige disease
however is non-syndromic, while lymphedema-distichiasis may show a variety of related
symptoms. For 23 different families, 1 lymphedema affected subject was screened for FOXC2
mutations (Rezaie et al., 2008). In 1 family, a mutation was demonstrated that truncated
FOXC2 as described above. Only these patients showed distichiasis. Other families did not
show a FOXC2 mutation. This was a confirmation that only the combination of lymphedema
and distichiasis is associated with FOXC2 mutations. The authors therefore suggested careful
phenotyping of all post pubertal types of lymphedema to detect the presence of distichiasis in
order to distinguish between the 2 forms of type II hereditary lymphedema. So far, no
mutations were associated to Meige disease.
The ‘SRY (sex determining region Y) box 18 gene’ (SOX18) was a candidate for a
combined phenotype of lymphedema, hypotrichosis (sparse hair) and telangiectasia (small
dilated blood vessels near skin or mucosae surface), called ‘hypotrichosis-lymphedematelangiectasia syndrome’ [OMIM607823] (Irrthum et al., 2003). SOX18 was chosen based
on the clinical similarity with the murine ‘ragged’ phenotype (with chylous ascites and sparse
fur). In mice, SOX18 mutations associated to the ragged phenotype were a C or G deletion.
These mutations induced a frame shift and missense coding of 122 (C deletion) and 123 (G
deletion) amino acids. This resulted in the truncation of SOX18. SOX18 belongs to the ‘Srytype high mobility group box gene family’. The SOX family codes for transcription factors
involved in diverse developmental mechanisms e.g. of lymphatic and cardiac development
(François et al., 2008, 2010; Wegner, 1999). In man, SOX18 is located in the region HSA
20q13 (Irrthum et al., 2003). In 3 families (a total 5 children with the syndrome), after the
exclusion of VEGFR3 and FOXC2 mutations, SOX18 mutations were found (Irrthum et al.,
2003). In 2 of the families, consanguinity was present since the parents were first cousins.
These families showed a G - C or a T - A transversion in the coding region, that was
homozygous in the affected patient and heterozygous in the unaffected parents. These
transversions changed the amino acid from an alanine to a proline (G - C) or a tryptophan to
an alanine (T - A). Thereby, the conserved residues in the first α-helix of the DNA-binding
domain of SOX18 were affected (Figure 1.13). It is very likely that these mutations changed
the structure of the binding domain or lead to its destabilization (Werner et al., 1995).
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The third family showed a C - A transversion that induced an early stop codon that
truncated the resulting protein in its activating domain. This mutation occurred in a
heterozygous state in the patients and was not present in the parents. The functional changes
of SOX18 aberrance were studied. In mice, overexpression of SOX18 induced cardinal vein
cells to express lymphatic endothelial cell markers as ‘prospero homeobox 1’ or Prox1. Prox1
on its turn causes lymphatic differentiation (endothelial cell buds) in those cardial cells
(Cimpean et al., 2012). This demonstrated an important role of SOX18 in lymphatic
development. SOX18-/- mouse embryo’s showed no lymphatic differentiation (François et al.,
2008). These findings support the hypothesis that described SOX18 mutations interfere with
protein function. Moreover, it was suggested that SOX18 interacts with mechanisms of
FOXC2 and/or VEGFR3 (Irrthum et al., 2003). Recently, in zebrafish, it was shown that
VEGFR3 ligands have sites for SOX proteins and their promotors (Cermenati et al., 2013),
which is an indication for an interaction between mechanisms of SOX18 and the VEGFR3
described above.

Figure 1.13: Superposition of SOX18 mutated amino acids over the high mobility group
domain of sex determining region Y (single helix, protein database PDB ID 1J46) and
modelled DNA binding interaction (double helix). Change from tryptophan to alanine
(left arrow) and alanine to proline (right arrow). Most likely, this amino acid change
induces a structural change of the binding domain or leads to its destabilization. (Figure
adapted from Irrthum et al. (2003)).

A locus for a combination of lymphedema, lymphangiectasia, mental retardation and
unusual facial characteristics was mapped to HSA 18q21 (Alders et al., 2009). This was
shown in 27 subjects from 22 unrelated families, after the exclusion of VEGFR3, FOXC2 and
SOX18 mutations. The disorder associated to this phenotype is ‘Hennekam syndrome’
[OMIM235510]. The mode of inheritance is autosomal recessive (Hennekam et al., 1989).
The ‘collagen and calcium binding EGF domain 1 gene’ (CCBE1) is located at HSA 18q21.
In zebrafish and mice, the protein CCBE1 is a factor in embryonic vasculo and
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lymphangiogenesis and was suggested to be involved in the guidance of migrating LEC’s in
mice (Facucho-Oliveira et al., 2009). In 5 subjects, CCBE1 was sequenced and in all subjects
homozygous mutations were found that all induced an amino acid change in CCBE1 (Alders
et al., 2009). Three patients showed the same mutation, a cysteine to serine change (C75S),
whereas the other 2 patients showed a cysteine to serine change on another position (C102S)
or a glycine to arginine change (G327R). The first 2 mutations are located in a region that
contains highly conserved cysteine residues, located at N-terminal region of a calciumbinding EGF-domain. The third mutation was assumed to disrupt the structure of the collagen
helix in CCBE1 (Figure 1.14) (Alders et al., 2009).

Figure 1.14: Mutations in CCBE1 associated with Hennekam syndrome. Locations of the
mutations in conserved amino acids in CCBE1 are shown: homozygous mutations (C75S,
C102S and G327R) and compound heterozygous mutations (R158C and C174R).
Mutations are assumed to interfere with the protein structure, leading to an aberran t
functionality (Figure adapted from Alders et al. (2009)).

Further screening of CCBE1 in 19 additional families demonstrated also compound
heterozygous mutations in 2 affected subjects. Both subjects had a single nucleotide insertion
(T) in combination with a missense mutation leading to an amino acid change (R158C or
C174R). The insertion introduced an in-frame premature stop codon. Both missense mutations
were located in the calcium-binding EGF2 domain. They introduced a cysteine residue that
was suggested to interfere with protein folding (R158C) or changed a cysteine residue
(C174R) that most likely is important for maintenance of the structure. Functional analysis in
a zebrafish model was performed by means of introduction of mutations similar to those in
CCBE1 in man. Five mutant mRNA’s were tested, showing thoracic duct (largest lymph
vessel in the body, collecting all lymph) anomalies of variable severity as compared to the
wild type mRNA (Alders et al., 2009). Therefore, lymphatic anomalies in man suffering from
Hennekam syndrome most likely are caused by CCBE1 mutations.
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For the lymphedema associated genes described above, causality was demonstrated.
However, only a fraction of the lymphedema phenotypes is covered by these mutations and
several other candidate genes for primary lymphedema were investigated. Those candidates
were selected based on their location of expression (in lymphatic endothelial cells) and results
of lymphatic development studies in mice (Ferrell et al., 2008). The studies associated to a
(variable) lymphedema phenotype described below, were performed on smaller samples in
comparison to the causal mutations and are listed in order of year of publication.
A syndrome comprising severe neonatal cholestasis and chronic lymphedema of the
lower extremities was called ‘Aagenaes syndrome’. Also the hands, scrotum and periorbital
tissues might develop lymphedema (Aagenaes et al., 1970).This phenotype was mapped to to
a 6.6 cM interval on HSA 15q [OMIM214900] (Bull et al., 2000). Therefore, 8 patients and 7
unaffected relatives from a Norwegian family were genotyped with 387 autosomal
microsatellite markers (Bull et al., 2000). No candidate gene was pointed out and the exact
genetic cause is still unknown.
‘X-linked anhidrotic ectodermal dysplasia (aplasia of the sweat glands) with
immunodeficiency, osteopetrosis (increased bone density) and lymphedema’ (OL-EDAID) [OMIM300301] is a recessive, X-linked syndrome. Mutations in the ‘inhibitor of kappa
light polypeptide gene enhancer in B-cells kinase gamma gene’ (IKBKG) were associated
with this phenotype (Döffinger et al., 2001). IKBKG is located on the Homo sapiens Xchromosome (HSX) q28 and codes for ‘NEMO’. IKBKG is therefore also referred to as
‘NEMO gene’ (NEMO) (Döffinger et al., 2001). NEMO forms the regulatory subunit of a
kinase complex that is essential for nuclear factor kappaB (NF-κB) signalling (Figure 1.15).
NF-κB has a role in immune, inflammatory and anti-apoptotic responses. Mouse models have
shown that a deletion of individual NF-κB subunits (IKK1 and 2) that directly interact with
this NEMO regulatory subunit, affect a proper immune cell function (Gerondakis et al., 1999).
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Figure 1.15: Schematic representation of NF -κB signaling. In response to stimuli, IKK kinase
(composed of NEMO, IKK1 and IKK2) is activated. IKK phosphorylates NF -κB
inhibitory molecule (IκB) and this leads to IκB degradation and release of a NF -κB
dimer. The dimer is transferred to the nucleus where it regulates gene expression o f a
variety of genes. (Figure adapted from Smahi et al. (2002)).

IKBKG mutations were associated to variable phenotypes, categorized as separate
syndromes (Smahi et al., 2002). OL-EDA-ID is the most severe one and the only syndrome
that also includes lymphedema. OL-EDA-ID was associated with mutations in 2 male
unrelated patients that died early (at 1.5 and 2.5 years of age) (Döffinger et al., 2001). Sanger
sequencing showed that both patients carried a hemizygous mutation (A1259C) in the IKBKG
stop codon, leading to an amino acid change (X420W). The resulting mutant allele forms an
elongated protein (27 amino acids extra) due to a termination codon that is located at a
position 1,393 nucleotides downstream from the IKBKG cDNA.The effect of this mutation on
NEMO function was assessed by the transfection of a mutant an wild type allele in a mouse
cell line and the measurement of NF-κB activation on a stimulus in a luciferase reporter assay.
Mutants lead to a 50 - 60% decreased functionality in comparison to the wild type. Also NFκB DNA-binding activity was reduced to 1/3 of the wild type (Döffinger et al., 2001). These
findings are consistent with a hypomorphic mutation (a functional reduction, but no total
functional loss). Therefore, IKBKG mutations might interfere with the NF-κB pathway, but
the induction of a lymphedema phenotype by this mechanism is not fully understood. It was
suggested that the lymphedema was due to an interaction of VEGFR3 and NEMO, as
VEGFR3 activates a NF-κB reporter construct (Karkkainen et al., 2000). Indeed, this
interaction exists in inflammatory processes (Flister et al., 2010), but no causative mechanism
for OL-EDA-ID was reported.
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In 2008, mutations in 4 different genes were associated to a lymphedema phenotype
in man (Ferrell et al., 2008), but further research on these genes is sparse. Candidate genes in
this study (n = 25) were selected because they are expressed in LEC’s and because of their
occurrence in studies in mice on lymphatic development. The 4 lymphedema associated genes
were the ‘fatty acid binding protein 4 gene’ (FABP4), the ‘neuropilin-2 gene’ (NRP2), the
‘transcription factor sry-type-high-mobility group box 17 gene’ (SOX17) and the ‘vascular
cell adhesion protein 1 gene’ (VCAM1). Each gene was Sanger sequenced: 1 kb of the 5’
region, all exons with their flanking intron-exon boundaries and 500bp of the UTR (Ferrell et
al., 2008). Screening was performed in more than 70 affected subjects with a family history of
lymphedema.
FABP4 codes for a protein FABP4 (also called ‘adipocyte protein 2’) that is important
in glucose and lipid homeostasis and inflammatory processes (in adipocytes and
macrophages). Expression of FABP4 was also seen in LEC’s but the role of FABP4 there is
unknown (Elmasri et al., 2012). FABP4 mutations were located in the promoter (a 4 bp
insertion and 5 single base substitutions), in an intron (1 bp insertion and 5 single base
substitutions), in the 3’ UTR (4 single base substitutions) and exonic (2 single base
substitutions). Exonic mutations caused an amino acid change in the protein (V33A and
V93I). These valines are conserved amino acids and were suggested to be important for
FABP4 structural domains (hydrophobic regions) (Ferrell et al., 2008). FABP4 has a function
in gene expression regulation and (endothelial) cell proliferation and differentiation
(Zimmerman and Veerkamp, 2002). This gene is also seen a target of the VEGF pathway
(Elmasri et al., 2012, 2009). It seems that FABP4 mutations might interfere with the VEGFpathway (including VEGFR3, see above).
NRP2 mutations associated to a lymphedema phenotype were located in the promoter
(1 single base substitution), in introns (1 single base deletion and 3 single base substitutions)
and in exons (6 single base substitutions). One exonic mutation changed the resulting amino
acid (T242M) (Ferrell et al., 2008). NRP2 is a transmembrane receptor with function in
lymphangiogenesis, which binds lymphangiogenic vascular endothelial growth factor C
(VEGF-C). Mice heterozygous for both NRP2 and VEGFR3 showed a reduced embryonic
skin lymphatic vessel formation. It was shown that the interaction of NRP2 and VEGFR3 (see
above) mediate this process in response to VEGF-C (Xu et al., 2010). Therefore, also NRP2
mutations might provoke an aberrant VEGFR3 functionality.
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SOX17 is also a member of the SOX gene family (as SOX18). SOX17 mutations that
were associated to a lymphedema phenotype included 2 single base substitution (1 in the 5’
UTR and 1 in the 3’ UTR), a 2 bp insertion in an intron and 1 exonic single base substitution
that caused a change in amino acid (D359E) (Ferrell et al., 2008). SOX17, SOX18 and SOX7
encode transcription factors important for lymphangiogenesis, vasculogenesis and
cardiogenesis (Figure 1.16, lower pane) (Francois et al., 2010). SOX7 and SOX17 are
normally not expressed during lymphatic development. However, SOX7 and SOX17
activated SOX18 targets in vivo in a SOX18-/- mouse model (only for certain strains) (Hosking
et al., 2009). They act as a compensation mechanism in case of SOX18 non-functionality. The
exonic SOX17 mutation (D359E) (Ferrell et al., 2008) is located in the transactivation domain
(Figure 1.16, upper pane) and might be functionally important. The link between SOX17 and
SOX18 pathways indicates that SOX17 aberrance might influence SOX18 mechanisms, hence
suggests a mechanism for lymphedema pathology.
VCAM1 mutations included 2 single base substitutions in introns and 4 exonic single
base substitutions. Two exonic mutations caused an amino acid change (G413A and A652T)
(Ferrell et al., 2008). VCAM-1 is expressed on endothelial cells and functions in endothelial
activation, inflammation and lymphatic pathophysiology. VCAM-1 is an important target of
SOX18 (Hosking et al., 2004). Therefore VCAM1 anomalies might interfere with an adequate
SOX18 function, offering new aspects of the vascular defects in the mouse ‘ragged
phenotype’ (described above) and the associated human hypotrichosis lymphedema
telangiectasia. The mutations associated to primary lymphedema by Ferrell et al. (2008) might
interfere with pathways of genes for which a causative lymphedema mutation was
demonstrated.
From results in mouse models, the ‘hepatocyte growth factor gene’ (HGF) and the
‘hepatocyte growth factor receptor gene’ (MET) were examined in primary lymphedema
patients. Human LEC cultures express MET. Treatment of LEC with HGF promoted their
proliferation, migration and ‘tube-forming’ (Kajiya et al., 2005). In a mouse model,
subcutaneous or transgenic delivery of HGF promoted lymphatic vessel formation (Kajiya et
al., 2005). Therefore, HGF/MET were proposed as good candidates for primary lymphedema
(Finegold et al., 2008).
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Figure 1.16: SOX family of proteins and their role in cardiovascular development. Upper
pane: alignment of mouse SOX proteins with conserved functional domains (HMG = dark
gray square and transactivation domain = light gray square). Ra stands for ‘ragged’ and
the position of a mutation in SOX18 is indicated by *. Lower pane: SOX7 and SOX18
mediate arterio-venous specification, whereas SOX18 only acts as a switch to induce
lymphatic endothelial cell commitment. Plain and dashed lines ref er to the animal models
used to demonstrated the role of the different proteins (Figure adapted from Francois et
al. (2010)).

Coding exons and flanking intronic regions of HGF and MET in 154 probands in
primary lymphedema families were Sanger sequenced (Finegold et al., 2008). VEGFR3,
FOXC2 and SOX18 mutations were ruled out. Six single base substitutions (4 in HGF and 2
in MET) were associated to primary lymphedema, causing a truncation or missense mutation
in evolutionary conserved protein residues. Three of the HGF mutations occurred in exon 17
and 1 in exon 7, both coding for HGF regions that interact with MET (Gherardi et al., 2003).
It was suggested that mutations interfered with phosphorylation of tyrosine residues (signal
transduction of HGF/MET) (Finegold et al., 2008). One MET mutation was located in exon 2,
in a region coding for a HGF and heparin binding domain. The other mutation in MET was a
single base substitution in exon 14, that leads to an arginine - cysteine change in MET
(Finegold et al., 2008). This mutation was located in a MET juxtamembrane domain (Ma et
al., 2003). Causative mechanisms of these mutations for a lymphedema phenotype were not
further examined to date.
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A gene expressed in LEC (not in blood endothelial cells), is the ‘gap junction protein
gamma 2 gene’ (GJC2) (Wick et al., 2007). GJC2 is located in the region mapped to HSA
1q41-42 (Ostergaard et al., 2011) and encodes Connexin 47 (Cx47). Hexamers of connexin
proteins from adjoining cells form intercellular channels (gap junctions), which facilitate the
electrical and metabolic coupling of cells (Nielsen et al., 2012). More specifically, Cx47 is
expressed in LEC of lymph collecting vessels as well as a small subset of lymphatic valve
LEC (where it colocalizes with other types of connexins) (Figure 1.17).

Figure 1.17: Schematic representation of a longitudinal section through a lymphatic
collector with valve. Potential connexin containing cha nnel configuration connecting
cells of the lymphatic vessel wall. Localization of Cx47 is indicated by large arrows.
Small arrows indicate the channel migration. Arrow heads in the lumen indicate the
direction of lymph flow (Figure adapted from Kanady and Simon (2011)).

GJC2 was screened in families with dominantly inherited lymphedema of the legs
and/or hands [OMIM613480]. Age of onset was childhood or adolescence. Mutations in
VEGFR3, FOXC2 and SOX18 were excluded. In 6 families, the lymphedema phenotype was
associated with GJC2 mutations (6 individual single nucleotide substitutions). Mutations
caused an amino acid change in several GJC2 domains: 1 in the N-terminal, 1 in extracellular
loop 1, 1 in extracellular loop 2, 2 in the intracellular loop and 1 in the C-terminal (Figure
1.21) (Ferrell et al., 2010). Intracellular and extracellular loops contain motifs with regulatory
function in communication through gap junctions (Evans et al., 1995). It was hypothesized
that a coordinated function of gap junctions is necessary for optimal lymph flow from the
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periphery to the thoracic duct (Ferrell et al., 2010). In vivo studies (on mesenteric lymphatic
vessels in cattle and rats) showed a decreased contraction propagation when gap junctions
were inhibited. This lead to an impaired lymph flow (McHale and Meharg, 1992; Zawieja et
al., 1993). Therefore, GJC2 mutations seem to have an important contribution in the
associated lymphedema phenotype.
‘Lymphedema-choanal atresia syndrome’ [OMIM608911] is characterized by
lymphedema of the lower limbs in children (4 to 5 years old) and a lack of nasal airways. This
disorder follows an autosomal dominant inheritance and was mapped to HSA 1q32-q41 (Au
et al., 2010). The studied family comprised 32 subjects, of which 7 showed lower limb
lymphedema. In HSA 1q32-q41, the ‘protein tyrosine phosphatase non-receptor type 14 gene’
(PTPN14) was located (Au et al., 2010). This gene was screened by sequencing of the cDNA,
obtained by RT-PCR of lymphoblast mRNA. Mutant transcript was shorter in comparison to
the wild type, as it lacked exon 7. This was due to a homozygous 2016 bp deletion in all
affected subjects, which truncated the protein. This event most likely caused an unstable or
non-functional PTPN14. No evidence exists that PTPN14 plays a role in lymphedema
(syndromic and non-syndromic). However, there is a potential interaction mechanism
between PTPN14 and VEGFR3 (see above) (Au et al., 2010), that is suggestive for a role of
PTPN14 in lymphatic development regulation.
A phenotype of unilateral or bilateral lower limb (and genital) lymphedema and
haematological anomalies (acute myeloblastic leukemia and cytopenia) is referred to as
‘Emberger’s syndrome’ [OMIM 614038] (Emberger et al., 1979). The syndrome follows an
autosomal dominant mode of inheritance with incomplete penetrance (suggested from the
highly variable clinical severity). Also additional features may be present, as immune
dysfunction (severe and widespread cutaneous warts) and deafness. Lymphedema typically
develops in childhood and lymphoscintigraphy was suggestive of lymphatic vessel hypoplasia
(Mansour et al., 2010). Whole exomes were sequenced in 3 unrelated affected subjects (2
subjects with a family history of lymphedema and/or acute myeloblastic leukemia and 1
sporadic case) (Ostergaard et al., 2011). Different mutations were found in GATA2, which a
member of the family of transcription factors that recognize the DNA sequence ‘GATA’
through a highly conserved zinc finger DNA binding module. The transcription factor
GATA2 is essential for the development and function of stem and progenitor cells in
hematopoiesis (Tsai and Orkin, 1997; Ling et al., 2004).
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The results from exome sequencing were confirmed by Sanger sequencing of the
exons and splice sites in the 3 previously described patients and in 4 additional independent
cases. Mutations comprised 3 heterozygous non-synonymous substitutions, a single base
insertion, a 2 bp insertion, a single base deletion, a 4 bp deletion and a 17 bp deletion (Figure
1.18) (Ostergaard et al., 2011).
Mutations identified in the families were transmitted across generations between
affected subjects. Two mutations lead to a premature termination and are likely to disturb
GATA functionality. Substitutions occurred in conserved regions of a functional domain. In 1
Japanese patient with Emberger’s syndrome, an additional heterozygous missense mutation
(G - A) was shown (Ishida et al., 2012). This mutation resulted in an amino acid change
(R396G) in a conserved domain and was predicted (in silico) to cause significant structural
change so that DNA interaction was prevented. It was suggested that the mutations affect
GATA2 function and lead to an anomalous gene expression, are involved in Emberger’s
syndrome (Ostergaard et al., 2011). A functional analysis is required to understand the
pathological mechanism of GATA2 mutations and the associated syndrome.

Translated
exonic regions
Untranslated
exonic regions
Zinc finger
domain
Conserved
cysteine residue

Figure 1.18: Location of 7 GATA2 mutations in patients with Emberger’s syndrome.
Genomic organization of GATA2 translated exonic regions (black squares, upper panel)
and link to the protein domain structure (lower panel). Two heterozygous non synonymous substitutions (R361L and C373R) are located in the conserved region of a
functional domain (zinc finger domain with highly conserved cysteine residues). Five
mutations induce a premature stop codon with early protein termination (Figure adapted
from Ostergaard et al. (2011)).

‘Microcephaly lymphedema chorioretinal dysplasia syndrome’ (MLCRD)
[OMIM152950] follows a autosomal dominant inheritance. The lymphedema is congenital
and typically affects the dorsal region of the feet (Ostergaard et al., 2012). By means of whole
exome sequencing of 5 unrelated probands, different mutations in the ‘kinesine family
member 11 gene’ (KIF11) were associated to MLCRD (Hazan et al., 2012; Ostergaard et al.,
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2012). KIF11 encodes Eg5, a mitotic motor belonging to the kinesine superfamily. Eg5 is
involved in the formation and maintenance of the mitotic spindle during mitosis (Brier et al.,
1992) and has a role in the development of the central and peripheral nervous system (Ferhat
et al., 1998; Myers and Baas, 2007). It was suggested that Eg5 is involved in the development
and maintenance of lymphatic structures (Ostergaard et al., 2012). Eg5 is a homotetramer, and
each of 4 monomers consists of a conserved N-terminal region, a central coil domain and a
C-terminus that contains a conserved amino acid sequence (bimCbox) (Figure 1.19) (Sawin
and Mitchison, 1995).

Figure 1.19: Location of KIF11 mutations in patients with microcephaly lymphedema
chorioretinal dysplasia syndrome or chorioretinal dysplasia, microcephaly and
mental retardation syndrome. Domains from left to right are the N -terminal conserved
region, the central domain and the C -terminus with the bimCbox (arrow). Two splice site
mutations were excluded. (Figure adapted from Ostergaard et al. (2012)).

KIF11 mutations were found in probands of 10 of 14 examined families and 1
consanguineous family (parent’s first cousins): 3 nonsense, 2 splice site, 4 missense and 6
indels causing a frame shift. By means of in silico analysis, all mutations were predicted to
cause a KIF11 functional change (Hazan et al., 2012; Ostergaard et al., 2012). Three nonsense
and 5 frame shifts were predicted (in silico) to cause a premature stop codon and a shortening
of the protein, but this was not yet proven in vitro or in vivo. The sixth frame shift mutation
was thought to extend Eg5 with 12 amino acids. The 2 splice site mutations were predicted to
affect splicing of the KIF11 transcript. The 4 missense mutations changed conserved amino
acids and were predicted to alter Eg5 functionality. In conclusion, 11 of 15 mutations found,
were associated to a variable severity of lymphedema (Hazan et al., 2012). There is, however,
large phenotypic overlap between MLCRD and a syndrome (not including lymphedema) of
‘chorioretinal dysplasia, microcephaly and mental retardation’ and KIF11 mutations were
associated to both phenotypes (Ostergaard et al., 2012). It remains unclear if an Eg5 mitotic
function is the causative factor for the lymphedema associated with KIF11 mutations in
MLCRD.
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Table 1.4. Overview of association studies in man of a primary lymphedema phenotype
(syndromes) to 15 candidate genes and 1 genomic locus. Amino acid abbreviations are
given in the list of abbreviations, Ass.? = Association (yes = association found, no = no
association found), n(+/-) = sample size (case/control), NR = not reported, MD = Milroy
disease, LD = lymphedema distichiasis syndrome, H LTS = hypotrichosis lymphedema
teleangiectasia syndrome, Hennekam = Hennekam syndrome, Aagenaes = Aagenaes
syndrome, OL-EDA-ID = X-linked anhidrotic ectodermal dysplasia immunodeficiency
osteopetrosis and lymphedema, PLE = primary lymphedema, PLE -CA = primary
lymphedema choanal atresia, Emberger = Emberger’s syndrome, MLCRD = Microcephaly
lymphedema chorioretinal dysplasia syndrome.
Gene

Polymorphism

Phenotype

Ass.? n(+/-)

Population

Reference

VEGFR3/FLT4

641P>S

MD [153100]

No

2/120

NR

Karkkainen et al., 2000

VEGFR3/FLT4

857G>R

MD [153100]

Yes

5/15

NR

Karkkainen et al., 2000

VEGFR3/FLT4

1041R>P

MD [153100]

Yes

9/41

NR

Karkkainen et al., 2000

VEGFR3/FLT4

1044L>P

MD [153100]

Yes

16/79

NR

Karkkainen et al., 2000

VEGFR3/FLT4

1114P>L

MD [153100]

Yes

3/13

NR

Karkkainen et al., 2000

VEGFR3/FLT4

1035H>R

MD [153100]

Yes

5/9

NR

Irrthum et al., 2000

FOXC2

297NR>X

LD [153400]

Yes

5/10

NR

Fang et al., 2000

FOXC2

1093Del4

LD [153400]

Yes

5/10

NR

Fang et al., 2000

FOXC2

232Dup-Ins14

LD [153400]

Yes

5/7

European

Finegold et al., 2001

FOXC2

252C>T

LD [153400]

Yes

2/3

European

Finegold et al., 2001

FOXC2

505DelA

LD [153400]

Yes

4/5

European

Finegold et al., 2001

FOXC2

589InsC

LD [153400]

Yes

5/11

European

Finegold et al., 2001

FOXC2

609InsC

LD [153400]

Yes

3/7

European

Finegold et al., 2001

FOXC2

902Del19

LD [153400]

Yes

2/4

European

Finegold et al., 2001

FOXC2

902DelT

LD [153400]

Yes

1/4

European

Finegold et al., 2001

FOXC2

937Dup-Ins7

LD [153400]

Yes

1/2

European

Finegold et al., 2001

FOXC2

983InsT

LD [153400]

Yes

1/2

European

Finegold et al., 2001

FOXC2

1238Del16

LD [153400]

Yes

3/14

European

Finegold et al., 2001

FOXC2

290Del11

LD [153400]

Yes

9/16

NR

Bell et al., 2001

FOXC2

1331DelA

LD [153400]

Yes

3/6

NR

Bell et al., 2001

FOXC2

209InsT

LD [153400]

Yes

5/11

NR

Bell et al., 2001

FOXC2

914Del8

LD [153400]

Yes

4/5

NR

Bell et al., 2001

FOXC2

866InsC

LD [153400]

Yes

2/17

NR

Bell et al., 2001

FOXC2

866DelC

LD [153400]

Yes

6/19

NR

Bell et al., 2001

FOXC2

201InsCT

LD [153400]

Yes

1/3

NR

Bell et al., 2001

FOXC2

412InsT

LD [153400]

Yes

10/30

NR

Bell et al., 2001

FOXC2

595InsC

LD [153400]

Yes

3/4

NR

Bell et al., 2001

FOXC2

638InsGT

LD [153400]

Yes

3/4

NR

Bell et al., 2001

FOXC2

1302Del7Ins3

LD [153400]

Yes

1/4

NR

Bell et al., 2001

FOXC2

928Ins7

LD [153400]

Yes

2/4

NR

Bell et al., 2001

FOXC2

818InsA

LD [153400]

Yes

2/8

NR

Bell et al., 2001

FOXC2

590Del2

LD [153400]

Yes

3/30

Caucasian

Sutkowska et al., 2012

FOXC2

313T>X

LD [153400]

No

1/1

NR

De Bruyn et al., 2012

FOXC2

563Del22

LD [153400]

Yes

8/62

NR

Rezaie et al., 2008

FOXC2

41Y>F

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

121R>C

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

VEGFR3/FLT4

FOXC2
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Gene

Polymorphism

Phenotype

Ass.? n(+/-)

Population

Reference

FOXC2

125S>L

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

402P>L

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

407Q>H

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

444Q>R

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

31Y>X

NR

No

1/288

NR

Van Steensel et al., 2009

FOXC2

187P>P

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

265N>K

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

293R>R

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

FOXC2

307A>A

LD [153400]

Yes

1/288

NR

Van Steensel et al., 2009

SOX18

104A>P

HLTS [607823] Yes

2/6

Belgian

Irrthum et al., 2003

SOX18

95W>R

HLTS [607823] Yes

1/6

Turkish

Irrthum et al., 2003

SOX18

240C>X

HLTS [607823] Yes

2/4

NR

Irrthum et al., 2003

CCBE1

75C>S

Hennekam

Yes

3/59

Dutch

Alders et al., 2009

CCBE1

102C>S

Hennekam

Yes

1/6

Dutch

Alders et al., 2009

CCBE1

327G>R

Hennekam

Yes

1/9

Dutch

Alders et al., 2009

CCBE1

174C>R, 683InsT

Hennekam

Yes

1/NR

Dutch

Alders et al., 2009

CCBE1

158R>C, 683InsT

Hennekam

Yes

1/NR

Dutch

Alders et al., 2009

6.6cM interval

Aagenaes

Yes

8/7

Norwegian

Bull et al., 2000

IKBKG/NEMO

420X>W

OL-EDA-ID

Yes

1/100

Great-Brittain

Döffinger et al., 2001

IKBKG/NEMO

420X>W

OL-EDA-ID

Yes

1/100

French

Döffinger et al., 2001

FABP4

-840InsCAAT (5’ATG)

PLE

Yes

90/96

NR

Ferrell et al., 2008

FABP4

-783G>C (5’ATG)

PLE

Yes

116/96

NR

Ferrell et al., 2008

FABP4

-779C>T (5’ATG)

PLE

Yes

45/96

NR

Ferrell et al., 2008

FABP4

-603A>C (5’ATG)

PLE

Yes

80/96

NR

Ferrell et al., 2008

FABP4

-516G>A (5’ATG)

PLE

Yes

79/96

NR

Ferrell et al., 2008

FABP4

-133T>C (5’ATG)

PLE

Yes

179/96

NR

Ferrell et al., 2008

FABP4

G>A (46bp5’exon2)

PLE

Yes

168/96

NR

Ferrell et al., 2008

FABP4

C>T (16bp5’exon2)

PLE

Yes

87/96

NR

Ferrell et al., 2008

FABP4

T>C(3bp5’exon2)

PLE

Yes

90/96

NR

Ferrell et al., 2008

FABP4

33V>A

PLE

Yes

192/96

NR

Ferrell et al., 2008

FABP4

93V>I

PLE

Yes

79/96

NR

Ferrell et al., 2008

FABP4

A>G(124bp5’exon3)

PLE

Yes

88/96

NR

Ferrell et al., 2008

FABP4

A>G(60bp5’exon3)

PLE

Yes

89/96

NR

Ferrell et al., 2008

FABP4

InsC(32bp5’exon4)

PLE

Yes

92/96

NR

Ferrell et al., 2008

FABP4

G>C(6bp3’term)

PLE

Yes

92/96

NR

Ferrell et al., 2008

FABP4

A>T(57bp3’term)

PLE

Yes

92/96

NR

Ferrell et al., 2008

FABP4

A>T(192bp3’term)

PLE

Yes

92/96

NR

Ferrell et al., 2008

FABP4

T>G(256bp3’term)

PLE

Yes

92/96

NR

Ferrell et al., 2008

NRP2

T>C (-268bp5’ATG)

PLE

Yes

186/96

NR

Ferrell et al., 2008

NRP2

242T>M

PLE

Yes

310/96

NR

Ferrell et al., 2008

SOX18

CCBE1

HSA 15q
HSA 15q
IKBKG/NEMO

FABP4

NRP2
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Gene

Polymorphism

Phenotype

Ass.? n(+/-)

Population

Reference

NRP2

242T>T

PLE

Yes

310/96

NR

Ferrell et al., 2008

NRP2

290N>N

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

C>T(72bp3’exon6)

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

357Y>Y

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

425F>F

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

468V>V

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

558P>P

PLE

Yes

186/96

NR

Ferrell et al., 2008

NRP2

C>T(62bp3exon10)

PLE

Yes

186/96

NR

Ferrell et al., 2008

NRP2

DelG(81bp3’exon15)

PLE

Yes

95/96

NR

Ferrell et al., 2008

NRP2

T>C(143bp3’exon15)

PLE

Yes

95/96

NR

Ferrell et al., 2008

SOX17

C>T (-80bp5’ATG)

PLE

Yes

85/96

NR

Ferrell et al., 2008

SOX17

InsAG(75bp3’exon1)

PLE

Yes

84/96

NR

Ferrell et al., 2008

SOX17

359D>E

PLE

Yes

90/96

NR

Ferrell et al., 2008

SOX17

1554T>G

PLE

Yes

89/96

NR

Ferrell et al., 2008

VCAM1

C>T (7bp5’exon4)

PLE

Yes

89/96

NR

Ferrell et al., 2008

VCAM1

413G>A

PLE

Yes

79/96

NR

Ferrell et al., 2008

VCAM1

652A>T

PLE

No

NA

NR

Ferrell et al., 2008

VCAM1

T>G (15bp5’exon9)

PLE

Yes

92/96

NR

Ferrell et al., 2008

VCAM1

693D>D

PLE

Yes

92/96

NR

Ferrell et al., 2008

VCAM1

736K>K

PLE

Yes

92/96

NR

Ferrell et al., 2008

HGF

C>X(exon7)

PLE

Yes

154/159 NR

Finegold et al., 2008

HGF

C>X(exon17)

PLE

Yes

154/159 NR

Finegold et al., 2008

HGF

V>M(exon17)

PLE

Yes

154/159 NR

Finegold et al., 2008

HGF

L>F(exon17)

PLE

Yes

154/159 NR

Finegold et al., 2008

MET

G>E(exon2)

PLE

Yes

154/159 NR

Finegold et al., 2008

MET

A>T(exon2)

PLE

Yes

154/159 NR

Finegold et al., 2008

MET

R>C(exon14)

PLE

Yes

154/159 NR

Finegold et al., 2008

GJC2

19H>P

PLE

Yes

150/250 European

Ferrell et al., 2010

GJC2

48S>L

PLE

Yes

150/250 European

Ferrell et al., 2010

GJC2

125R>Q

PLE

Yes

150/250 European

Ferrell et al., 2010

GJC2

149G>S

PLE

Yes

150/250 European

Ferrell et al., 2010

GJC2

260R>C

PLE

Yes

150/250 European

Ferrell et al., 2010

GJC2

316P>L

PLE

Yes

150/250 European

Ferrell et al., 2010

Del2016bp

PLE-CA

Yes

7/222

Middle-Eastern Au et al., 2010

GATA2

78R>P

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

105L>P

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

337R>X

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

341A>R

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

341A>P

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

SOX17

VCAM1

HGF

MET

GJC2

PTPN14
PTPN14
GATA2
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Gene

Polymorphism

Phenotype

Ass.? n(+/-)

Population

Reference

GATA2

361R>L

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

373C>R

Emberger

Yes

13/300

NR

Ostergaard et al., 2011b

GATA2

396R>G

Emberber

Yes

1/3

Japanese

Ishida et al., 2011

KIF11

387R>R

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

1006I>L

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

347L>Q

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

144F>L

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

476V>N

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

531Q>R

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

2547T>C

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

656H>S

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

235S>C

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

234R>C

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11

602Q>Q

MLCRD

Yes

15/250

NR

Ostergaard et al., 2012

KIF11
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1.3.2.2 Secondary lymphedema
Notwithstanding the extent of all mutations that have been associated to a
lymphedema phenotype, primary lymphedema is far less common than secondary
lymphedema (Schook et al., 2011). The susceptibility to develop secondary lymphedema has
been associated to different ‘risk factors’ such as surgery or obesity (Ridner et al., 2011).
However, it seemed that risk factors were only partially able to explain the development of
secondary lymphedema in some patients, which suggested that a genetic susceptibility was
involved. Studies on secondary lymphedema molecular genetic research are sparse, but some
candidate genes were associated to the phenotype. These genes will be discussed in order of
year of publication. Some of the secondary lymphedema genes, were also described
previously as a gene associated with (and causing) primary lymphedema. For those genes that
were only associated to the secondary type only, no causative effect has been demonstrated.
In a first study (Finegold et al., 2008), HGF and MET were examined. Mutations in
both genes were already associated with primary lymphedema (paragraph 1.3.2.1). HGF
expression by means of plasmid transfer in an in vivo secondary lymphedema model (‘injured
rat tail model’) promoted lymphangiogenesis and ameliorated the secondary lymphedema
clinical signs (Saito et al., 2006). Therefore, HGF/MET were also proposed as good
candidates for secondary lymphedema. The coding exons and flanking intronic regions of
HGF/MET in 59 women with secondary lymphedema following breast cancer treatment were
Sanger sequenced. In all patients, VEGFR3, FOXC2 and SOX18 mutations were ruled out.
Only 1 mutation in MET (and none in HGF) was demonstrated: a single base substitution in
exon 14, leading to an arginine-cysteine change. This mutation however also occurred in 1
primary lymphedema patient. Therefore, no conclusions could be made on the MET
polymorphism in secondary lymphedema (Finegold et al., 2008).
A genetic predisposition for the development of secondary lymphedema within the
first 18 months after surgical treatment of breast cancer, was investigated in a case/control
study comprising respectively 22 and 98 patients (Newman et al., 2012). Cases were women
that developed the lymphedema after treatment whereas controls did not. This study was
performed using tagSNP, that covered the known genetic variation in different genes known
to be involved in familial lymphedema (VEGFR3, FOXC2, SOX18) and embryonic
lymphangiogenesis: VEGFC, VEGFD, VEGFR2, the ‘RAR related orphan receptor C gene’
(RORC or also RORγ), the ‘lymphatic vessel endothelial hyaluronic acid receptor 1 gene’
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(LYVE1), the ‘andrenomedullin gene’ (ADM) and the ‘prospero homeobox 1 gene’ (PROX1).
Several SNP in 3 genes were associated to the secondary lymphedema phenotype: VEGFR2,
VEGFR3 and RORC. VEGFR2 and VEGFR3, are vascular endothelial growth factor
receptors, important in vasculogenesis. VEGFR3 mutations cause Milroy disease (paragraph
1.3.2.1). The tagSNP were located in the VEGFR3 tyrosine kinase domain and were also
reported in primary lymphedema patients (Irrthum et al., 2000; Karkkainen et al., 2000). The
other tagSNP that were associated to secondary lymphedema, were not associated to primary
lymphedema. They were located in the 5’ flanking region and intron 1 of both VEGFR2 and
VEGFR3. Polymorphisms were suggested to alter gene expression, because they interfered
with transcription factor binding sites (Newman et al., 2012). Other significant tagSNP were
located 3’ of VEGFR3. Alterations in this domain were suggested to alter protein production,
as the miRNA binding sites were affected (Jones et al., 2012). Moreover, it was also shown
that VEGFR3 needs to be associated to VEGFR2 to induce ligand dependent cellular
responses (Figure 1.20). Heterodimers were found in both embryonic developing blood
vessels and immature lymphatic structures (Alam et al., 2004; Nilsson et al., 2010). Therefore,
VEGFR2 aberrance might interfere with a normal VEGFR3 functionality, which was already
known to cause a primary lymphedema phenotype.

Figure 1.20: The detection of VEGFR2/3 heterodimers in intact primary human saphenous
vein derived endothelial cells by means of an in situ proximity ligation assay (PLA).
Dimerized receptors VEGFR2 (R2) and VEGFR3 (R3) reacting with primary antibodies
(left pane), proximity of oligonucleot ide ligated secondary antibodies allows a rolling
circle amplification (middle pane) and detection of the product by a fluorescently
labelled probe (right pane) (Figure adapted from Nilsson et al. (2010)).

The women included in the study by Newman et al. (2012) did not show clinical
features that could be due to Milroy disease, before the onset of their secondary lymphedema.
It is possible that some mutations in VEGFR3 that were associated to a secondary
lymphedema phenotype in the study, are also associated to a primary lymphedema type (cfr.
60

STATE-OF-THE-ART

MET polymorphism described above). Also the RORγ mutations were previously not
associated to a primary lymphedema phenotype (Ferrell et al., 2008). RORγ is essential for
the development of secondary lymphoid tissues, as lymph nodes (Jetten, 2009). TagSNP were
located at the 5’ side of RORγ, a region that was suggested to be important for transcription
activation. Polymorpmhisms would affect transcription factor binding sites (Newman et al.,
2012). A possible explanatory mechanism for the secondary lymphedema was not proposed
and a confirmation of the mutations on a larger sample was suggested (Newman et al., 2012).
In 2012, a second case/control study (respectively 80 and 108 patients) was performed
on the occurrence of secondary lymphedema in breast cancer (Finegold et al., 2012). Cases
were breast cancer patients with secondary lymphedema: controls were lymphedema free
breast cancer patients. The sequences of candidate genes were determined: VEGFR3, FOXC2,
HGF, MET and GJC2. All genes were previously associated to a primary lymphedema
phenotype. GJC2 mutations were seen in 4 of 80 cases, no mutations occurred in the controls.
One patient of those 4 cases, also had a mutation that was previously associated to primary
lymphedema in 1 family (G146S) (Figure 1.21) (Ferrell et al., 2010).
Extracellular loop 1

Extracellular loop 2

N-terminal
C-terminal

Intracellular loop

Figure 1.21: Schematic presentation of Connexin 47, encoded by GJC2. Connexin 47
comprises an N-terminal, 2 extracellular loops, 1 intracellular loop and aC -terminal
region. Amino acid substitutions associated with (a) secondary lymphedema (full lines),
(b) primary lymphedema (dashed lines) and (c) both primary and secondary lymphedema
(arrow). (Figure adapted from Finegold et al. (2012) ).

The other 3 mutations in GJC2 were not associated to primary lymphedema. None of
the 4 patients with a mutation had a family history of lymphedema. Each of the mutations
caused a change in the amino acid sequence of the resulting Cx47 protein: G146S and G183C
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in the cytoplasmatic loop and P381S and H409Y in the C-terminal domain (Finegold et al.,
2012). In an in vitro functional assays (by transfection in HeLa cells), the mutations in the
cytoplasmatic loop domain significantly decreased wound closure and cell-cell interactions
compared to the controls without mutation. This was not the case between cases and controls
for the mutations in the C-terminal region. In an immunofluorescence assay for the
measurement of expression of the mutant C-terminal domain in LEC, the mutant LEC showed
dramatically impaired dye transfer compared to the control LEC. The specific mechanism of
increased secondary lymphedema susceptibility however, remains to be determined (Finegold
et al., 2012).
There exists no in vivo experimental evidence on the role of the polymorphisms
described above in secondary lymphedema. Recently, adrenomedullin (ADM) was
investigated in an in vivo mouse model (Nikitenko et al., 2013). ADM is a vasoactive peptide
that is encoded together with proadrenomedullin N-terminal peptide (PAMP), by the
‘adrenomedullin gene’ (ADM) (Kitamura et al., 1993). ADM has a role in embryonic
angiogenesis and lymphangiogenesis and wound healing. A control role of ADM over the
circulation and body fluid was suggested, and, ADM might be involved in pathophysiological
changes in cardiovascular diseases (Kitamura et al., 2002). In the in vivo study, it was
examined if ADM production affects secondary lymphedema development. Mice with a
selectively induced ADM mutation were used (Nikitenko et al., 2013). This mutation resulted
in a cessation of ADM expression, but not PAMP expression. ADM plasma levels in
heterozygous adult mice were almost half of those in the wild type, whereas PAMP levels
remained unaffected. Hind limb skin incision (following a previously established
experimental model for chronic lymphedema), resulted in ADM mRNA upregulation in both
the mutant and wild type. Only in mutant mice, limb swelling and lymphedema histological
features were seen (e.g. epidermal thickening and fibrosis) (Nikitenko et al., 2013). Secondary
lymphedema (clinical presentation and histology) was partially prevented on systemic ADM
supplementation. Therefore, it was suggested that genetic ADM aberrance, not causing any
clinical features in healthy mice, predispose to secondary lymphedema in case of triggering
(e.g. wounding, surgery, radiation therapy, etc.). ADM has not been researched in primary
lymphedema patients.
Genes associated to primary and secondary lymphedema overlap. Secondary
lymphedema associated polymorphisms only occurred in a limited number of patients, so that
confirmation on a larger sample is necessary. Moreover, breast cancer related secondary
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lymphedema, might be due to a high capillary fluid filtration, that overwhelms the capacity of
lymphatic uptake (Stanton et al., 2009). Therefore, next to lymphatic pathways, also other
routes for the research on secondary lymphedema were suggested.
1.3.3 Molecular genetic research in draught horses
1.3.3.1 The candidate gene method
The 2 candidate genes were selectedd based on the knowledge of clinically similar
inherited disorders in man (Mömke and Distl, 2007b; Young et al., 2007). The first gene, the
‘ATP-ase Ca++ transporting cardiac muscle slow twitch 2 isoform 2 gene’ (ATP2A2), was not
associated to a lymphedema phenotype in man. This gene was chosen as a candidate for CPD
in draught horses, based on the clinically similar dermatological signs seen in draught horses
as compared to man (Mömke and Distl, 2007b) (Figure 1.22). ATP2A2 is located on HSA
12q23-24 (Cooper and Burge, 2003). In man, polymorphisms were associated to the rare,
autosomal dominant inherited ‘Darier-White disease’ [OMIM124200]. The first clinical
signs usually occur between 20 and 30 years of age (Munro, 1992) and include warty papules
and plaques on the trunk, flexures, scalp and forehead (Burge and Wilkinson, 1992). In
different draught horse breeds, similar clinical and histological lesions as in Darier-White
disease in man were reported (De Cock et al., 2003; Geburek et al., 2005b). A clinical
subtype, called the ‘hemorrhagic type’, resembles CPD in draught horses the most, as mainly
palms, fingers and feet are affected in this type (Ruiz-Perez et al., 1999).

a

b

Figure 1.22: Clinical symptoms of (a) Darier -White disease in man and (b) chronic
progressive lymphedema in draught horses. (a) Confluent greasy keratotic papules on
the thorax and (b) verrucous skin lesions with a greasy malodorous coating on the dorsal
side of a draught horse fore limb (Figures adapted from Geburek et al. (2005b) and
Hovnanian (2004)).
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In man, different mutations (n = 48) in ATP2A2 were reported in 47 European families
(Ruiz-Perez et al., 1999; Sakuntabhai et al., 1999), a 3-generation Chinese family (eight
patients and 11 healthy subjects) (Lu et al., 2011) and 11 Italian patients (Pedace et al., 2011).
The mutations comprised 13 short intragenic deletions/insertions (of which 11 caused a
frameshift), 1 single base deletion, 1 duplication, 8 splice site mutations, 5 nonsense
mutations and 20 missense mutations.
Therefore, the equine ATP2A2, mapped on Equus caballus autosome (ECA) 8p14
(Müller et al., 2006), was examined in 85 German draught horses of the breeds South-German
(n = 80) and Saxon-Thuringian (n = 5) (Mömke and Distl, 2007a). They belonged to 10
paternal halfsib families including affected and healthy horses. At first, an association
analysis was performed using 7 microsatellites (1 closely linked to ATP2A2, 5 ATP2A2
flanking and 1 in intron 5) as well as 3 single nucleotide polymorphisms (SNP) within intron
3 of ATP2A2 (Mömke and Distl, 2007a). Thereafter, ATP2A2 was annotated completely and
searched for possible lymphedema associated polymorphisms (Mömke and Distl, 2007b). In
34 affected horses, recombinants between intragenic and flanking markers were seen, which
rejected association. There was also no evidence of association of intragenic markers with the
CPD phenotype. It was therefore concluded that polymorphisms in ATP2A2 are not associated
with CPD associated skin anomalies (Mömke and Distl, 2007b).
The ‘forkhead transcription factor 2 gene’ (FOXC2) was evaluated as a second
candidate for CPL. In man, FOXC2 mutations were associated with the rare ‘lymphedemadistichiasis syndrome’ [OMIM 153400] described in paragraph 1.3.2.1 (Fang et al., 2000;
Finegold et al., 2001; Mellor et al., 2011). The clinical aspect and age of onset are highly
similar to CPL (Figure 1.12a, b): limb lymphedema, a double row of eyelashes (which may be
compared with the extreme feathering in CPL susceptible draught horse breeds) and the age
of onset (distinct symptoms arise at puberty). Therefore, the full FOXC2 sequence was
determined in 5 affected horses (Clydesdale, Belgian Draught Horse), 1 healthy horse of a
susceptible breed (Belgian Draught Horse) and 1 negative control horse (of the Quarter Horse
breed) (Young et al., 2007). Five SNP’s were identified, of which 2 were located at the 5’ side
of FOXC2 and 3 in the coding region. None of them was associated to the CPL positive
breeds, as all genotypes were identical to the control Quarter horse (Young et al., 2007).
Therefore, also FOXC2 was refuted as a candidate for CPL in draught horses.
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1.3.3.2 Genome wide association study
A genome wide association study was performed to identify quantitative trait loci
(QTL) for chronic pastern dermatitis (CPD) (Mittmann et al., 2010). A total of 378 horses,
belonging to 31 paternal halfsib families, were analyzed. These families were constituted by 4
different German draught horse breeds: the Rhenish German, Schleswig, Saxon-Thuringian
and South-German Draught Horse. Genotyping was done for 318 polymorphic microsatellites
that were evenly distributed on all equine chromosomes and the X chromosome, with a mean
distance of 7.5 Mb. Association between CPD and microsatellites was estimated by the
proportion of alleles that was identical by descent for the affected animals. Chromosome wide
significant quantitative QTL were demonstrated on 4 chromosomes: ECA 1, 9, 16 and 17.
Within those QTL, some potential candidate genes were suggested. All these genes play a role
in the regulation of an inflammatory autoimmune response on an initial trigger: ubiquitin
protein ligase E3A, CD109 molecule and myotubularin related protein 6. Up to date, no
further results on these candidates were published. For future analyses, the authors suggested
a more balanced design of age and sex between the affected and unaffected horses, although
such a setup is not easy to accomplish due to high disease prevalence in these German
susceptible breeds (Wallraf et al., 2004).
1.3.4 The elastin gene
1.3.4.1 Elastin as a candidate for CPL in draught horses
CPD is a multifactorial disorder with a genetic susceptibility, demonstrated in German
draught horse breeds (Wallraf, 2003). Belgian Draught Horse ancestors, that were founders in
some of those German breeds, were suggested as the cause of the increased occurrence of
clinical CPD lesions. Given the use of Belgian Draught Horses as founders in many other
breeds around the world (paragraph 1.1.1), clinical signs of CPL most likely result from the
same genetic disorder. In draught horses of susceptible breeds, severe dermal and
perilymphatic quantitative and qualitative aberrant elastin was reported (De Cock et al.,
2009). A perilymphatic elastic support is needed for lymph uptake and propulsion. Hence,
elastin histopathology is highly suggestive for a decreased elastic functionality, hampered
lymphatic support, hence lymphedema. Consequently, ELN is a good candidate gene for CPL
in draught horses. Moreover, a disorder in man, autosomal dominant cutis laxa (ADCL),
shows strikingly similar histological and clinical skin abnormalities with those occurring in
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CPL in draught horses. ADCL does not include chronic lymphedema. ELN polymorphisms
(Tassabehji et al., 1998; Zhang et al., 1999; Rodriguez-Revenga et al., 2004; Szabo et al.,
2006; Graul-Neumann et al., 2008) and altered ELN expression (Sugitani et al., 2012) were
associated with ADCL in man. ELN and the complex generation of the resulting protein will
be described, as well as molecular genetic research on ADCL in man.
1.3.4.2 Structure of the elastin gene and the promoter region
ELN exists in a single copy per genome (Indik et al., 1989). In comparison to the
introns, ELN contains relatively small exons, resulting in a low coding ratio (in man
approximately 1:20). The resulting elastin protein comprises hydrophobic (elastic properties)
and cross linking domains (alanine and lysine rich), that are encoded within separate exons of
ELN (Figure 1.23) (Bashir et al., 1989; Indik et al., 1989). There are no repeating structures in
terms of exon size, exon spacing or the amino acid sequence (Bashir et al., 1989). In ELN,
Alu repeats occur at a frequency about 4 times the average frequency throughout the human
genome (Indik et al., 1987b). The human Alu consensus sequence is approximately 300bp in
length, consists of repeated monomer units and possesses features of transposable elements
and pseudogenes (A-rich sequences at 3’ end) (Deininger et al., 1981). The function of Alu
repeats in ELN remain unclear (Calabretta et al., 1982). Also stretches of alternating purines
or pyrimidines occur in ELN (Rosenbloom et al., 1995). The function these repetitive
sequences also is not fully understood yet (Calabretta et al., 1982).
During mRNA splicing of ELN exons, the 5’ borders contain the last 2 nucleotides of a
preceding codon, whereas the 3’ border contains the first nucleotide of the following codon
(Bashir et al., 1989). Therefore, in case of alternative splicing, the reading frame is maintained
when exons are removed from the primary transcript. Exons that are spliced out in man are
22, 23, 24, 26A, 32 and 33 (Figure 1.24) (Rosenbloom et al., 1995). However, in man,
splicing can also occur within an exon and lead to a fully functional protein. This can occur in
exon 10A and exon 12 (Indik et al., 1989). ELN cDNA clones of different species have
variable sizes, but a high similarity exists for those cDNA sequences that are common
(Rosenbloom et al., 1995). Also the intronic ELN sequences of man and cow show a certain
distant agreement, as they are both GC rich and contain several ELN cDNA-like sequences
(e.g. GPGGVGALGG or GGAGG). Such sequences are possibly the remnants of
evolutionary unspliced exons (Indik et al., 1989). The ELN mRNA splice pattern is age
dependent and tissue and species specific (Heim et al., 1991). For example, the ELN mRNA
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exon 33 in aorta and lungs of neonatal rats, was spliced out 10 times more than that in skin.
With age, the splicing of exon 33 decreased 20 times in skin ELN mRNA and 2 times in aorta
mRNA (10 days versus 6 weeks of age). Exon 12 - 15 mRNA on the other hand, showed
minimal tissue difference and developmental change (Heim et al., 1991). Alternative splicing
of the ELN primary transcript has not been demonstrated in horses yet.

Bovine genomic DNA

Human elastin gene

Figure 1.23: Schematic presentation of the human elastin gene and conformity with bovine
genomic DNA: The exons are numbered starting from 5’ end of the bovine gene and
similar sequences were numbered identically for uniformity. The exons encoding
potential cross linking domains are indicated by the full lines, those encoding
hydrophobic domains are indicated by dashed lines. Little arrows show the poly
adenylation sites. The lo wer rules indicates the amount of nucleotides (Figure adapted
from Rosenbloom et al. (1995)).

Bovine elastin cDNA

Human elastin cDNA

Figure 1.24: Schematic presentation of human and bovine elastin gene cDNA clones. The
exons are numbered, those encoding potential cross linking domains are indicated by
black squares, those encoding hydrophobic domains are indicated by dashed squares.
Exon 26A is not seen in bo vine elastin cDNA. Exon 1 encodes most of the signal
sequence. Arrows show the exons subject to alternative splicing. The lower ruler
indicates the amount of nucleotides (Figure adapted from Rosenbloom et al. (1995)).
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The 5’ and 3’ ELN flanking regions were thoroughly researched. Several studies
concluded that human ELN promoter is largely at the 5’ side of the ATG codon (from -2260
bp to +2 bp). Basic promoter elements were located in the region from -128 to -1 (Kähäri et
al., 1990; Rich et al., 1999; 1996). In man, the 5’ region of ELN (-2,200 bp) contains no
canonical TATA box, but multiple transcription initiation sites (Bashir et al., 1989). In mice,
transcriptional activity was mainly found in the 5’ UTR, but also stretches 84 bp in exon 1
(Pierce et al., 2006). Negative cis-acting regulatory elements, located further upstream
(between -2,260 and -495bp), were related to decreased promoter activity in an in vitro mouse
and swine skin model (Zhao et al., 2009). For a promoter region without a TATA box, the
transcriptional initiation and the relative use of major and minor transcription start sites, are
controlled by protein-DNA interactions at several GC box sequences simultaneously (Blake et
al., 1990). This suggests that the control of ELN transcription is complex. Other potential
binding sites for ELN transcription activation are ‘specificity protein’ (Sp)1, Sp2 and
‘activator protein (AP)1 and AP2 binding sites, ‘glucocorticoid-responsive elements’,
‘TPA-responsive elements’ and ‘cyclic AMP responsive elements’ (Kähäri et al., 1990; Rich
et al., 1999; Rosenbloom et al., 1995). Stretches of alternating guanidine and pyrimidine
residues also occur (-275 bp to -225bp) (Rosenbloom et al., 1995), and were shown to
function in transcription regulation (Hariharan and Perry, 1990; Taka et al., 2012). Also for
the 3’ UTR ELN region, high similarity was shown between man, cattle, rats and chicken and
this region is GA-rich (this region approximately comprises 70% of GA in chicken) (Hew et
al., 2000). Such a GA-rich sequence (or G3A motif) is an important protein binding site for
ELN mRNA stability (Hew et al., 2000). All ELN promoter features described above are
highly similar to the promoter regions in ‘housekeeping genes’, genes that code for molecules
with a function in metabolic reactions performed in many cell types (Yoshimura et al., 1991).
ELN however, is only expressed in a limited set of cells (e.g. fibroblasts, smooth muscle cells
and endothelial cells). Therefore, the occurrence of these promoter features in ELN is rather
unusual. The complex mechanism of transcription initiation could be a reflection of the
age-dependent and developmental expression of ELN (Rosenbloom et al., 1995). The
regulation of ELN expression is under a transcriptional control (relative amounts of mRNA),
whereas cessation is controlled via a post-transcriptional mechanism (Davidson and Crystal,
1982; Sephel et al., 1987; Swee et al., 1995). ELN expression in human skin fibroblasts is
initiated in the late stage of fetal development and the majority of the elastin is produced at
birth (Fazio et al., 1988; Sephel et al., 1987). Elastin deposited as precursor monomers in the
extracellular matrix where processing towards mature elastin molecules will occur.
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1.3.4.3 Three-dimensional structure of tropoelastin
ELN codes for a 60-72 kDa soluble elastin precursor monomer ‘tropoelastin’. By
means of small angle X-ray and neutron scattering, the 3-dimenstional structure of the full
(human) tropoelastin molecule has been determined and specific regions within tropoelastin
were identified (Baldock et al., 2011). According to Baldock et al. (2011), tropoelastin is an
asymmetric molecule that comprises specific domains, named a ‘coil’, ‘spur’ and ‘bridge’
region (Figure 1.25a and b).
N-terminus

Coil
region

Bridge

Spur
C-terminus

a

b

c
Figure 1.25: Shape of full-length human tropoelastin (exons 1 to 36) calculated from small
angle X-ray and neutron scattering data: (a) Superposition of 20 individual small angle
scattering (SAXS, blue) and small angle neutron scattering (SANS, gray) simulations of
tropoelastin structure. (b) Labeled diagram showing the proposed locations of the
N-terminus, the spur region and the C terminus. (c) Schematic presentation of inter tropoelastin coupling in a head -to-tail manner. The exon 10 (coil region) of a previous
molecule interacts with the exon 19 to 25 of the bridge region of the next molecule
(Figure adapted from Baldock et al., 2011).

The coil part provides the tropoelastin the well-known elastic properties. The distal
side of the coil region near the N-terminus comprises exon 10. This domain that is necessary
for inter-tropoelastin coupling in the making of mature and insoluble elastin. The spur region
comprises exons 20 to 24 and protrudes to 1 side of tropoelastin. The spur domain was
predicted to be the second domain of importance in the inter-tropoelastin coupling. The bridge
part that likely encompasses exon 26 (Jensen et al., 2000), links the coil region with the
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C-terminal region. The latter consists of a C-terminal cell interaction motif. Between the spur
and the bridge, there is an intermediate part that is rich in cross-links and comprises exons 19
to 25 (Wise et al., 2005). Individual tropoelastin molecules themselves are highly extensible
and were suggested to assemble in a head-to-tail manner in order to form mature and
insoluble elastin (Figure 1.25c).
1.3.4.4 Elastin assembly and protein structure
A schematic overview of elastin generation is given in Figure 1.26. Elastin producing
connective tissue cells assemble tropoelastin molecules in their rough endoplasmatic
reticulum, where they are bonded by a 67 kDa galactolectin (chaperone). This association
prevents the premature intracellular aggregation of different tropoelastin monomers (Hinek
and Rabinovitch, 1994). The tropoelastin-chaperone complex lasts until it will be excreted
into the extracellular space. There, the chaperone interacts with galactosugars and will be
recycled (Debelle and Tamburro, 1999). The tropoelastin molecules then will be able to cross
link and assemble.

Figure 1.26: Schematic presentatio n of elastin generation. Tropoelastin (circle) is captured by
a chaperone (rectangle) in the rough endoplasmic reticulum, preventing a premature
aggregation of tropoelastin. The complex persists in the Golgi apparatus until excretion.
In the extracellular space the complex on the cell surface contacts galactosugars of the
microfibrillar component of an elastic fibre. Then tropoelastin is released and the
chaperone recycled. Tropoelastin is assembled (coacervation) and polymerized by the
copper dependent enzyme lysyl oxidase into elastin. Elastin is incorporated in the elastic
fibre network (Figure adapted from (Debelle and Tamburro (1999)).
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Catalyzed by the copper requiring enzyme lysyl oxidase (LOX), certain lysyl residues
of the tropoelastin polypeptides undergo oxidative deamination and form allysines (aldehyde
derivates). Those allysines are the groups that will participate in covalent binding processes
(Uitto, 1979) and are the basic reaction in the formation of elastin specific cross links:
desmosin and isodesmosin (Figure 1.27). The high degree of cross linking is important for the
elastic properties and insolubility of elastin. The result of the complex elastin generation
mechanism is a highly resilient structure, which is meant to last over a lifetime. Elastin is
abundant in the extracellular matrix of large arteries, lung parenchyma and elastic ligaments
(Chung et al., 2006). In skin, this protein only accounts for 2 - 4% of the dry weight,
nevertheless, it provides sufficient elasticity and recoil to it (Rosenbloom et al., 1993). In
accordance to its unique physical properties, elastin is rich in hydrophobic amino acids
(alanine, valine, isoleucine, leucine, methionine, phenylalanine, tyrosine and tryptophan) that
account for almost 44% of the totality of residues. Glycine and proline account for
respectively 33 and 10-13% of the residues (Starcher and Galione, 1976; Sage and Gray,
1979). Lysine, an amino acid with a positively electrically charged side chain, accounts for
4% of the residues and is mainly incorporated into the cross links (Rosenbloom et al., 1993).
Elastin polypeptide chains

a

Intermediate

b

Desmosin

c

Figure 1.27: Formation of desmosin cross links in elastin generation. (a to b) An extracellular
lysine amino oxidase converts 3 lysine side chains of elastin to allysines and 1 lysine
remains (b to c) Three allysines and an unmodified lysine react to form the heterocyclic
structure of desmosine or isodesmosine via an aldol condensation reaction with the
release of H 2 O (Figure adapted from Nelson and Cox (2008) ).

It is important to distinguish ‘elastin’ from ‘elastic fibre’. An elastic fibre consists of
an amorphous core (90%) represented by elastin. This core is surrounded by and sparsely
interspersed with, microfibrils (Figure 1.28). Identical to elastin generation, the formation of
an elastic fibre takes place close to the cell membrane of the tropoelastin secreting cells
(Serafini-Fracassini, 1984). Microfibrils act as a scaffold to which the elastin is deposited and
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by this, they direct the form and orientation during growth and maturation of the elastic fibre
(Rosenbloom et al., 1993). Elastin and microfibrils are linked together by 2 cysteine residues
in the C-terminal of elastin (Brown-Augsburger et al., 1996).
Elastin production and elastic fibre assembly physiologically occurs from the late fetal
to early neonatal period (Kelleher et al., 2004). In fetal tissues, the microfibrillar quantity
overrules that of elastin, although a rapid elastin deposition onto the microfibrillar mold
occurs around birth (Mecham, 2008). In adult tissues, elastic fibre damage is often repaired by
newly (adultly) formed ‘elastic structures’ that are improperly organized and therefore lack a
descent elastic functionality (Shifren and Mecham, 2006). As an explanation, it was suggested
that the complicated mechanism of elastin formation, which is temporally and spatially
regulated, hence hard to repeat in adult tissues (Wagenseil and Mecham, 2007).

a

b

Figure 1.28: Electron micrograph of the elastic fibre composition. (a) Transmission
microscopy of an elastic fibre comprising an elastin core (E) surrounded by microfibrils
(MF) of developing lung tissue. (b) Quick freeze and deep edge microscopy gives insight
into the internal organization of t he fibre. Next to the fibre, the plasma membrane of an
adjacent cells is seen (PM) (Origin of elastin tissue was not given, figure adapted from
Mecham (2008)).

To obtain decently cross linked and insoluble, mature elastin, it is necessary to start
from entire tropoelastin molecules (Sato et al., 2007). For instance, in case tropoelastin
molecules lack specific intermediate domains they are not incorporated into elastic fibres.
This was demonstrated for an elastin related disorder ‘supravalcular aortic stenosis’ (SVAS)
(Wachi et al., 2007). Even more, mice models showed that the disease severity of SVAS
(hypertension and cardiovascular changes) was influenced by the amount of functional elastin
in the cardiovascular tissues (Hirano et al., 2007; Shifren et al., 2007). Another example is the
human elastin related disorder autosomal dominant cutis laxa (ADCL). In ADCL patients,
histological clumping of the dermal elastin was demonstrated (Figure 1.29). Several ELN
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polymorphisms have been associated to ADCL (paragraph 1.3.4.4), resulting in aberrant
elastin and/or an abnormal assembly of the elastin molecules on the microfibrillar mold
(Sephel et al., 1989). In vitro assays showed that when the C-terminal or N-terminal region of
tropoelastin lacked, elastin cross linking and/or deposition onto the microfibrillar scaffold
failed (Sato et al., 2007).
These findings support the hypothesis that elastin histopathology in CPL affected
draught horses result in a decreased lymphatic functionality. With increasing clinical disease
severity, more dermal elastin occurred, but in a histologically aberrant composition (De Cock
et al., 2006a, 2009), which is highly similar to the pathological elastic structures described
above for ADCL. Therefore, we suggest that a genetic ELN defect causes the elastin
histopathology and is responsible for CPL in draught horses.
In the next paragraphs, an overview is given of the human skin disorders with similar
clinical presentation as for CPL in draught horses and for which an ELN association has been
demonstrated, are provided. This is followed by a description of the genes coding for the
microfibrillar components of elastic fibres and their polymorphisms.

Figure 1.29: Malformed elastic fibres in the dermis of a cutis laxa patient: The elastin
component (thick arrow) is deposited independently from the microfibrillar component
(thin arrow). Transmission electron microscopy, saturated uranyl acetate and lead citrate
stain (10000x) (Figure adapted from Sephel et al. (1989)).

1.3.4.5 Molecular genetic research of elastin in human skin disorders
‘Cutis laxa’ is a rare (< 1/1,000,000) connective tissue disorder that may be inherited
or acquired. The inherited types are ‘ADCL’ [OMIM 123700], ‘autosomal recessive cutis
laxa’ (ARCL) type I [OMIM 219100], type IIA [OMIM 219200], type IIB [OMIM 612940]
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and type III [OMIM 219150], ‘Urban-Rifkin-Davis syndrome’ [OMIM 613177],
‘macrocephaly-alopecia-CL-scoliosis syndrome’ [OMIM 613075], ‘arterial tortuosity
syndrome’ [OMIM 208050] and ‘X-linked cutis laxa’ [OMIM 304150] (Berk et al., 2012). In
all these cutis laxa types, 1 clinical feature is consistent, namely a loose and hypoelastic skin
(most often at the hands, neck and groin). Only ADCL was associated with ELN
polymorphisms. ADCL is considered as a mild disease and patients generally live normal
lifespans (Sarkar et al., 2002). Disease onset is from birth to early adulthood and is clinically
predominantly characterized by the described skin anomalies that typically worsen with age.
Also facial features (high forehead and large earlobes) and pulmonary and cardiac functional
abnormality with variable severity can be present (Urban et al., 2005; Szabo et al., 2006).
Several ELN mutations were associated to ADCL (Table 1.5). Sequencing of fibroblast ELN
cDNA demonstrated single nucleotide deletions in exon 30 (G or C) (Zhang et al., 1999;
Szabo et al., 2006), exon 32 (A) (Tassabehji et al., 1998; Callewaert et al., 2011) and exon 33
(C) (Rodriguez-Revenga et al., 2004; Callewaert et al., 2011). Also 25bp deletions in exon 30
were reported (Szabo et al., 2006; Callewaert et al., 2011). All mutations induced a frame
shift, leading to an elastin elongation or truncation.
Table 1.5. Human elastin gene mutations associated with autosomal dominant cutis laxa.
n(+/-) = sample size (case/control), NR = not reported, Del = deletion, Dup = duplication.
Polymorphism

n(+/-)

Population

Reference

2012DelG

1/65

Caucasian

Zhang et al., 1999

2039DelC

2/65

NR

Zhang et al., 1999

2244DelA

1/60

Caucasian

Tassabehji et al., 1998

2292DelC

2/100

NR

Rodriguez-Revenga et al., 2004

2124Del25bp

1/NR

Caucasian

Callewaert et al., 2011

2262DelA

2/NR

NR

Callewaert et al., 2011

2137DelG

1/NR

Caucasian

Callewaert et al., 2011

2333DelC

1/NR

NR

Callewaert et al., 2011

2296DupGCAG

1/NR

NR

Callewaert et al., 2011

2114Del25bp

2/121

Japanese/German

Szabo et al., 2006

2159DelC

1/121

Singaporean

Szabo et al., 2006

1621C>T

1/1

NR

Graul-Neumann et al., 2008

(NR)Dup

2/36

Great-Brittain

Urban et al., 2005

The exons 22, 23, 26A, 30, 32 and 33 were alternatively spliced (heterozygously) in
both patients and controls in several studies, leading to 2 possible ELN isoforms per subject (
Tassabehji et al., 1998; Zhang et al., 1999; Szabo et al., 2006; Callewaert et al., 2011).
Therefore, it was suggested that the splicing of mutant alleles is responsible for a reduction of
ADCL clinical severity. A mutant exon 30 and exon 33 allele was expressed in vitro in dermal
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fibroblasts (Tassabehji et al., 1998; Rodriguez-Revenga et al., 2004; Szabo et al., 2006;) and
polymorphisms in these exons were associated with marked histological human skin elastin
anomalies (Tassabehji et al., 1998). Exon 32 mutations were (in silico) predicted to disrupt the
ELN mRNA stability (Zhang et al., 1999). ADCL was also associated with ELN duplication.
One duplication was located in exon 33 (Callewaert et al., 2011) and a second heterozygous
tandem duplication created an additional intronic sequence of 250bp (no detailed information
was provided, Urban et al., 2005). Both duplications altered the reading frame and elongated
elastin. Immunoprecipitation showed that the mutant molecule was partially secreted and
partially retained intracellularly. Histology of the patients’ skin showed elastic fibre
anomalies: a lack of association of the elastin and the microfibrils (Urban et al., 2005).
Furthermore, a heterozygous C - T transition in exon 25 was demonstrated in a ADCL patient
and his asymptomatic father (Graul-Neumann et al., 2008). This mutation led to an in frame
deletion of exon 25 (novel splice site), resulting in a tropoelastin lacking amino acids
526 - 540. In the patient, total ELN mRNA was expressed at normal levels, while in the father,
expression was > 50% reduced. This suggests a dominant negative effect of the mutation in
the ADCL child and haploinsufficiency in the healthy father (Graul-Neumann et al., 2008). A
deficient microfibril binding and enhanced self-association properties were shown for several
mutant ELN associated with ADCL (Hu et al., 2010; Callewaert et al., 2011). It was
hypothesized that the secreted mutant proteins from the mutant allele, interfere with the
deposition of normal elastin of the wild type allele (in a dominant negative manner). Indeed,
in fibroblast cultures, expression of mutant elastin impaired the deposition of tropoelastin on
the microfibrillar scaffold and enhanced tropoelastin self-association and globule formation.
This resulted in lower amounts of mature cross linked elastin (Callewaert et al., 2011).
Another hypothesis is that the mutants are more susceptible (by a gain of function
mechanism) to proteolytic degradation (Milewicz et al., 2000; Urban et al., 2005).
A second disorder associated with ELN aberrance is ‘Williams-Beuren syndrome’
(WBS) [OMIM 194050]. This is a rare disorder (1/7500 to 1/10000 live births) (Strømme et
al., 2002) characterized by facial, cardiovascular, connective tissue, neurological and
endocrine anomalies and behavioural problems (Pober, 2010). Duplications and deletions
(copy number variants or CNV) of HSA 7q11.23 were associated with a variable WBS
phenotype (Strømme et al., 2002; Merla et al., 2010). A deletion in 7q11.23 was associated
with the phenotype including connective tissue anomalies, facial dysmorphism and SVAS
(Figure 1.30) (Merla et al., 2010). This region comprises several genes, including ELN. Only
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for ELN mutations, a clear association with the WBS phenotype was obtained (Merla et al.,
2010). These mutations were responsible for the typical connective tissue anomalies and
SVAS seen in affected subjects. This was confirmed in a knockout mouse model for the
human WBS region: deletion of the ‘human WBS region’ in mice resulted in highly similar
clinical features (Li et al., 2009). It was therefore suggested that ELN hemizygosity in WBS
affects the elastic fibre network. Dermal elastin anomalies were associated with WBS.
Patients (n = 10) showed less dermal elastic fibres (2 fold decrease), with a smaller fibre
diameter, in comparison to healthy controls (n = 25) (Ghomrasseni et al., 2001).

Figure 1.30: Schematic representation of genomic 7q11.23 arrangement and deletions
associated to Williams-Beuren syndrome. Centromeric (c), middle (m) and telomeric (t)
low copy repeats are shown as arrows that flank the common deletion region (with a size
estimated 1.5 to 1.8Mb). Multicopy genes (A, B, C) within the low copy repeats are
represented only once. (Figure adapted from Merla et al. (2010)).

1.3.4.6 Molecular genetic research of microfibrils
The addition of elastin to the microfibrillar mold of an elastic fibre, is seen as an
evolutionary adaptation to handle the pressure of a closed circulatory system (Faury, 2001).
Microfibrils facilitate the alignment of tropoelastin monomers, prior to their cross linking by
LOX (Wagenseil and Mecham, 2007). Microfibrils are mainly built up out of members of the
fibrillin family. Microfibrils may also comprise other, smaller proteins, as ‘fibulins’,
‘microfibril associated glycoproteins’ (MAGP) and ‘elastin microfibril interface located
protein 1’ (EMILIN-1).
The family of fibrillins comprises fibrillin 1, 2 and 3. Fibrillins are large glycoproteins
(approximately 350 kDa) that form the major structure of the microfibrils (Sakai et al., 1991).
Fibrillins also play a role in the regulation of transforming growth factor β (TGF-β) and bone
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morphogenic protein (Ramirez and Sakai, 2010; Davis and Summers, 2012). Mutations in
fibrillin genes (FBN) result in different connective tissue disorders, due to increasing levels of
active TGD-β and/or fibrillin absence or aberrance: Marfan syndrome [OMIM 154700] (Grau
et al., 1998), ectopia lentis [OMIM 129600] (Zhao et al., 2012), thoracic aortic aneurysm
(Jondeau and Boileau, 2012; Wang et al., 2013) (FBN1) and congenital contractural
arachnodactyly [OMIM 121050] (FBN2). Currently, no disorders were associated with FBN3
mutations. Fibrillins are important in structure maintenance and integrity of the extracellular
matrix (Davis and Summers, 2012) and have been associated with the elastic fibre network
(Milewicz et al., 2000). Nevertheless, a lymphedema phenotype or skin anomalies were not
present in the disorders described above.
Fibulins have an intermediate size (range 50-200 kDa) and comprise 5 diffferent
family members, namely fibulin 1 to 5 (Timpl et al., 2003). All fibulins, except fibulin 2, have
weak or strong interaction with tropoelastin (Wagenseil and Mecham, 2007). It was suggested
that fibulins are necessary for elastic fibre formation by facilitating elastin deposition on the
microfibrillar scaffold via direct molecular interactions (Hu et al., 2006). A fibulin 1 splice
variant was associated to syndactyly (2 or more digits are fused) in man (Debeer et al., 2002).
Fibulin 3 mutations were associated to maculopathy (eye pathology) (Michaelides et al.,
2006). Fibulin 5 mutations were associated to inherited neuropathies, age-related macular
degeneration (type of maculopathy) and hyperelastic skin (Auer-Grumbach et al., 2011). Both
fibulin 4 and 5 mutations were associated with ARCL (Hucthagowder et al., 2006). The
fibulin mutations associated with ARCL resulted in protein misfolding, decreased fibulin
secretion and a reduced interaction with elastin and fibrillin 1. Therefore, elastic fiber
formation and connective tissue development were impaired (Hucthagowder et al., 2006).
The MAGP’s (MAGP-1 and MAGP-2) are small glycoproteins (approximately 20
kDa) and are an important component of microfibrils. MAGP-1 binds both tropoelastin and
fibrillin (Jensen et al., 2001; Hanssen, et al. 2004). This is suggestive for a role in elastic fibre
assembly, that has already been shown for MAGP-2 (Lemaire et al., 2007). No reports about
MAGP mutations could be associated to a lymphedema phenotype or skin anomalies.
EMILIN-1 is a member of the EMILIN protein family and is localized to the interface
between elastin and the microfibrils (Doliana et al., 2000). EMILIN-1 mutations were not
associated to a lymphedema of skin anomaly phenotype.
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CLINICAL PHENOTYPING, PREVALENCE AND RISK FACTORS

2.1.

Abstract
Chronic progressive lymphedema (CPL) is a well-known problem in the Belgian

Draught Horse. Nevertheless, tools for clinical diagnosis were not standardized, and therefore,
the exact disease prevalence and possible CPL risk factors had not been investigated in the
Belgian breed. We aimed to assess a uniform CPL clinical examination method using clinical
scores, to increase diagnostic objectivity as well as to determine occurrence and severity of
lesions. Using univariate and multivariable mixed models, the association of factors such as
age-gender interaction, coat colour and season with clinical scores was examined.
Furthermore, to strengthen the future quantitative genetic analysis of clinical scores, traits that
were objectively measurable and could be associated to CPL, were collected in a subset of the
clinically examined horses, namely skin fold thickness and hair diameter. We demonstrated
that CPL is highly prevalent in the Belgian Draught Horse: an average of 60.66% was
affected in our total sample, including a large proportion of young horses (< 3 years), whereas
85.86% was affected in an older subset (≥ 3 years). In the latter, lesions were more explicit as
CPL is a chronic disorder. Mild clinical symptoms appeared at approximately the age of 1 in
some horses (14% of yearlings), while distinct onset occurred at the age of 3 onwards. We
identified and quantified factors (age-gender interaction, coat colour and season) that
significantly associate with clinical scores. This paper proposes a standardized diagnostic
protocol that will enhance future data collection and that will, furthermore, offer a foundation
for quantitative genetic research. Ultimately, it will help to reduce CPL occurrence in the
Belgian Draught Horse by means of selection.
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2.2.

Introduction
Belgian Draught Horse owners are concerned about CPL in their breed, but the

estimated population prevalence of this disorder is hampered by a uniform and reliable routine
recording of the phenotype (personal communication with the Belgian Draught Horse
studbook). Assessments of CPL prevalence are sparse. In a study of Wallraf et al. (2004),
disease prevalence averaged 65% (ranging from 48 to 96%) in a sample of German draught
horses older than 2.5 years of age (n = 912, 6 different breeds). In 161 Belgian Draught Horse
stallions aged 2 to 3, the prevalence was 82% (Verschooten et al., 2003). Verschooten et al.
(2003) collected data over 8 successive years at Ghent University, Faculty of Veterinary
Medicine (1995-2002), by means of clinical examination and radiographic analysis of the 4
lower limbs in all stallions presented for their final approval to enter the breeding program as
an official stud. Clinical symptoms vary with ‘age’ (progressive character) and ‘gender’
(Wallraf et al., 2004) and might be affected by ‘coat colour’, ‘location of sampling’ and
‘random environmental conditions’ such as season of sampling. The latter 3 factors had not
been examined before. As certain breeding lines seem more affected than others, it is
expected that there is a genetic component to CPL susceptibility.
The estimated genetic correlation (rg (s.e.)) between neck skinfold thickness and CPD
occurrence (affected: yes/no) in German draught horses attained 0.43 (0.10) (Wallraf, 2003).
Also in man, lymphedema is detectable by skin fold thickness measurements, using a skin
fold calliper (Roberts et al., 1995). Moreover, in affected Belgian Draught Horses, fetlock
tufts of hairs seem macroscopically thicker compared to those of unaffected horses. Genetic
correlations between the occurrence of CPD in German draught horses and limb hair length,
implantation density and extension on the lower limbs were respectively estimated -0.24
(0.11), 0.12 (0.11) and 0.32 (0.10) (Wallraf, 2003), hence a genetic relationship between hair
characteristics and CPD can be assumed. So, neck skin fold thickness and hair diameter could
be interesting indicators for severity of CPL in the Belgian Draught Horse. Also for these 2
traits, possibly associated factors were statistically examined. The aim of this study was to
develop a standardized clinical examination tool for a uniform CPL diagnosis in draught
horses. A detailed and uniform assessment of CPL (separately per limb and categorized by
severity of lesions) will provide a better insight in the current state of disease. Furthermore,
the most optimal statistical model for each trait was assessed, serving as a basis for the
quantitative genetic approach.
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2.3.

Materials and methods

2.3.1. Clinical phenotyping
The description of CPL associated lesions reported in several breeds (Shire,
Clydesdale and German breeds) have been reviewed (Ferraro, 2001; De Cock et al., 2003;
Wallraf, 2003). A schematic presentation of the progression of clinical lesions described by
De Cock et al. (2003) is given in Figure 2.1. Histopathological data combined with our own
clinical observations in preliminary field trials, resulted in a table of possible CPL associated
lesions at the lower limb level. Categorization (from 0 to 4) indicates clinical severity and
defines the magnitude of the affected limb region, using the fetlock as a reference. Disease
severity is determined by the presence and severity of long-term features such as swelling and
deformation and/or by skin and hair anomalies which are listed separately in the table. Based
on the scoring system, the 4 limbs of each horse included in this study, were clinically
examined and given a ‘clinical score per limb’ (from 0 to 4). To obtain a full impression of
CPL severity per horse, the 4 scores were added up, resulting in a ‘clinical CPL score per
horse’ (CPLclin, from 0 to 16).

a

b

c

Figure 2.1: Progression of clinical chronic progressive lymphedema lesions at the level of
the lower limbs as described by De Cock et al. (2003) . (a) Mild symptoms in the early
disease stage include a slight limb swelling with hyperkeratosis and scaling and 1 to 2
small skin folds in the rear pastern region. (b) Progression of lesions, with a more severe
limb swelling and formation of multiple skin folds and fibrotic nodules. Small ulcerations
coalesce into bigger ulcerative areas . (c) Massive limb swelling and extreme deformation
due to skin folds and nodules encircling the entire lower limb. Multiple large
wounds/ulcers. (Excessive skin scales were not drawn in figures b and c).
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2.3.2. Traits possibly associated to clinical scores
Skin fold thickness (SFT) was measured using a Harpenden skinfold caliper (Baty
International, Sussex, UK) according to the methodology by Durnin et al. (1997). Measuring
SFT at the level of the lower limbs is unsafe. Besides, as a consequence of the slight to severe
limb swelling in affected horses, it would not have been possible to lift a skin fold at the level
of the lower limbs. Therefore, another body area was searched for. In the neck and the lower
limbs, dermal elastin aberrance was shown, both in clinically healthy and affected
lymphedema susceptible draught horses and it was suggested that CPL is a generalized skin
disorder (De Cock et al., 2009). Besides, genetic correlations between neck SFT and the
occurrence of CPD was demonstrated in German breeds (Wallraf, 2003). Therefore, SFT was
measured at the left central area of the neck (approximately 10 cm in front of the scapula and
10 cm above the neck vertebrae) and repeated 3 times. Results were averaged to obtain a
representative value for SFT (mm) per horse.
For hair diameter (HD), a sample of fore fetlock hair was pulled, 3 random hairs
were cleaned (distilled water and a paper tissue) and mounted on a glass slide with adhesive
tape. Each hair diameter was measured at 3 locations (4x 20x magnification) using a light
microscope (Evos, Advanced Microscopy Group, USA). Starting from the base of the hair
bulbus, measurements were performed on a region of the hair that was located in the dermis:
at 19,160µm, 19.300µm and 19,440µm from the start of the hair bulbus. Measurements were
performed within one and the same microscopic area (the first and third measurement were
performed next to the outer microscopic area boundaries, whereas the second measurement
was performed in the middle of both previous measurements). The 3 results per hair (3 hairs
per horse) were averaged to obtain 1 representative value for HD (µm) per horse. To assess
reproducibility of the measurements, 2 appraisers tested 12 horses independently in a
preliminary analysis, resulting in 108 measurements on a total of 36 hairs, which resulted in a
good inter-appraiser correlation of 0.99 (p <0.001).
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2.3.3. Population
Data collection was performed at official draught horse competition throughout 2
years in Belgium (2009 - 2011). At competition, predominantly younger horses are present.
To obtain a representative sample with respect to age and location of sampling, also stable
visits were performed (in Flanders, Belgium) (Table 2.1). Location of sampling was chosen at
random and at each location all horses present were examined.
Pedigree data (25,376 records) were provided by the Royal Society of the Belgian
Draught Horse (KMBT, Brussels, Belgium) and additional information (e.g. sire and dam,
date of birth and coat colour) was retrieved afterwards, based on the horse’s studbook number
(provided by the studbook).
Table 2.1. Number of animals and records sampled in Belgian Draught Horses. CPL cl in =
score derived from clinical examination of the 4 limbs per hor se, SFT = skin fold
thickness (mm), HD = limb hair diameter (µm).
Times measured
Traits

Total
1x

CPLclin
SFT
HD
CPLclin
SFT
HD

2x

3x

n animals sampled: total (competition/stable visit)
625 (518/107)
79 (35/4)
39 (35/4)
528 (421/107)
57 (45/12)
32 (28/4)
321 (288/33)
n records sampled: total (competition/stable visit)
625 (518/107)
158 (134/24)
117 (105/12)
528 (421/107)
114 (90/24)
96 (84/12)
321 (288/33)

4x

5x

15 (15/0)
14 (14/0)

4 (4/0)
4 (4/0)

762 (639/123)
635 (512/123)
321 (288/33)

60 (60/0)
56 (56/0)

20 (20/0)
20 (20/0)

980 (837/143)
814 (671/143)
321 (288/33)
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2.3.4. Statistical analysis
Statistical analysis was performed using SAS 9.3 software (Sas Institute Inc., Cary,
USA). The MEANS and FREQ procedure were used to obtain descriptive statistics and to
assess CPL prevalence: affected = CPLclin > 0 versus healthy = CPLclin = 0. Clinical scores of
horses that were repeatedly measured were averaged. Since especially younger horses were
included in our study, prevalence was assessed for the total sample and, analogous to Wallraf
et al. (2004), also for a subset of horses older than 3 years of age. For statistical analysis,
clinical disease status was treated as an ordinal respons (CPLclin = 0 to 16) and CPLclin and
SFT were log-transformed (logCPLclin and logSFT). Factors possibly associated with
logCPLclin, logSFT and HD (Table 2.2), were analyzed using the MIXED procedure in
univariate models. Factors with a significant association (p ≤ 0.05) were combined in
multivariate models (MIXED procedure). The Akaike information criterion or ‘AIC’ (Akaike,
1974) and significance of factors (p ≤ 0.05) was used for model selection.
Table 2.2. Overview of factors possibly associated with the clinical severity of lower limb
CPL lesions per horse (CPL cl i n ), skin fold thickness and hair diameter.
Factor

Information

Levels

Age
Gender

Derived from date of sampling and pedigree
Derived from pedigree

Coat color

Derived from pedigree

Location

Location where the record was collected

Season

Season in which the record was collected

Hair pigmentation

Pigment of lower limb hair

Continuous (in years)
1 = Stallion
2 = Mare
1 = Bay
2 = Black
3 = Chestnut
4 = Brown Roan
5 = Black Roan
1 = Contest
2 = Stable visit
1 = Autumn
2 = Spring
3 = Summer
4 = Winter
1 = Pigment (black)
2 = No pigment (white)
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2.4.

Results

2.4.1. Clinical phenotyping
Table 2.3 provides an overview of possible CPL associated lower limb conditions in
draught horses, leading to a standardized classification of affected limbs in 5 CPL scores:
0 = not, 1 = mildly, 2 = moderately, 3 = severely and 4 = extremely affected.
Table 2.3. Clinical evaluation of the limbs in draught horses. Horses are categorized in
clinical groups, based on the severity of lower limb lesions and the affected region, with
the fetlock as an imaginary boundary. SF = skin folds, NOD = nodules, D = dorsal, P =
palmar, PL = plantar. * A normal limb diameter ranges from 25 to 30 cm for fore limbs
(measured directly below the carpus) and from 33 to 38 cm for hind limbs (measured
directly under the hock) .
CPL class

Affected region

0 = no

1 = mild

2 = moderate

3 = severe

4 = extreme

Below fetlock

Fetlock

Above fetlock

Above fetlock

Skin surface and hairs

Swelling and deformation

Hairs supple
Slight skin thickening
Scaling
Hyperkeratosis
Hairs suple
(Hock: hairs upright)
Moderate skin thickening
Hyperkeratosis, scaling
Wounds, ulcera
Hairs less supple
(Hock: hairs upright + exudate)
Severe skin thickening
Hyperkeratosis, scaling
Wounds, ulcera, exudate
Greasy skin + bad odour
Hairs rough + broken
Hock: hairs upright + exudate + wound
Severe skin thickening
Hyperkeratosis, scaling
Wounds, ulcera, exudate
Greasy skind + bad odour
Hairs rough + broken
Hock: hairs upright + exudate + wound

Normal limb diameter*
Normal limb diameter
Soft, compressible swelling
1-2 SF (P/PL)

Normal limb diameter
Moderate hard, diffuse swelling
>2 SF and NOD (D/P/PL)

Increased limb diameter
Hard, diffuse swelling
SF and NOD (D/P/PL)
Mechanical disturbance

Increased limb diameter
Hard, diffuse swelling
SF and NOD surrounding limb
Severe mechanical disturbance
General loss of condition
‘Final stage’
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2.4.2. Population
Official contests were visited on 22 dates: 2 in winter, 1 in spring, 4 in summer and 15
in autumn while 29 stable visits were performed on 17 dates: 2 in winter, 13 in spring, 14 in
summer and 2 in autumn. A total of 762 horses was examined by means of the scoring system
and some horses were examined multiple times to enable assessment of random
environmental effects in future quantitative genetic analyses. This resulted in a total of 982
records (comprising 18% repeated measurements) with pedigree information.The average
time lapse between examinations (SD) was 169 days (139). The majority of records was
collected at official contests (81.22%), with an average number (SD) of 36.27 (25.15) (range
7 to 110) per event, whereas on average 6.81 (5.64) (range 1 to 24) records were collected per
stable visit.
2.4.3. Descriptive statistics
CPLclin in stallions and mares respectively averaged (SD) 3.42 (4.09) and 3.15 (3.94)
(both range 0 to 16.00). At official contests, CPLclin was significantly worse in stallions than
mares and the opposite although not significantly was observed at stables. Worst lesions
occurred in mares at stables: CPLclin averaged 5.34 (5.14) (range 0 to 16) (Figure 2.2). Skin
fold thickness was significantly higher in stallions than mares, respectively 7.11 (1.38) mm
(range 4.13 to 10.87) and 5.01 (0.75) mm (range 3.53 to 9.00). Thickest skin folds occurred in
contest stallions: 7.24 (1.33) mm (range 4.13 to 10.87). An opposite gender difference was
seen for limb hair diameter, which was significantly higher in mares (139.46 µm (17.24)),
range 96.95 to 195.96) than in stallions (131.06 (18.89) µm, range 96.46 to 180.49). Highest
values occurred in mare limb hairs at stables: 138.60 (13.06) µm (range 105.54 to 166.99).

HD (*100 µm)
Trait

Stallion contest
Mare contest

SFT (mm)

Stallions stable
Mare stable

CPLclin (0-16)
0.00

2.00

4.00

6.00

8.00

10.00

12.00

Figure 2.2: Average and standard deviation for clinical severity of lower limb CP L lesions
per horse (CPL c li n ), skin fold thickness (SFT) and hair diameter (HD) in 764 Belgian
Draught Horses sampled at official contests and stable visits.
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The average and maximum ages (SD) of our study sample were low: 3.87 (3.02) and
17.48 years, respectively; mares were significantly older than stallions, respectively 4.09
(3.23) years (range 0.33 to 17.48) and 3.32 (2.33) years (range 0.32 to 13.27). The most
common coat colour was ‘bay roan’ (64%), whereas ‘bay’, ‘black roan’, ‘black’ and
‘chestnut’ accounted for respectively 16, 10, 5 and 5% of the sample. Only ‘chestnut’ horses
had non-pigmented (white) limb hair. Therefore, coat color was a factor in the analysis of
CPLclin and SFT, whereas hair pigmentation was chosen for the analysis of HD.
2.4.4. CPL prevalence and severity
Clinical CPL prevalence was high, showing a CPL score > 0 in 60.66% of the horses.
At official contests, 57.75% was affected (61.08% of stallions and 56.09% of mares) (Figure
2.3). At stable visits, the percentage of horses showing lesions was even higher, 68.55%
(50.00% of stallions and 70.92% of mares). As CPL is a progressive disorder, it is important
to mention that the average age in the unaffected horses was low. Stallions were on average
(SD) 1.67 (0.91) years old (range 0.32 to 10.51) and mares 2.41 (1.91) years (range 0.33 to
16.02). Considering the occurrence of clear lesions from the age 3 on in the full set of data

100

12.00

80

10.00

CPLclin (0-16)

% of horses affected
(CPL-score > 0)

(Figure 2.4), we also calculated prevalence in horses ≥ 3 years.

60
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20

8.00
6.00
4.00
2.00

0

0.00
D_full
D_3+
Data set

0

1

2

3

4 5 6 7
Age (years)

Stallion contest Mare contest

Mares contest

Stallion stable

Stallions

Mare stable

Figure 2.3: Percentage of affected
horses (CPL c li n > 0) per
gender and location Total
sample (D_full, n = 980) and
horses ≥ 3 years (D_3+,
n = 456). Horses ≥ 3 years of
age have more phenotypic
CPL certainty compared to
younger ones.

8

9 10 >10

Mares stable

Figure 2.4: Clinical CPL severity/horse (CPL cl i n )
in Belgian Draught Horse mares and
stallions per age and location. Due to a
limited number of horses per age in older
horses, stallions > 7 years and mares > 10
years were grouped. Stallions examined at
stable visits and competition were grouped
due to a limited number of stallions per
category.
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In this category, horses that would have been possibly ‘subclinical’ at young age, most
likely had (already) developed clinical signs (increased certainty of the phenotype). The
percentage of clinically affected horses had increased to 85.86% (Figure 2.3): 85.84% was
affected at the contests (91.95% stallions and of 83.33% mares) and 85.84% at the stable
visits (all stallions and 84.91% of mares).
First lesions were detected in 1 year old horses (Figure 2.4), but only in a low
percentage (14%) and CPLclin averaged (SD) 0.42 (1.03) (range 1.00 to 4.00). Severity
increased for both mares and stallions from the age of 3 onwards. Lesions in mares ≥ 3 years
examined at stable visits were worse compared to those at the events. From the age of 5,
stallions examined at the contests were more severely affected and showed a quicker
deterioration than mares.
2.4.5. Univariate linear regression analysis (Table 2.4)
Factors significantly associated with the logarithm of clinical severity of lesions per
horse (logCPLclin) were ‘age’ at time of examination, ‘coat colour’, ‘location’ and ‘season’.
Disease severity significantly increased with age. ‘Bay’ and ‘black’ horses were significantly
worse affected and disease prevalence was higher compared to their ‘roan’ counterparts ‘bay
roan’ (p < 0.001) and ‘black roan’ (p = 0.03). The same was demonstrated for ‘bay’ versus
‘black roan’ (p < 0.001) and ‘black’ versus ‘bay roan’ (p = 0.03). At contest, horses were less
severely affected and disease prevalence was lower than at stable visits (approximately 66
versus 54% respectively). Prevalence was highest in winter and spring (around 70%). Horses
examined in ‘winter’ were significantly worse affected than those in ‘summer’ (p = 0.05) and
‘autumn’ (p = 0.02). The same was seen for horses examined in spring versus all other
seasons: ‘autumn’ (p < 0.001), ‘summer’ (p < 0.001) and ‘winter’ (p = 0.01).
The logarithm of skin fold thickness (logSFT) was significantly associated with age,
gender, coat color, location of measuring and season. Skin fold thickness increased with age
(p < 0.001). Stallions had significantly thicker skin folds than mares (p < 0.001). Horses with
coat color ‘bay roan’ had significantly thinner skin folds than ‘chestnut’ (p = 0.003), but for
other coat colors, no significant effect could be demonstrated. At official contest, skin folds
were significantly higher (p < 0.001) than at stable visits. In autumn, spring and summer,
values were significantly lower than in winter (all p < 0.001).
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HD

logSFT

logCPLclin

Table 2.4. Univariate analysis of factors associated with the logarithm of clinical CPL
severity per horse (log CPL cl i n ), skin fold thickness (logSFT) and hair diameter (HD).
AIC = Akaike information criterion, LSmeans (s.e). = least square means (standard
error), % CPL = % of horses affected (CPL c li n > 0)
Estimate (s.e.)/
Factor
F-value
p-value
AIC
% CPL
LSmeans (s.e.)
806.74
< 0.001
804
0.11 (0.004)
Age
0.77
0.380
1388
1.87 (0.03)
56.83
Gender
Stallion
1.84 (0.02)
56.11
Mare
9.55
< 0.001
1357
2.04 (0.04)
66.67
Coat color
Bay
1.80 (0.02)
53.10
Bay Roan
2.02 (0.07)
72.34
Black
1.77 (0.05)
53.47
Black Roan
1.84 (0.07)
53.06
Chestnut
65.91
< 0.001
1324
1.80 (0.02)
54.14
Location
Contest
2.15 (0.04)
65.76
Stable
9.93
< 0.001
1367
1.81 (0.02)
51.07
Season
Autumn
2.19 (0.08)
72.50
Spring
1.81 (0.03)
53.07
Summer
1.93 (0.03)
69.74
Winter
13.05
< 0.001
-104
-0.01 (0.003)
Age
734.05
< 0.001
-618
1.94 (0.01)
Gender
Stallion
1.60 (0.01)
Mare
5.55
< 0.001
-104
1.74 (0.04)
Coat color
Bay
1.68 (0.01)
Bay Roan
1.75 (0.03)
Black
1.74 (0.02)
Black Roan
1.78 (0.03)
Chestnut
120.64
<
0.001
-208
1.74 (0.01)
Location
Contest
1.53 (0.02)
Stable
47.28
< 0.001
-215
1.74 (0.01)
Season
Autumn
1.54 (0.03)
Spring
1.60 (0.01)
Summer
1.82 (0.02)
Winter
3.75
0.054
2766
0.68 (0.35)
Age
14.93
<
0.001
2752
131.06 (1.83)
Gender
Stallion
139.46 (1.18)
Mare
4.78
< 0.001
2751
122.58 (3.87)
Hair tint
No pigment
138.01 (1.02)
Pigment
4.36
0.005
2745
136.24 (1.29)
Season
Autumn
124.66 (4.20)
Spring
139.32 (2.25)
Summer
141.41 (2.52)
Winter
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Age at time of limb hair sampling, gender, hair tint and season were significantly
associated with limb hair diameter (HD). With age, hair diameter increased (p = 0.054).
Mares had significantly thicker limb hairs than stallions (p < 0.004). Non-pigmented hairs
were thinner than pigmented ones (p < 0.001). Horses sampled in spring (p < 0.001) had
significantly thinner hairs than those of the sample obtained in winter. This effect was almost
significant for horses sampled in autumn (p = 0.069), for other seasons no significant
differences were demonstrated.
2.4.6. Multivariable linear regression (Table 2.5.)
A significant effect of ‘season’ was shown in the preliminary univariate analysis for
logCPLclin. As a factor with more levels is preferable for multivariable analysis, ‘season’ was
replaced by ‘date of sampling’ in the full model for logCPLclin, resulting in a better fit shown
by the lower AIC value including this factor. Factor ‘gender’ was not significant in the
univariate analysis, though lesions tended to be worse and progression was faster in stallions
than mares, shown in Figure 2.4. Therefore, an interaction factor of ‘age*gender’ was
introduced in the full model. Indeed, this interaction effect was significant in the full model
and it showed that stallions have a significantly quicker clinical deterioration of CPL lesions
than mares (with respective estimates of 0.14 (0.007) and 0.10 (0.004), results are not shown
in the table). ‘Location’ was no longer a significant factor, which resulted in the final and
optimal full model for logCPLclin (with the lowest AIC), combining the fixed factors
‘age-gender’ (linear regression estimates per gender) and ‘coat colour’ and random factor
‘date of examination’ (model 4).
When all significant factors of the univariate models were included in a full linear
mixed model for logSFT, the factors ‘coat color’ and ‘season’ were no longer significant
because of the highly significant association with the other factors in the model. In analogy
with the analysis on logCPLclin, the introduction of ‘date of measurement’ as a random factor
markedly reduced the AIC (difference between the first and second model). Also the
interaction effect (age-gender) was significant (in the fourth model), although this again
increased the AIC value. Therefore, the optimal model for logSFT with the lowest AIC
included ‘age’, ‘gender’, and ‘date of measurement’ (model 3).
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The multivariate mixed model for HD included in first instance the factors ‘age’,
‘gender’ and ‘season’. Season was non-significant in the first model and replaced by ‘date of
hair sampling’. This resulted in the lower AIC (in the second model), although ‘gender’ was
no longer significant. Adjusting the model in several steps even resulted in slightly higher
AIC’s in comparison with the second model. As an optimal full model for HD, with the
lowest AIC, we chose the second model that included factors ‘age’, ‘gender’, ‘hair
pigmentation’ and ‘date of sampling’.
Table 2.5. Multivariable linear regression analysis of factors associated with the logarithm
of clinical CPL severity per horse (log CPL cl i n ), skin fold thickness (logSFT) and hair
diameter (HD). p-values are given per factor for each model tested, AIC = Akaike
information criterion.
Model 1
Model 2
Model 3
Model 4
Factors for logCPLclin
AIC = 772
AIC = 722
AIC = 720
AIC = 698
Age
Gender
Age*Gender
Coat color
Season
Date_examination
Factors for logSFT
Age
Gender
Age*Gender
Coat color
Season
Date_measurement
Factors for HD
Age
Gender
Age*Gender
Hair tint
Season
Date_hair sampling

< 0.001

< 0.001

< 0.001
0.010

< 0.001

< 0.001

< 0.001
< 0.001

0.002

0.002

0.003

Model 1
AIC = -650

Model 2
AIC = -1152

Model 3
AIC = -1177

Model 4
AIC = -1147

0.851
< 0.001

0.042
< 0.001

0.041
< 0.001

0.534
0.123

0.279

< 0.001
0.224

< 0.001

< 0.001

< 0.001

< 0.001

Model 1
AIC = 2736

Model 2
AIC = 2732

Model 3
AIC = 2737

Model 4
AIC = 2736

0.065
0.006

0.031
0.203

0.016

0.004
0.349

0.006

0.002

0.055
0.003

0.100

0.066

0.079
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2.5.

Discussion
Selection in the Belgian Draught Horse is based on traditional visual evaluations at

official horse shows, supplemented with a veterinary clinical advice. Although horses with
severe CPL associated lesions are not appreciated by the jury at official contests, there exists
no uniformity in the clinical evaluation, leaving the exact prevalence and severity of CPL
largely unknown. The present study provides a standardized examination protocol to diagnose
CPL in draught horses. The scoring system enables a uniform classification (ordinal scoring
of severity) of the 4 limbs and results in a continuous total score per horse on the one hand
and an increased diagnostic objectivity on the other hand. With this tool, we have assessed
disease prevalence in a large sample of Belgian Draught Horses, which had not been
performed until now. To our knowledge, only Wallraf (2003) and Wallraf et al. (2004) have
drawn up similar reports on prevalence and quantitative analysis of lower limb lesions in
draught horses. In contrast with their total study population (n = 912, divided over 6 different
German breeds), our uniform sample included 764 horses of 1 single breed.
The very first (mild) CPL lesions already occur rather young (from 1 year of age)
although only in a limited percentage of yearlings. Distinct lesions were present from the age
of 3 which is in accordance with results of Wallraf (2003) in German draught horses. Wallraf
(2003) even omitted horses less than 2.5 years of age from the study sample, stating that no
symptoms occurred at younger age. In our opinion, as well as in accordance to chronic
lymphedema in man (The international society of lymphology, 2009), a ‘subclinical’
lymphedema state does exist in susceptible horse breeds, i.e. lymphatic malfunction is already
present but the clinical disease onset only becomes obious. This explains why CPL prevalence
in our 3 year old horses (and older) was higher (approximately 84% for mares and 96% for
stallions). In the Rhenish German Draught Horse (horses > 2.5 years), a breed with Belgian
Draught Horse ancestral genes, prevalence averaged at 96% (Wallraf et al., 2004), which is
higher than the average prevalence of our older subset (approximately 86%). Most horses
were sampled at contests, where the percentage of horses affected (and age) was significantly
lower than at the stable visits, whereas all horses in the Wallraf et al. (2004) study were
examined at stable visits only. This sampling may also partially explain the high proportion of
young horses in the present study. Aging was associated with an increasing disease prevalence
and a decreasing number of horses (results not displayed), which could be the result of early
euthanasia in severely affected horses (Ferraro, 2003).
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A difference in progression was found between stallions and mares, coinciding with a
generally higher clinical severity in stallions (De Cock et al., 2003). Our mixed models
enabled the inclusion of random seasonal effects, not tested before, as our sample was
collected over 3 successive years. We have identified and quantified important factors
associated with CPL occurrence, namely an effect of ‘age-gender’, ‘coat colour’ and ‘date of
sampling’. The significant effect of coat colour on severity of lesions can be explained by the
fact that certain lines in the Belgian Draught Horse, often characterized by a certain coat
colour, seem more affected than others (empirical evidence and personal communication with
owners). Date of examination had a significant effect, mediated by seasonal influences and
contest specificity (e.g. foal versus stallion competition are organized on separate dates).
Taking these factors into account will make scores more ‘comparable’ when horses are
measured in different conditions and this will facilitate selection against this condition. In
addition to clinical severity of lesions per horse, other traits (skin fold thickness and hair
diameter) were explored as objective factors that are easy to measure and that are possibly
genetically correlated to clinical scores in draught horses.

2.6.

Conclusion
This study provides a method for the uniform classification of CPL severity per limb

in order to increase diagnostic objectivity. The results of our study indicate that chronic
progressive lymphedema is a widespread problem in the Belgian Draught Horse, with an
approximate disease prevalence of 61% in the total sample including a large proportion of
young and ‘subclinically’ affected horses. Disease prevalence in a subset of horses older than
3 years of age, with more phenotypic certainty, increased to 86%. We established optimal
statistical mixed models as a basis for a quantitative genetic approach of CPL. Routine
recording of additional information (gender, age, date of examination and coat colour) in the
total population of Belgian Draught Horses is advisable. The developed statistical models are
a basis for quantitative genetic research, aiming to demonstrate the genetic susceptibility of
the CPL phenotype in the Belgian Draught Horse, which is described in the next chapter.
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GENETIC PARAMETERS FOR CHRONIC PROGRESSIVE
LYMPHEDEMA IN BELGIAN DRAUGHT HORSES

Adapted from:
De Keyser, K.., Janssens, S., Peeters, L.M., Foqué, N., Gasthuys, F., Oosterlinck, M.
and Buys, N., 2014. Journal of animal breeding and genetics. Article first published online:
March 19th 2014.

GENETIC PARAMETERS

3.1.

Abstract
Genetic parameters for chronic progressive lymphedema (CPL) associated traits in

Belgian Draught Horses were estimated, using a multi-trait animal model. Clinical scores of
CPL in the 4 limbs per horse (CPLclin), skin fold thickness and hair diameter were studied.
Due to CPLclin uncertainty in younger horses (due to the progressive CPL character), a
restricted dataset (D_3+) was formed, excluding the records from horses under 3 years of age
from the complete dataset (D_full). Age, gender, coat colour and limb hair pigmentation were
included as fixed, permanent environment and date of recording as random effects. Higher
CPLclin certainty (D_3+) increased the heritability coefficients of, and genetic correlations
between traits, with CPLclin heritabilities (s.e). for the respective datasets of 0.11 (0.06) and
0.26 (0.05). A large proportion of the CPLclin variance was attributed to the permanent
environmental effect in D_full, but less in D_3+. Date of recording explained a proportion of
variance from 0.09 (0.03) to 0.61 (0.08). Additive genetic correlations between CPLclin and
both skin fold thickness and hair diameter showed that the latter 2 traits cannot be used as a
direct diagnostic aid for CPL. Due to the relatively low heritability of CPLclin, selection
should focus on estimated breeding values (from repeated clinical examinations) to reduce
CPL occurrence in the Belgian Draught Horse.
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3.2.

Introduction
Chronic progressive lymphedema (CPL) affects several related draught horse breeds

around the world (Ferraro, 2001; Boema et al., 2012; Powell and Affolter, 2012), including
the Belgian Draught Horse (Verschooten et al., 2003). Heritability coefficients (s.e.) for the
occurrence (yes/no) of clinical CPD signs averaged 0.22 (0.04) in 6 German draught horse
breeds, ranging from 0.17 (0.07) to 0.51 (0.32) (Wallraf, 2003). One of those breeds, the
Rhenish German Draught Horse, has a reasonably large proportion (34%) of Belgian Draught
Horse ancestors (Mittmann et al., 2010) as reported in Chapter 1. Furthermore, Belgian
Draught Horses were used as founders in other draught horse breeds. This supports the
assumption of a genetic CPL susceptibility in the Belgian Draught Horse and other related
populations worldwide, e.g. the American Belgian, the Shire and the Clydesdale (De Cock et
al., 2003).
Current selection in the Belgian Draught Horse is largely focussed on conformation
and gaits. These characteristics are subjectively scored (by a jury at official contests
throughout Belgium) and completed with a veterinary clinical examination with an emphasis
on the lower limbs (personal communication with the studbook). Only horses with severe
CPL signs are dissuaded for breeding, but this rule seems ineffective to reduce disease
prevalence. Indeed, horses are often judged and used for breeding before the onset of distinct
clinical CPL lesions (usually from the age of 3 years on, see Chapter 2). Therefore, early and
precise diagnosis is desirable and any measurement related to skin quality in general or
lymphedema specifically, that can be measured easily, could assist in CPL diagnosis and will
be helpful in the breeding program.
So far, CPD has been treated as a binary trait whereas the clinical severity of lower
limb lesions (ordinal trait) might offer more detailed insight in CPL, and, in the relationship to
neck skin fold thickness and limb hair diameter in horses. Moreover, models used in German
draught horse breeds, did not consider an environmental effect on the occurrence of CPD
(Wallraf, 2003). Finally, some confounding between seasonal effects and breed effects might
be present in this study. Therefore we collected the necessary data to estimate genetic
parameters for clinical CPL severity, skin fold thickness and hair diameter in the Belgian
Draught Horses and investigated which model could be appropriate to support genetic
selection against CPL occurrence.
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3.3.

Materials and methods

3.3.1. Traits and exploratory analysis
The methodology of clinical examination (CPLclin) and skin fold (SFT) and hair
diameter (HD) measurements are provided in Chapter 2 (paragraphs 2.3.1 and 2.3.2). CPLclin
and SFT were log-transformed. Significant non-genetic factors were examined in a
preliminary analysis (Chapter 2). For logCPLclin, these factors were ‘gender-age’ and ‘coat
colour’. For logSFT, ‘gender’ and ‘age’ were important and for HD, ‘gender’, ‘age’ and ‘limb
hair pigmentation’. For eacht trait, ‘date of recording’ was a significant random factor.
3.3.2. Animals and datasets
An overview of the numbers of horses and records was given in Chapter 2 (Table 2.1).
The total sample comprised 982 records sampled in 764 horses. Pedigree data (25,376
records) were provided by the Royal Society of the Belgian Draught Horse (KMBT, Brussels,
Belgium). A ‘minimal pedigree’ was selected, comprising all horses that were examined and
their (known) ancestors. This resulted in a set of 1,820 horses included in the genetic model.
Sampled animals originated from 186 sires and 542 dams and on average, data of 25 ancestors
of each sampled horse were available. In horses under 3 years of age, an underestimation of
the CPL signs is possible, due to the chronic CPL character. Therefore, analysis was based on
the total sample (D_full) given in Chapter 2 (Table 2.1) as well as a reduced set of data,
formed by removing all measurements of horses under the age of 3 years (D_3+).
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3.3.3. Genetic models
Variance components were estimated using a REML algorithm, implemented in the
VCE6 software (Groeneveld, 2010), with a multi-trait animal model (equation 3.1) including
the factors identified as significant in the above-mentioned exploratory analysis:

where

is the logarithm the clinical severity of lower limb lesions per

horse,

is the logarithm of the average skin fold thickness per horse (mm),
is the interaction effect

is the average hair diameter per horse (µm),

between gender and age (in years) expressed as a linear regression per gender,
effect of the

gender level (stallions, mares),

the effect of the
the effect of the

coat colour level (bay, black, chestnut, bay roan, black roan),
fetlock hair pigmentation level (no pigment, pigment),

effect of date of examining CPLclin (
examining SFT (
(

),

).

is the

),
is the

is
is the

effect of date of

animal,

is the

is a residual effect. The

animal and

necessity of the inclusion of the random effects

is

effect of date of fetlock hair sampling

is the direct genetic effect of the

permanent environmental effect of the

as

is the effect of age (in years),

is the

,

and

as wel

, was evaluated per trait, by the increase in the (partial) log likelihood between a

reduced and a full model (respectively excluding and including the random effects).
A separate bi-variate analysis was performed for logCPLclin of fore and hind limbs,
and

, in order to study the within-animal genetic

correlations of CPLclin between fore and hind limbs, given in equation 3.2:
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Heritability coefficients for the different traits were computed by forming the ratios of
the variance component (additional genetic variance or
variance (

) divided by the phenotypic

):

Proportions of the variance explained (for the random effect of ‘permanent
environment’ or ‘date’) were computed similarly, forming the appropriate ratios of the
variance component divided by the phenotypic variance. Repeatablities were computed as the
ratio of the additive genetic and permanent environmental variance summed, divided by the
phenotypic variance (Mrode, 1996).

3.4.

Results

3.4.1. Descriptive statistics and exploratory analysis
Detailed information is given in Chapter 2 (paragraphs 2.4.2., 2.4.4 and 2.4.5).
3.4.2. Estimated heritabilities and genetic correlations
Variance components and genetic parameters were obtained with the 3-trait model
(equation 3.1). The necessity of the inclusion of random factor ‘permanent environment’ was
confirmed by the increase in the (partial) log likelihood (results not shown). Heritability
coefficients (s.e.) ranged from 0.01 to 0.28 (over all traits and the 2 datasets) (Table 1.3).
Extremely low heritabilities were obtained for logSFT for both datasets: 0.01 (0.02). Also low
heritabilities were obtained for logCPLclin and HD on dataset D_full, respectively 0.11 (0.06)
and 0.11 (0.15). With an increased ‘certainty of the phenotype’ (analysis on D_3+ versus
D_full), the heritabilities markedly increased for both logCPLclin and HD, with respective
estimates of 0.26 (0.05) and 0.28 (0.30). Both the permanent environmental effect and the
date of recording explained a large proportion of the variance for all traits. For logCPLclin, the
effect of permanent environment amounted to 0.36 (D_full) and 0.29 (D_3+). For logSFT,
most variance was allocated to the date of measuring, with an approximated proportion of
variance of 0.60. Genetic correlations were strongly affected by the dataset considered, and
for both datasets, they were characterized by high s.e.
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Table 3.1. Genetic parameters ± standard errors for the logarithm of the clinical CPL scores
per horse (logCPL cli n ), the logarithm of the skin fold thickness (logSFT) and hair
diameter (HD) measured in Belgian Draught Horses. D_full = all records, D_3+ =
records of horses ≥ 3 years of age, logCPLclin = logarithm of the score derived from
clinical examination of the 4 limbs per horse, logSFT = logarithm of skin fold thickness
(mm), HD = limb hair diameter (µm) ,
= phenotypic variance,
= heritability
coefficient, p = permanent environment, Date = date of sampling, r g = genetic correlation.
Rg
Rg
Rg
Data set Trait
p
Date
logSFT
HD
HD
0.11±0.06 0.36±0.09 0.09±0.03 -0.07±1
0.42±0.66
D_full
logCPLclin 0.13
0.03
0.01±0.02 0.37±0.02 0.61±0.08
0.93±0.44
logSFT
310.46 0.11±0.15
0.06±0.04
HD
0.26±0.05 0.29±0.05 0.20±0.06 0.94±0.41 0.34±0.61
D_3+
logCPLclin 0.17
0.02
0.01±0.02 0.38±0.03 0.60±0.18
-0.02±1
logSFT
301.59 0.28±0.30
0.11±0.07
HD

3.4.3. Relationship of clinical severity between fore and hind limbs
The phenotypic correlation for logCPLclin of fore and hind limbs was 0.85 for D_full
and amounted to 0.88 for D_3+. The genetic correlations (s.e.) between logCPLclin of fore and
hind limbs were even higher, respectively 0.93 (0.03) and 0.99 (0.03) for D_full and D_3+.
Repeatabilities of logCPLclin were 0.47 for D_full and 0.55 for D_3+.
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3.5.

Discussion
Since the early 1900’s, phenotypic selection towards a heavy (limb) conformation in

the Belgian Draught Horse most likely resulted in an increased susceptibility for a
pathological lower limb swelling and associated skin lesions. Although horses with severe
CPL associated lesions were dissuaded for breeding by the studbook, discussions were
ongoing if this method of selection was effective. The hereditary nature of CPL in Belgian
draught horses was not confirmed and if heritable, the efficacy of excluding affected animals
to reduce prevalence was disputed. We assessed CPL severity by ordinal scoring in all 4 limbs
in Belgian draught horses, using a clinical examination system (Table 2.3, Chapter 2) to
increase scoring objectivity. Additionally, characteristics (hair diameter and skin fold
thickness) were measured to evaluate their potential as indirect indicators of CPL.
The records collected over 3 successive years, represent a reasonable large sample in a
population where approximately 500 to 600 foals are born annually. Sampling was distributed
in time to avoid sampling bias and was not restricted to horses appearing on ‘shows’ but
stable visits were also included. The majority of the records was however collected at shows,
partially explaining the low age of horses in our sampling. Older and severely affected horses
may have gone unnoticed, as increased disability often justifies early euthanasia (Ferraro,
2003). The extent of this ‘censoring’ could unfortunately not be determined (age and reason of
death are not recorded by the studbook). However, a low average age as well as lower
generation interval in Belgian Draught Horses compared to other horse breeds had been
demonstrated, so the effect of censoring might be restricted (Janssens et al., 2010).
Chronic progressive lymphedema is incurable and highly prevalent in the Belgian
Draught Horse (61% affected in D_full and 86% in D_3+, Chapter 2). This corresponds with
the disease prevalence in German breeds (75% affected; range 48-96%; Wallraf et al., 2004),
of which some such as the Rhenish-German Draught Horse, are historically related to the
Belgian Draught Horse. So far, no candidate genes could be associated to CPL (Mömke and
Distl, 2007b; Young et al., 2007; Mittmann et al., 2010) and early detection, before the onset
of clinical signs, is not yet possible. The age of the horse is crucial to distinguish affected
from unaffected individuals, which is in correspondence with the results obtained in German
draught horses (aged at least 2.5 years) (Wallraf et al., 2004). Therefore, we investigated the
possibilities for the early determination of a CPL status, especially in younger horses, based
on own records combined with the information of ancestors.
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Based on CPL progression and the uncertainty of the ‘ultimate phenotype’ of young
horses, we decided to analyze 2 sets of data, namely a complete set and a reduced set (records
of horses older than 3 years). Variance components were obtained in a multi-trait animal
model, previously used in horses for the estimation of genetic parameters for performance
traits (Miglior et al., 1998; Posta et al., 2009; Viklund et al., 2010; Olsen et al., 2012) as well
as disease-associated traits (Stock et al., 2005; Peeters et al., 2013). A multi-trait approach
provides insight in the genetic relationships between traits and generally yields more reliable
estimates than univariate models. A large proportion of the variance in clinical scores was
attributed to the permanent environment. Inclusion of this effect was made possible due to
repeated recordings in a number of horses. Date of examination accounted for 0.09 to 0.20 of
the variance in clinical scores, possibly reflecting differences in season, management or
between locations (contests and stable visits). Additive genetic effects for clinical scores
accounted for 11 to 26% of the variance which is in accordance with the 24% by Walraff
(2003), a study that did not include permanent environment. However, if ‘permanent
environment’ was excluded from our models, we obtained higher CPL heritabilities of 0.32
(0.09) and 0.50 (0.10) respectively for D_full and D_3+. Repeatabilities of CPL attain values
of 0.47 and 0.55, therefore indicating that differences in clinical CPL severity are clearly
animal linked.
We suggest that genetic selection towards a lower prevalence of CPL in the Belgian
Draught Horse is possible, but due to the relatively low heritability, selection based directly
on the clinical scores will be inefficient. Therefore, estimated breeding values (EBV), based
on repeated clinical examinations are justified. In the present study, the heritability coefficient
for clinical scores increased with a higher certainty about the phenotype (D_3+), from 0.11 to
0.26, hence scoring of horses at older ages is valuable as it offers more accuracy for selection.
Therefore, we suggest to examine every horse at least twice: once before the age of 3 years, in
order to detect affected horses early, and a second time after 3 years of age, to evaluate
progression or first occurrence. According to De Cock et al. (2003), a time lapse of at least 2
years needs to be respected in order to experience clinical disease progression. These repeated
measures would also guarantee the proper estimation of the permanent environmental effect.
Interestingly, the recording of only fore limbs will be sufficient, due to the high genetic
correlation of CPL clinical scores between the fore and hind limbs. Obviously, this will
tremendously increase the safety of clinical examinations. Radiography could be useful as an
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additional tool and facilitates the detection of early lesions (skin folds and nodules)
(Verschooten et al., 2003) but the high cost limits broad application.
Genetic correlations between clinical scores, skin fold thickness and hair diameter
ranged from highly negative to highly positive and were characterized by a high standard
error. For example, our estimate of the genetic correlation between CPL score and skin fold
thickness was 0.94 (0.41), which is much higher than the estimate of 0.43 (0.10) between skin
fold thickness and the occurrence of CPD in German draught horses (Wallraf, 2003).
Therefore, our results indicate that skin fold thickness and hair diameter measurements cannot
replace the clinical scoring of CPL, though analysis on a larger data set is required to confirm
this hypothesis. In several German draught horse breeds, skin fold thickness (measured
similarly to our procedure) had an average heritability of 0.33 (0.04), but permanent
environmental effects were not included in the study, which could have influenced their
estimates and explain why our heritability is much lower. Also, in our data, a lot of variance
was attributed to the factor date of measuring, capturing possible seasonal effects on the traits.
For future data collection, we do recommend continued measurement of skin fold thickness
and hair diameter although they are currently not helpful when estimating breeding values for
CPL.

3.6.

Conclusion
This is the first study reporting genetic parameters for clinical CPL scores, skin fold

thickness and hair diameter in a large sample of Belgian Draught Horses. Due to the low to
moderate heritability coefficient of clinical scores, phenotypic selection towards a lower
CPL occurrence will not be efficient, especially not in younger horses. Permanent
environmental effects were found important and this was not demonstrated before. We
suggest EBV based on continued sampling in this population with repeated examination of
the same horses at young and older ages. Additive genetic correlations between clinical scores
and both skin fold thickness and hair diameter were low to high, although not to that extent
that they can be used as a direct diagnostic aid next to clinical examination. Inspection and
palpation remain the tools to diagnose CPL in the field, and this procedure could be limited
to the fore limbs. The present study has identified and quantified important environmental
factors that affect CPL scores (age, sex, coat colour, date of recording and animal permanent
environmental effect) and proposes a model for the estimation of breeding values in a
population of Belgian Draught Horses, ultimately aiming to reduce CPL occurrence.
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DIAGNOSTIC TEST

4.1.

Abstract
Diagnosis of chronic progressive lymphedema (CPL) in draught horses, including the

Belgian Draught Horse, is mainly based on clinical evaluation of typical lower limb lesions. A
deficient perilymphatic elastic support, caused by pathological elastin degradation in skin and
subcutis, has been suggested as a contributing factor for CPL. Elastin degradation products
induce the generation of anti-elastin antibodies (AEAb), detectable in horse serum by enzyme
linked immunosorbent assay (ELISA). In a clinically healthy group of draught horses, a
significantly lower average AEAb level than compared to 3 clinically affected groups (mild,
moderate and severe symptoms) was demonstrated previously. To improve CPL diagnosis, we
evaluated the AEAb ELISA as an in vitro diagnostic aid in individual horses. Test
reproducibility was assessed, performing assays independently in 2 laboratories on a total of
345 horses. Possible factors associated with AEAb levels (age, gender, pregnancy, test lab and
date of blood collection) were analyzed using a mixed statistical model. Results were
reproducible in both laboratories. AEAb levels in moderately and severely affected horses
were significantly higher than in healthy horses. Nevertheless, this was only demonstrated in
non-pregnant mares, and, there was a very large overlap between the clinical groups.
Consequently, even when a high AEAb cut off was handled to obtain a reasonable specificity
of 90%, a very low sensitivity (21%) of AEAb for CPL diagnosis was obtained. Results on
the present study are highly suggestive that the described ELISA procedure is of no use as a
diagnostic aid for CPL in individual horses.
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4.2.

Introduction
Belgian Draught Horses and horses of several other heavy draught breeds worldwide,

are commonly affected with chronic progressive lymphedema (CPL) (Ferraro, 2001; De Cock
et al., 2003; Wallraf et al., 2004; Powell and Affolter, 2012). Its human counterpart, nonfilarial elephantiasis of the legs, has striking clinical and histological similarities, including
marked dermal elastin alterations (Price, 1973; Richards, 1981; Cambria et al., 1993;
Daroczy, 1995; De Cock et al., 2006b). In draught horses, the quantitative and qualitative
dermal and perilymphatic elastin abnormality associated with CPL are most likely result in an
improper lymphatic elastic support and lymphedema (De Cock et al., 2003, 2006a, 2009).
Physiological elastin generation is time restricted, from the late fetal to the early
neonatal period (Sephel et al., 1987; Swee et al., 1995). Elastin is meant to last over a lifetime
(Wise and Weiss, 2009), although a low but progressive physiological degradation occurs
with age (Frances and Robert, 1984). In case of severe (disease associated) elastin damage an
elevated production of such anti-elastin antibodies (AEAb) could occur as opposed to the
physiological low AEAb levels. This increase can be detected by immunological techniques
(ELISA and DOT immunobinding assay) in different disorders of man that are associated
with elastin breakdown as arteriosclerosis (Bako et al., 1987; Baydanoff et al., 1987b;
Gmiński et al., 1992; Colburn et al., 2003; Colburn et al., 2010; Hong et al., 2012).
Therefore, an ELISA to detect serum AEAb in CPL susceptible draught horses has
been developed and proposed as a CPL diagnostic aid in combination with clinical
examination (Van Brantegem et al., 2007a, b). Van Brantegem et al. (2007b) categorized their
sample in 4 groups, according to the clinical severity at the level of the lower limbs, as ‘not’,
‘mildly’, ‘moderately’ and ‘severely’ affected. Mean AEAb per group were reported and
pairwise comparisons demonstrated significant differences between the clinically healthy
group and all affected groups. No data on individual horses were shown and the effect of age
on CPL severity was not accounted for in the analysis (Van Brantegem et al., 2007b).
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The aim was to investigate if measuring AEAb could be used to confirm individual
phenotypes in Belgian Draught Horses. Stallions and mares (pregnant and non-pregnant) were
included to assess a possible association of gender and pregnancy, which was not performed
before. Furthermore, the effect of age of the horse and the date of blood collection was
investigated. The availability of a reproducible in vitro diagnostic aid, in combination with
clinical examination, would increase the objectivity of a CPL diagnosis in individual horses
tremendously.

4.3.

Materials and methods

4.3.1. Study sample
The total sample (345 horses) included 302 mares (49 pregnant and 253 non-pregnant)
and 43 stallions of the Belgian Draught Horse breed. Horses were sampled by 1 experienced
veterinarian at official horse contests and during stable visits throughout Belgium
(2009 - 2011). The 4 lower limbs of each horse were clinically examined and given a score
per limb (from 0 to 4), according to the severity of CPL lesions (Chapter 2). Summation of
these scores resulted in a total CPL score per horse (CPLclin, from 0 to16). Based thereon, in
analogy with Van Brantegem et al. (2007b), we categorized our sample in 4 clinical groups:
‘healthy’ (CPLclin = 0), ‘mildly’ (1 < CPLclin ≤ 4), ‘moderately’ (4 < CPLclin ≤ 10) and
‘severely’ (CPLclin > 10) affected. All horses were healthy, except for possible CPL associated
lesions at the level of the lower limbs.
Venous blood was collected from the left jugular vein in EDTA coated 9ml venosafe
tubes (Terumo Europe n.v., Leuven, Belgium) using a Vacutainer® system with 20Gx1.5’’
needle (Becton Dickinson and Company, New Jersey, USA) and immediately cooled on ice
for transport. Samples were centrifuged (10min, 1700g) and plasma was separated and frozen
(-20°C). Plasma from a newborn Belgian Draught Horse foal (collected prior to colostrum
administration) and a mare of 11 years served as control samples for the calculation of intra
assay and inter assay variance. Pedigree information on all sampled horses (date of birth) was
provided by the Royal Society of the Belgian Draught Horse (KMBT, Brussels, Belgium).
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4.3.2. ELISA
Analysis of the samples was performed independently in 2 laboratories, namely
KU Leuven Livestock Genetics (www.livestockgenetics.com, L1) and Algemeen Medisch
Laboratorium (AML, L2), according to the method described by Van Brantegem et al. (2007a,
b). This ELISA is a modified version of the method described by Colburn et al. (2003) and
uses commercially available bovine alpha elastin, derived from bovine neck ligament (Elastin
Products Company Inc., Owensville, Missouri, USA), as antigen. The same antigen,
secondary Ab, goat anti equine IgG (H + L) (Southern Biotech. Ass., Birmingham, Alabama,
USA) and reagents, were used in present study. In L1, a total of 28 assays (4 assays/day, 7
days) were performed on 91 pregnant and 205 non-pregnant mares. Test samples were
analyzed in triplicate, control samples were repeated 8 times/96 well plate for each assay.
In L2, 4 assays (2 assays/day, 2 days) were performed on 43 stallions and 38 nonpregnant mares. In L2, each sample and control was tested in duplicate. In order to examine
inter laboratory reproducibility; a subset of 32 non-pregnant mares was tested in both
laboratories, resulting in a total sample of 377 records measured in 345 horses.
4.3.3. Statistical methods
Plasma AEAb were expressed as optical densities (OD) but analysis was performed on
log transformed values (logOD). Firstly, descriptive statistics and the distribution of variables
were computed, followed by the assessment of the collinearity between age and CPLclin, by
checking the variance inflation factors (Seber and Lee, 2003). Inter and intra laboratory
reproducibility were calculated. The latter was based on the OD of the control samples
repeated

in

each

essay,

by

calculation

of

the

coefficient

) within separate assays (‘

(
different assays (‘

of

variation

’) and between

’). In analogy with Van Brantegem et al. (2007b), pairwise

comparisons of clinical groups ‘healthy’ versus ‘mild’, ‘moderate’ and ‘severe’ were
performed (linear model, LSmeans comparison using Dunnett’s adjustment).
The association of logOD with ‘CPLclin’, ‘age’, ‘gender’, ‘pregnancy’, ‘test lab’ and
‘date of blood collection’ was explored separately in preliminary univariate linear models
using all 377 records in 345 horses, the association with ‘pregnancy’ was performed on mares
(334 records in 302 horses). Factors that were significantly associated with logOD, were
included in a multivariable mixed model. The relevance of ‘date of collection’ as a random
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factor was based on the difference in Akaike Information Criterion (Akaike, 1974) between
models that included/excluded this factor. The association of logOD with gender and
pregnancy was performed in the full model, by contrast analysis: a) stallions versus all mares
and b) mares of different pregnancy groups. Categorization of pregnancy was based on the
time lag to parturition, using a cut off of 60 days (approximately 15 18% of the total
pregnancy period in horses). This time window was deduced from studies in man (Stone and
Franzblau, 1995) and rats (Starcher and Percival, 1985), where an increased uterine elastin
removal was demonstrated within 42 days (± 15% of total pregnancy), respectively 4 days
postpartum (± 18% of the total pregnancy). Our sample was divided in a) ‘non-pregnant
mares’ (from 336 before parturition = average pregnancy duration), b) ‘pregnant mares’ and
c) ‘< 60 days postpartum mares’.
Finally, to evaluate diagnostic accuracy, a non-parametric receiver operating
characteristic (ROC) plot analysis was performed (Zweig and Campbell, 1993). In this
analysis the relative sensitivity and specificity at various cut-off values are evaluated.
Specificity was defined as the percentage of healthy horses with logOD lower than the cutoff.
Sensitivity was defined as the percentage of affected horses with a logOD higher than the
cutoff. Horses with CPLclin = 0 were considered healthy, whereas those with CPLclin > 0 were
affected. The area under the curve (AUC) was used to quantify the discriminatory ability of
the ELISA: AUC values range between 0.5 (no separation) and 1.0 (full separation).

4.4.

Results

4.4.1. Reproducibility
OD assessed in both L1 and L2 (32 non-pregnant mares) was significantly and highly
correlated, with a coefficient of 0.88. The variance attributable to the factor ‘test lab’ was low
(0.28). The regression coefficient of 0.75 indicated that L1 results were lower than those
obtained in L2, with an average OD (SD) for L1 and L2 of 0.42 (0.32) (from 0.05 to 1.44),
respectively 0.71 (0.38) (from 0.25 to 1.76). The mean respective

and

was 5.15% and 10.14% for L1 and 7.55% and 4.63% for L2.
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4.4.2. Descriptive statistics
OD in L1 averaged (SD) 0.47 (0.35) (from 0.06 to 1.47) in pregnant mares and was
lower in non-pregnant mares: 0.33 (0.24) (from 0.03 to 1.44), and, when OD were log
transformed, this difference was significant. In analogy with Van Brantegem et al. (2007b),
clinical group averages of non-log transformed OD were presented and logOD was further
studied (Table 4.1). For non-pregnant mares, the logOD of clinical groups ‘moderate’ and
‘severe’ was significantly higher than ‘healthy’ horses and clinical group average OD showed
an increasing trend with clinical severity. These results were not seen in pregnant mares.
OD in L2 averaged (SD) 0.54 (0.31) (from 0.20 to 1.95) in stallions and was higher in
non-pregnant mares: 0.75 (0.38) (from 0.25 to 1.76) and when OD were log transformed, this
difference was significant. Within the subsets of stallions and mares, the logOD of clinically
affected groups (mild, moderate and severe) did not significantly differ from the healthy,
although non-transformed group averages showed an increasing trend with clinical severity
(Table 4.1). All average OD (obtained in both L1 and L2) were characterized by a high SD,
indicative for a broad range (overlapping clinical groups).
Table 4.1. Plasma anti-elastin Ab and age per clinical CPL category in Belgian Draught Horse mares
(pregnant and non-pregnant) and stallions. CPLcat = clinical CPL categories derived from clinical
examination of the 4 lower limbs, OD = optical density of blood AEAb. A,BStatistically significant
difference (p < 0.05), analysis of variance (Dunnett’s adjustment).
Lab

Sample

CPLcat1

n

OD
Mean

SD

Range

Mean

SD

Range

A

0.18

0.03-0.94

2.53

2.11

1.00-16.02

83

AB

0.24

0.05-1.44

4.31

2.96

1.05-16.85

Moderate

41

B

0.27

0.03-1.29

6.72

2.44

2.33-13.38

Severe

34

B

0.47

0.29

0.10-1.03

9.43

3.41

4.05-17.48

No

6

0.47

0.43

0.11-1.32

5.92

3.89

2.98-13.08

Mild

12

0.43

0.24

0.06-0.97

5.12

1.87

2.81-8.26

Moderate

6

0.48

0.50

0.11-1.47

7.01

3.35

4.18-12.31

Severe

10

0.52

0.35

0.20-1.23

9.76

4.80

4.35-17.31

No

3

0.50

0.22

0.35-0.75

5.20

2.86

1.93-7.22

Mild

7

0.62

0.48

0.25-1.67

7.86

4.94

1.60-16.85

Moderate

12

0.75

0.46

0.36-1.76

7.38

4.20

2.16-14.88

Severe

16

0.86

0.26

0.38-1.35

11.32

3.19

5.40-17.48

No

9

0.43

0.17

0.20-0.76

3.55

2.73

1.54-10.51

Mild

9

0.50

0.20

0.27-0.85

3.47

1.42

1.28-5.75

Moderate

15

0.56

0.42

0.29-1.95

5.06

2.53

2.19-9.42

Severe

10

0.62

0.29

0.28-1.09

9.33

2.92

5.58-13.27

No
Mares,
nonpregnant
L1
Mares,
pregnant

Mares,
nonpregnant
L2
Stallions

Age (years)

Mild

104

0.25
0.32
0.42
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4.4.3. Full model analysis and influence of gender and pregnancy
CPLclin, age, pregnancy group, gender and test lab were significant in a preliminary
univariate analysis of logOD. Inclusion in a full multivariable mixed model, showed that
‘age’, ‘test lab’ and ‘date of blood collection’ were significantly associated with logOD
(Table 4.2). With age, logOD increased. Samples analyzed at L1 had a significantly lower
logOD than those analyzed at L2 (P < 0.001). Date of collection was important, shown by the
difference in AIC value of the full model including and excluding this random factor
(respectively 722 and 767). No significant association with logOD was demonstrated for
factors CPLclin, gender and pregnancy.
Table 4.2. Multivariable linear regression analysis for anti-elastin Ab in Belgian Draught Horses.
CPLclin = clinical CPL score per horse derived from clinical examination of the 4 lower limbs, L 1 = KU
Leuven, Livestock Genetics (Heverlee, Belgium) and L2 = Algemeen Medisch Laboratorium (AML,
Hoboken, Belgium).
Estimate (s.e.)/
Factor
F-value
p-value
Level
LSmeans (s.e).
CPLclin
2.75
0.098
0.02 (0.01)
Fixed
Age

25.45

<0.001

Gender, pregnancy

2.14

0.119

Test lab
Random

Date of collection

36.43
2.88

<0.001

0.06 (0.01)
Stallions

-1.14 (0.13)

Mares, non-pregnant

-0.98 (0.08)

Mares, pregnant

-0.79 (0.13)

Mares, <60days postpartum

-1.14 (0.18)

L1

-1.33 (0.08)

L2

-0.69 (0.11)

0.002

0.09 (0.03)

LogOD was not significantly different between stallions and mares (all pregnancy
groups) and also not between different pregnancy groups. Stallions and < 60 days postpartum
mares had the lowest, whereas pregnant mares had the highest logOD. There was a
significantly higher CPLclin both in mares < 60 days antepartum and stallions, compared to
non-pregnant mares (Figure 4.1).
There were no indications of collinearity between CPLclin and age in the full data set or
in any of the subsets. Univariate regression analysis showed a significant increase of logOD,
with higher CPLclin and age, in the full sample and in non-pregnant mares (assessed in L1 and
L2). In the subset of pregnant mares (L1), logOD significantly increased with age but not with
CPLclin. The association between stallion logOD (L2) and CPLclin and age was not significant.
When the full L1 sample was categorized per age, CPL showed an increasing trend per year of
age, whereas logOD was variable (results not shown).
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OD

14.00

0.90

12.00

0.75

10.00

0.60

8.00

0.45

6.00

OD

CPL-score (4-20)

CPL-score

0.30

4.00

0.15

2.00
0.00

0.00
34 mares,
pregnant

15 mares
<60days
postpartum

285 mares, nonpregnant

43 stallions

Gender/Pregnancy group
Figure 4.1: Anti-elastin Ab and CPL scores in pregnant and non-pregnant Belgian Draught Horse mares
in function of pregnancy stage. AEAb are expressed as the logarithm of the optical density (Log OD,
right Y-axis). Assays were performed at KU Leuven Livestock Genetics (www.livestockgenetics.com,
L1) on 205 non-pregnant and 91 pregnant mares, according to Van Brantegem et al. (2007a, b). The
CPL score (0 - 16) per horse, the sum of 4 limbs (0 - 4), is derived from clinical examination (inspection
and palpation) and is shown for the total sample. Pregnancy groups are based on a time lapse to
parturition, corresponding to approximately 15 to 18% of the total pregnancy period (60 of 336 days in
horses), in which highest uterine elastin remodeling occurred in man and rats.

4.4.4. Diagnostic accuracy
ROC analysis on the dataset of L1 demonstrated an AUC of 0.65. (Figure 4.2).
Combined maximum sensitivity and specificity (Youden index) was obtained at 1.55 logOD,
and corresponded to 51% sensitivity and 72% specificity. To obtain a sensitivity of 90%, a
cut-off of 0.72 logOD would have to be chosen, which would lead to a specificity of only
27%. Vice versa, to obtain a specificity of 90%, at a cut off of 2.15 logOD, sensitivity of the

Sensitivity

test would only be 21%.

100-Specificity
Figure 4.2: Receiver operating characteristic (ROC) plot of AEAb measurements in KU
Leuven Livestock Genetics (www.livestockgenetics.com, L 1 ).
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4.5.

Discussion
We demonstrated that the reported AEAb ELISA was reproducible within each

laboratory. Inter laboratory results were highly correlated (0.88) and a low variance was
attributed to ‘test lab’ (0.28), though, direct comparison of results between laboratories was
not possible. AEAb of moderately and severely affected horses were significantly higher than
in healthy horses, which partially coincides with observations by Van Brantegem et al.
(2007b). Nevertheless, this was only demonstrated in non-pregnant mares, and, there was a
very large overlap between the clinical groups. As a consequence, a very low diagnostic
accuracy of AEAb for CPL was obtained. These results show that the AEAb ELISA is not
useful as an individual diagnostic aid for CPL, as an objective confirmation of clinically
examined horses.
In our sample, both clinical disease severity (CPLclin) and AEAb significantly
increased with age. Considering the natural evolution of the disease, the association of age
and disease severity was not unexpected as shown previously in Chapter 2. The association of
age and AEAb was suggested to be a physiological event (slow turn over) in healthy people
(Baydanoff and Nicoloff, 1991; Baydanoff et al., 1987b) and horses (Van Brantegem et al.,
2007a). We also assessed CPL severity of signs and AEAb per year of age, and AEAb did not
shown an increasing trend and were variable whereas CPL severity increased. Therefore, it is
quite impossible to untangle the association of both age and disease severity in CPL affected
horses with AEAb in blood, merely by using the current ELISA. Furthermore, ‘date of
collection’ was significantly associated with AEAb levels, most likely caused by differences
between horses attending the events where the blood was sampled, e.g. stallion (approximate
average age = 18 months) versus mare competitions (including also older horses with more
severe symptoms).
The association of gender or pregnancy with AEAb has not been considered before in
literature and we failed to demonstrate a significant association with AEAb for both factors.
However, if pregnant mares were omitted from the full dataset, the association of AEAb with
CPLclin became significant. This suggests that clinical disease severity of CPL is affected by
pregnancy. Indeed, analogous to man (Bamigboye and Smyth, 2007), with increasing
pregnancy duration, mares show a more extreme (but reversible) limb swelling, especially
around parturition. This pregnancy related edema might additionally damage the lower limb
elastin in CPL affected mares, as the extracellular matrix adapts to a new level of tissue
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hydration (Swartz, 2001). From this hypothesis, higher antepartum AEAb would be expected,
which coincides with our results (although not significantly different) in non-pregnant mares.
Furthermore, in women (Stone and Franzblau, 1995) and female rats (Starcher and Percival,
1985), postpartum uterine involution induces a rapid release of uterine elastin. Elastin
breakdown increases AEAb (Colburn et al., 1992; Konova et al., 2009), hence high
postpartum AEAb were expected, but not demonstrated in our sample. Lower postpartum
AEAb coincided with lower clinical disease severity.
We hypothesize that to increase ELISA sensitivity, the complex association of age and
pregnancy with CPL, in relationship to elastin breakdown needs to be untangled. This might
be achieved by specific disease associated markers. Soluble elastin breakdown products are
measurable in plasma with ELISA, using polyclonal antibodies (Dillon et al., 1990). More
recently, an ELISA was developed, using monoclonal antibodies against specific elastin
degradation products from macrophage proteases (Skjøt-Arkil et al., 2012). Such enzymes
were defined ‘signature proteins’ in human elastin related idiopathic pulmonary fibrosis, and,
responsible for tissue damage during disease progression. Clinical CPL severity in draught
horses was associated with increasing numbers of macrophages on histopathology (De Cock
et al., 2003). This offers future perspectives for elastin based ELISA as a laboratory test
confirming clinical CPL diagnosis.

4.6.

Conclusion
The AEAb ELISA was proven to be a reproducible test. Although, only in

non-pregnant mares the expected relationship was observed: the AEAb levels in blood of the
moderately and severely affected horses were significantly higher than in healthy ones. But
there was a very large overlap between the various clinical groups of non-pregnant mares. The
AEAb also increased with age and were shown to be associated with test lab and date of blood
sampling. In our analysis, the clinical CPL severity was not associated with AEAb in the full
model analysis. Considering the very low diagnostic accuracy of AEAb with the reported
ELISA for the diagnosis of CPL, this methodology is highly suggestive to be of no use as a
diagnostic aid in individual clinically examined CPL susceptible draught horses. The design
of monoclonal antibodies to detect specific plasma elastin breakdown products may improve
test performance.
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THE ELASTIN GENE IN CHRONIC PROGRESSIVE
LYMPHEDEMA AFFECTED BELGIAN DRAUGHT

HORSES AS A PARAMETER FOR ELASTIN DEPENDENT
DISORDERS

De Keyser, K., Vara-Pérez, M., Luyten, T., Stinckens, A. and Buys, N. In preparation.
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5.1.

Abstract
Histological skin elastin anomalies were associated with clinical signs of chronic

progressive lymphedema (CPL) in several draught horse breeds. As elastin gene (ELN)
aberrance was suggested, we sequenced the full ELN in clinically affected horses of the
Belgian Draught breed. The equine ELN reference (Thoroughbred mare) was critically
screened in silico and examined for conformity with cDNA of other species. ELN regions in
the Belgian Draught Horse bearing polymorphisms were sequenced in a lymphedema
negative breed (Vlaams Paard). If different from the Belgian Draught Horse, these regions
were also determined in Thoroughbred Horses. Formerly unknown sequence fragments in the
reference were annotated de novo. We confirmed polymorphisms reported previously and
described new ones. Based on our analysis on the present sample, no polymorphisms
consistent with a clinical lymphedema phenotype were demonstrated. However, based on the
high similarity between the genomic 3’ region of equine ELN and human cDNA,
completeness of the equine ELN reference can be disputed. Furthermore, exploratory
sequencing of an equine 3’ fragment revealed high similarity (81% identical nucleotides) to
human ELN exon 31, suggesting a longer equine ELN coding region. Although this study does
not support ELN as a candidate for CPL, future perspectives for equine cDNA
characterization and new possibilities in the application of ELN as a candidate in elastin
related pathologies are offered.
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5.2.

Introduction
Chronic progressive lymphoedema (CPL) prevalence in 6 German and the Belgian

breed respectively averaged 65% (Wallraf, 2003) and 61 and 86% depending on the dataset
analyzed (D_full versus D3+, see Chapter 2), with an average respective heritability of 0.22
(Wallraf, 2003) and 0.11 and 0.26 respectively (see Chapter 3). The typical CPL symptoms at
the level of the lower limbs frequently end in severe discomfort and disability so that early
euthanasia is justified (Ferraro, 2003). Therefore insights in the genetic susceptibility are
absolutely necessary. The clinical presentation of equine CPL is most likely based on a
lymphatic dysfunction (De Cock et al., 2006b) and lymph uptake (Gerli et al., 1991) and
propulsion (Gerli et al., 1990; Harland et al., 2004) are facilitated by ‘elastin’ (Meyer et al.,
1994; Wagenseil and Mecham, 2007).
In CPL susceptible draught breeds, skin and perilymphatic elastin alterations were
shown which were suggestive for a hampered elastic functionality (De Cock et al., 2003,
2006a, 2009). The clinical and histological features associated with CPL are strikingly similar
to those of its human counterpart, ‘chronic lymphedema’ or ‘non-filarial elephantiasis of the
legs’ (Price, 1973; Richards, 1981; Daroczy, 1995). In man, several genes can cause primary
lymphedema (Fang et al., 2000; Irrthum et al., 2000; Karkkainen et al., 2000; Irrthum et al.,
2003; Alders et al., 2009), although research towards a better understanding of the
pathogenesis is still going on. So far, in draught horses, molecular genetic research has not
identified disease associated polymorphisms (Momke and Distl, 2007; Young et al., 2007;
Mittmann et al., 2010). It was hypothesized that the elastin histopathology associated with
CPL comes from aberrations in the elastin gene (ELN) (De Cock et al., 2006a, 2009).
ELN has never been examined in lymphedema affected subjects or horses. Therefore,
the aim of present study was to enlighten the molecular genetic background of CPL in draught
horses, whilst sequencing ELN. We examined the equine ELN reference (Wade et al., 2009) in
silico and based on that, we sequenced the full ELN of clinically affected Belgian Draught
Horses. Polymorphisms unique in the Belgian Draught Horse ELN could offer a breakthrough
in the molecular genetic background of elastin-dependent disorders as CPL in draught horses.
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5.3.

Materials and methods

5.3.1. Animals
Three Belgian Draught Horses were sampled as CPL susceptible horses while 3
Vlaamse Paarden were chosen as a non-susceptible draught horse breed historically related to
the Belgian Draught Horse (De Brauwer, 2005). As a control of the equine ELN reference
sequence also 3 Thoroughbred Horses were included. Phenotyping was performed by means
of clinical examination of the 4 lower limbs at stable visits (Flanders, Belgium), according to
the clinical scoring system, see Chapter 2 (Table 2.3). Venous blood was collected from the
left jugular vein in EDTA-coated 9ml Venosafe tubes (Terumo Europe n.v., Leuven,
Belgium) using a Vacutainer® system with 20Gx1.5’’ needle (Becton Dickinson and
Company, New Jersey, USA). Collected blood was immediately cooled on ice for transport
and frozen (-20°C) on arrival.
5.3.2. In silico analysis
The only available equine ELN reference (ENSECAG 00000011106) was screened.
To examine possible agreement with mammalian and avian ELN coding sequences, the
human (ENST 00000358929), chimpanzee (ENSPTRT 00000035655), bovine (ENSBTAT
00000057593), canine (ENSCAFT 00000044007), mouse (ENSMUST 00000015138) and
chicken (ENSGALT 00000001603) ELN cDNA was compared to all equine genomic
sequences, using a blast algorithm (www.ensembl.org). Genomic regions on ECA13 that
comprised > 80% identical nucleotides with human ELN cDNA and consistent with
comparative mapping (Milenkovic et al., 2002), were retained. This sequence represented our
‘estimated total’ equine ELN cDNA and was checked against the equine reference cDNA
(ENSECAT 00000011474) in CLC Main Workbench (CLC bio, Massachusetts, USA). No
information on the ELN-promoter region was provided in the reference. Therefore, the human
ELN-promoter region (located 5’ of ELN according to J05453.1, www.ncbi.nlm.nih.gov) was
compared to all equine genomic sequences, using a blast algorithm. In the human reference
sequence, promoter elements (Sp 1 binding sites, AP2 binding sites and GC box sequenes)
were given. Regions with > 80% identical nucleotides according to the blast search and that
were located 5’ of the equine ELN were accepted as equine promoter sequences. These
sequences were searched for similar transcription binding sites using a statistical program
(Enseml Blast, www.ensembl.org) and visualized in CLC Main Workbench.
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5.3.3. Experimental procedures and sequence analysis
The full equine ELN (according to the equine ELN reference) and the human ELN
exon 31 similar region were sequenced in 3 Belgian Draught Horses. If polymorphisms
occurred, that were not reported previously, Vlaams Paard DNA was sequenced as a
confirmation. If polymorphisms in Vlaams Paard differed from those that occurred in the
Belgian Draught Horses, also Thoroughbred DNA was sequenced as a confirmation.
Additionally, the equine genomic region located 3’ of the ELN reference and that had a high
percentage of identical nucleotides to human exon 31 was sequenced.
Genomic DNA was extracted using a GeneJETTM extraction kit (Thermo Fisher
Scientific, Inc., Massachusetts, USA) following the manufacturer’s procedure. Concentrations
(ng/µl) and 260/280 ratio’s, as an indicator for purity, were measured by means of
spectrophotometry (Implen GmbH, München, Germany). Forward (fw) and reverse (re)
primers (Integrated DNA Technologies, Inc., Leuven, Belgium) were designed based on the
equine reference sequence using Primer 3 (http://biotools.umassmed.edu). Primer pair
properties were determined (Oligo Analyzer, Helsinki, Finland) and their sequences were
compared to all known equine genomic sequences by means of a blast algorithm
(www.ncbi.nlm.nih.gov/blast/) in order to confirm the exact primer binding position in the
equine genome. Information on primer pairs, their location and master mix composition is
listed in Table 5.1.
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Table 5.1. Primer pairs for sequencing the equine ELN according to the reference ELN sequence (ENSECAG 00000011106). Fw and Re = forward and reverse start
position of the fragment relative to the 5’ start and 3’ end of the ELN reference sequence, FwECA13 and ReECA13= fw and re start position of the genomic ELN
reference region on ECA13, MgCl2 = MgCl2 concentration of the mastermix (mM), T° = annealing temperature, ELN region = Region within ELN according to the ELN
reference sequence that counts 21 exons, De novo = de novo annotation, Cutis laxa = a region located 3’ of ELN according to the reference that was highly similar to
the human exon 31 (that bears a deletion in autosomal dominant cutis laxa patients) in an in silico analysis, was sequenced for confirmation.
Fw

FwECA13

Re

ReECA13

Fw primer (5’→3’)

Re primer (5’→3’)

Size (bp)

MgCl2

T°

Polymerase

ELN region

-652

11564116

171

11564939

TTGACCTCTGCAGACATTGG

TGAAGGCGTCCTCTTTTCAT

823

3,5

60

KAPA2G™

5', Exon 1

-229

11564539

370

11565138

GCAATTACGCTTTGGGGATA

TGCTGAGGTCACAGCTCACT

600

1,1

60

REDTaq®

Exon 1

271

11565039

788

11565556

GTTTGCACACCTGTGGACCT

AGTGACACACCTGGACACCA

518

1,1

60

REDTaq®

Intron 2

691

11565459

1242

11566010

GGCATGGAGGGTATGTGAAA

CGGTCAATCTCGAGGAAACA

552

1,1

61

REDTaq®

Intron 2

1124

11565892

1654

11566422

CCAGGAGAACCAGACCTTCA

TCCCCAAACGTTGCCTAGTA

531

1,1

60

REDTaq®

Intron 2

1291

11566059

1859

11566627

GCCAGGAGAACCAGACCTTC

TGTGCCCACCCTAGAGGACT

569

3,5

61

KAPA2G™

Intron 2

1609

11566377

2110

11566878

CAAAGGATGAGGCGATGAAG

TTTCCAACACAGAGTCTTCCTG

502

1,1

59

REDTaq®

Intron 2

1612

11566380

1811

11566579

CCTGCCTTCCCAGACAGAT

TGCCTAGTACCTGGCCTTCA

199

3,5

60

KAPA2G™

Intron 2

2019

11566787

2599

11567367

AGGATGTCACTCCCATGAGC

ATGGAGAAAGGCTGCCAAG

581

1,1

60

REDTaq®

Intron 2

2211

11566979

2798

11567566

AGCTCCAAAGAACCGTGTTG

ATAAGACCGCACGAAGCTGT

588

3,5

60

KAPA2G™

Intron 2

2400

11567168

2930

11567698

ACGTGGAGGTTTTGTCAAGG

GCACATTCCCACAGTCCTCT

531

1,1

60

REDTaq®

Intron 2

2564

11567332

3074

11567842

CTGGACGTGGAGGTTTTGTC

TGATGCATTTTTGGCAGCTA

511

3,5

59

KAPA2G™

Intron 2

2814

11567582

3328

11568096

TGGCTGTAAAATGGGGAGAA

ATGCTGTCGGCTCTACCAGT

515

1,1

60

REDTaq®

Intron 2

2935

11567703

3497

11568265

TGTGACTCAGGTCGGCTGT

GATGCTGTCGGCTCTACCAG

563

3,5

60

KAPA2G™

Intron 2

3266

11568034

3748

11568516

GGCAGAGGGGCAGATTCTAT

TTAACCAAGGGCCTTCAAGA

483

1,1

60

REDTaq®

Intron 2

3688

11568456

4198

11568966

AAGGAAGACGACCCACTGGA

GTGAATTTGGTGGAGCACAG

511

1,1

59

REDTaq®

Intron 2

4124

11568892

4645

11569413

TAGAGGGGTTGGGGATGGAA

TTTCTCTGCCTCCGTCTCTC

522

1,1

60

REDTaq®

Intron 2

4602

11569370

5067

11569835

GAGGGAGAGAAAGGGGAGAA

GGCTCTGCAGTTTGTCCAGA

466

1,1

60

REDTaq®

Intron 2

4935

11569703

5434

11570202

TGGCATCCCCCATCTTACT

TCTGACACAGAGCTGTCTTAGGAG

500

1,1

60

REDTaq®

Intron 2

5369

11570137

5819

11570587

TCACTTTGCTCATTCATGGTG

AAATCAGGCTCAGGGAGGTT

451

2,5

60

REDTaq®

Intron 2

5429

11570197

5736

11570504

CGTTCCCCAGTGAGAGTTTC

CTGTGACAGTGAGCTGAGCA

307

3,5

59

REDTaq®

Intron 2

5772

11570540

6224

11570992

ATGCTGCTCAGGGCTAGAGA

TGGGAAAAAGACTCCTCCTG

452

3,5

59

REDTaq®

Intron 2

5805

11570573

6282

11571050

CCCTGAGCCTGATTTCACAT

AAGGCACCCACTTTCCTACA

478

2,5

60

REDTaq®

Exon 2

6035

11570803

6854

11571622

CCCAGGAGGAGTCTTTTTCC

GCCTCTGTGAGCCTCAGTTT

820

2,5

60

REDTaq®

Exon 2

6286

11571054

6787

11571555

CCATTTTGACCCTGCAGAAG

CTCCATCGTTCCAACATCCT

502

3,5

60

KAPA2G™

Intron 3

6486

11571254

7260

11572028

AACCCCACTCTTGGGAATCT

CTTGTTGCCTGGACCTTCTG

774

3,5

60

KAPA2G™

Intron 3
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Fw

FwECA13

Re

ReECA13

Fw primer (5’→3’)

Re primer (5’→3’)

Size (bp)

MgCl2

T°

Polymerase

ELN region

6747

11571515

7239

11572007

CAGAAGTGATGCGGAAGTGA

GGATGCTGGGAGGATCAAA

493

1,1

59

REDTaq®

Intron 3

7202

11571970

7705

11572473

CGCCTGCTTTCATGTTTCTT

TGGTCCCAACCTGGTCATAC

504

1,1

59

REDTaq®

Exon 3

7545

11572313

8141

11572909

CCAAGGCAGGTAAGACTGGA

AAGGTCTGGACATAGCTGGAA

597

1,1

59

REDTaq®

Exon 3

7590

11572358

8276

11573044

GGAGGGAGAGCTCACTATACCC

CAGGAAGGAAGCTCACATGG

686

3,5

60

KAPA2G™

Exon 3

8038

11572806

8492

11573260

ACCCCAGAATAAGCCCTGAG

TGGGCCTTGAAGATTTCATT

455

3,5

58

REDTaq®

Intron 4

8133

11572901

8706

11573474

CCAAGCCCTCTCTAACCACA

CCAGCTCTGGATGTTTCACA

573

3,5

60

KAPA2G™

Intron 4

8681

11573449

10863

11575631

TGGGGTTGTGAAACATCCAGA

AGAATCTGCCAGCAAGACCT

2182

2,5

59

Long Range

De novo

10549

11575317

11085

11575853

ACCTGGCTCTCTCTCCTCTT

TGTATTTGAGGCCCTTCTGC

537

1,1

58

REDTaq®

Intron 4

11002

11575770

11510

11576278

GTAGGGAAGCCTGGGAAAGT

CGTCTCCTGGAGCCTGTTTA

509

1,1

59

REDTaq®

Intron 4

11154

11575922

11839

11576607

GCACCAGACTGTCCTCACCT

ACCAGCCTTGGCAGCTTTAT

685

3,5

60

KAPA2G™

Exon 4

11457

11576225

12226

11576994

GGGAGCAGTAGTCGTTGCTT

TGCCCAGTATGGAGGTGTG

770

2,5

60

REDTaq®

Exon 4, Intron 5

11808

11576576

12388

11577156

CTGCTGCAGCCTATAAAGC

GTATGGAGGTGTGGCCTCT

580

3,5

57

KAPA2G™

Intron 5→Exon 6

12130

11576898

12646

11577414

AAGCTGTTAGCCCTGAGGTG

TGTTAGCCTGAGCTTTGGTG

517

2,5

59

REDTaq®

Intron 6, Exon 6

12211

11576979

12814

11577582

GGGTGGAACCTGCTCTGAT

CGTCTCCTGGAGCCTGTTTA

603

3,5

60

KAPA2G™

Exon 6

12590

11577358

13186

11577954

CCATAGCAAGGACAGCATCC

CTTGGGGCTCTCTCTCAATG

597

1,1

59

REDTaq®

Exon 7

12669

11577437

13264

11578032

GCTCATTCCTTTGCACCAA

GGGATGCTGTCCTTGCTATG

595

3,5

60

KAPA2G™

Exon 7

13076

11577844

13669

11578437

ATGGGAGCACCAGAGCTAGA

TGAGAGTGGGCAGAGATTCC

594

1,1

59

REDTaq®

Exon 7

13201

11577969

13980

11578748

AGTGCTCCCAGGCATAGGT

TGAGATTTGATCCCGTTTCC

779

3,5

60

KAPA2G™

Intron 8, De novo

13579

11578347

14133

11578901

TCCATGATGGCAGGACTCA

GGCAACAAGGAGAGCAGAAT

555

1,1

59

REDTaq®

Intron 8

13847

11578615

14291

11579059

ATCCCACTCACCAAGCATTT

CAGAGATTCCCACCATGGAC

444

3,5

59

KAPA2G™

Exon 8

13905

11578673

14703

11579471

GGAAATTAACTCCAGTTTAGAGG

ATGAAATTCTGGGTGACCA

809

3,5

56

KAPA2G™

Exon 8

13922

11578690

14394

11579162

TGTGACCCAAGGGGAGTGT

CATTCTGAGTCCTGCCATCA

473

1,1

60

REDTaq®

Exon 8

14282

11579050

14716

11579484

GGAATCTCTGCCCACTCTCA

TGGACAGGCCTTGATGAAAT

434

1,1

60

REDTaq®

Intron 9

14359

11579127

14948

11579716

TCCATGATGGCAGGACTCA

GGCAACAAGGAGAGCAGAAT

590

1,1

60

REDTaq®

Intron 9

14849

11579617

15342

11580110

GTGCGAGGTCATTCTGTCTG

CTTTCCCGTGAATGGTGTTT

494

2,5

60

REDTaq®

Exon 9

15295

11580063

15871

11580639

GCTGCCCTTTGGTGAGTAAG

CCCTTTCACATATGGGTGTG

577

1,1

59

REDTaq®

Exon 10

15308

11580076

16032

11580800

CTGGGTCTTGCAGCACACT

TCCTTAGGGGATTCCCATTC

724

3,5

59

KAPA2G™

Exon 10

15750

11580518

16797

11581565

TCAGTACCTGGGGGAGTAGGT

AGGGACCGCCTTGTTTAGTT

1047

1,1

60

REDTaq®

Exon 10, Intron 11

15828

11580596

16395

11581163

GCAGGGGTGGAGTCTTAGAA

CCCTTTCACATATGGGTGTG

568

1,1

60

REDTaq®

Exon 10, Intron 11

15852

11580620

16819

11581587

GGTGGCTATGGACTGCCTTA

AAATTGGACAATGGGTGTGG

968

3,5

60

KAPA2G™

Exon 10, Intron 11
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Fw

FwECA13

Re

ReECA13

Fw primer (5’→3’)

Re primer (5’→3’)

Size (bp)

MgCl2

T°

Polymerase

ELN region

15901

11580669

16575

11581343

AAGGCCCTCCTAGACTGCTG

CGAGAGAACCAACCCTTTCA

674

3,5

60

KAPA2G™

Exon 11

16351

11581119

16830

11581598

CCTCTGCTTGCTGTGAAGC

AGAGAGGTGGGGAGGAAAGA

480

1,1

60

REDTaq®

Intron 12

16453

11581221

17223

11581991

AGCCCACTGTGTATCCAGGT

CCCTCTTCTTGATTCCCACA

770

3,5

59

KAPA2G™

Exon 12

16769

11581537

17317

11582085

ATCCATTCCTCCTTCCATCC

TGCTACGTCTGTGAGCCAAG

549

1,1

59

REDTaq®

Intron 13

16977

11581745

17753

11582521

ATTCTTTCCTCCCCACCTCT

ACTCTCCTGCACCCACATTC

776

1,1

59

REDTaq®

Intron 13

17608

11582376

18324

11583092

AGCCCTTCCTACAGCCATTT

CCACAGATGGTGAGGTCCTT

716

3,5

60

KAPA2G™

Exon 13

17879

11582647

18463

11583231

TTCCCAGAAGGAGATTGTGC

GGCCAGTCAGTGGAGAACAT

585

2,5

60

REDTaq®

Intron 14

18062

11582830

18755

11583523

TGTGCTGGTTGAAAATGTGG

TCTAAAGCAAAGTCAGAACTCTCG

693

3,5

59

KAPA2G™

Intron 14

18427

11583195

18985

11583753

CTAGGAGGCCATCTCCAATG

ACAACACCTGGGACTCCAAC

559

1,1

59

REDTaq®

Exon 14

18670

11583438

19177

11583945

TGAGTTGGATCCATGCAGAG

GCCAGAAGGTGAACTGGAGA

508

2,5

60

REDTaq®

Intron 15

18773

11583541

19153

11583921

CCACCCACAGATCCAAACTC

ACAACACCTGGGACTCCAAC

380

3,5

60

KAPA2G™

Exon 15

19111

11583879

19620

11584388

CCCTTGGGTTATACCCACCT

CCCATCTGTTCATCTGCTCA

510

1,1

59

REDTaq®

Intron 16

19159

11583927

19684

11584452

CAGGTGAGCTGAGCTGTATG

CCACTTATCTAGTCCCCCACA

525

3,5

59

KAPA2G™

Intron 16

19516

11584284

20077

11584845

TGTGGGGGACTAGATAAGTGGT

GGGGCAGAGCTATCAGCATA

562

1,1

59

REDTaq®

Intron 16

19883

11584651

20806

11585574

CATTGGCTCGAAAGAAAAGG

CAGATAGCCCTACGCCAGA

924

1,1

60

REDTaq®

Exon 16

19891

11584659

20436

11585204

CGAAAGAAAAGGCACCAAAA

TCTCTGAGCACTTGGGGAAG

546

1,1

59

REDTaq®

Exon 16

20138

11584906

20814

11585582

ATTTGTGTCCCCCTTGGTCT

CTAGCGCCTGCAGAGAGAAG

676

3,5

60

KAPA2G™

Intron 17

20660

11585428

20978

11585746

GTTGGAGGCATTCCCACTT

GGGCTTCAGCTATGAGGAAA

319

2,5

59

REDTaq®

Exon 17

20811

11585579

21402

11586170

CTAGAGCCGGAGTGGGAGTT

AGGGCAGAGAAGTGCAGTGT

591

3,5

60

KAPA2G™

Intron 18

20838

11585606

21587

11586355

TGGTCAGGGAGGAGTCAGAG

CCACTCAGCAGTCTGGAA

750

2,5

60

REDTaq®

Exon 18, Intron 19

21183

11585951

21541

11586309

AGTGCCCCTGCCTAGTCTGT

CTCGAAGCATCCCCTTGTC

358

3,5

60

KAPA2G™

Intron 19

21284

11586052

21834

11586602

CCCAAACCAGCAAGTTGAAG

GGAAAAACCACCAAGGAAGG

551

1,1

61

REDTaq®

Exon 19

21523

11586291

21929

11586697

GACAAGGGGATGCTTCGAG

AGAGGGAAAGAGCTCAGGAGA

406

3,5

60

REDTaq®

Intron 20

21720

11586488

22450

11587218

GAAGAGCCTTCCATGGGATT

ATCCCCTACTGCGGAAAGAC

730

3,5

60

KAPA2G™

Intron 20

22213

11586981

22708

11587476

TGAGGGTCTTTGGGGAGAG

CCTTGTCAGGGAGCAAGAAC

496

1,1

60

REDTaq®

Exon 20

22573

11587341

23150

11587918

CCCATTTAGGAACTCCAGGAC

GCAGAGTGACGTAGTGAAAGGA

578

2,5

59

REDTaq®

Exon 20

22658

11587426

23403

11588171

CCCCTTAGGCTGTCACATTC

TGTCCTCTTCCCTAACACAAGG

745

3,5

60

KAPA2G™

Intron 21

23207

11587975

23854

11588622

GCACACACCTTGTGTTAGGG

GGAAACTCAGAGGTGGCTCA

648

1,1

60

REDTaq®

Intron 21

23782

11588550

24063

11588831

TGCAGACCAGGTATGAAGGA

CTGTGATGCCACCAGAATTG

282

2,5

59

REDTaq®

Exon 21, 3’

+4272

11592682

+4771

11593181

TAGGCTGCTTATCCCCTCGT

AGCCGGAGTGGCTTTCTTA

499

3,5

60

KAPA2G™

Cutis laxa
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Polymerase chain reactions (PCR) were carried out in a 50µl total volume, containing
30 to 60ng of genomic DNA, 2µl 10µM fw and re primer and 1.1 to 3.5mM MgCl2. As a
DNA-polymerase, 1x KAPA2G™ Robust HotStart ReadyMix (2x) (Kapa Biosystems, Inc.,
Massachusetts, USA) or 2 units REDTaq® DNA polymerase (Sigma-Aldrich®, Missouri,
USA) with 1x buffer and 1µl 10mM dNTP (Life Technologies Ltd, Paisley, UK), were used.
For the amplification of 1 formerly unknown ELN fragment with an estimated length of 1977
base pairs (bp) (see below), Expand Long Range, dNTPack (Roche Diagnostics GmbH,
Mannheim, Germany) was used. The resulting reaction volume was added up to 50µl with
nuclease free water. Amplification protocols are listed in Table 5.2.
Table 5.2. Thermal cycler programs for the amplification of equine ELN fragments.
T° = reaction temperature (°C), annealing temperatures vary according to the used primer
pair (listed in Table 5.1), Time = time lapse per step (s), n = number of cycles.
REDTaq®
KAPA2G™
Expand Long Range
Step
T°
Time n
T°
Time n
T° Time
n
Initial denaturation
95
180
95
180
92 120
Denaturation
95
60
35 95
15
35 92 10
10
Annealing
59-60 120
59-61 15
59 15
Elongation
72
120
72
15
68 180
Denaturation
92 10
25
Annealing
59 15
Elongation
68 180 + incremental 20s/cycle
Final elongation
72
400
72
600
68 420

The amplicon was separated by means of gel electrophoresis (Wealtec Corp., Nevada,
USA) using a 2% agarose gel added with Midori Green DNA stain (NIPPON Genetics
EUROPE GmbH, Dueren, Germany) and band lengths were confirmed using a SmartLadder
(Eurogentec S.A., Seraing, Belgium) examined on a picture (Canon PowerShot A640, Tokyo,
Japan and ImageQuant 150, GE Heathcare, Diegem, Belgium). Purified amplicons were
prepared for capillary sequencing in a 10µl total reaction volume, using BigDye® technology
(Life Technologies Ltd, Paisly, UK) according to the manufacturer’s protocol. After
ethanol-precipitation, samples were rehydrated in 10µl Hi-Di™ Formamide (Life
Technologies Ltd, Paisley, UK) and ran on a Applied Biosystems® 3130 genetic analyzer
(Life Technologies Ltd, Paisley, UK). Sequence analysis was performed using CLC Main
Workbench.
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5.4.

Results

5.4.1. Animals and phenotyping
All limbs of Belgian Draught Horses were clinically extremely affected (a total CPLclin
of 16, Chapter 2), whereas Vlaams Paard and Thoroughbred horses showed no CPL
symptoms (CPLclin = 0). The average age (SD) of Belgian Draught Horses, Vlaams Paard and
Thoroughbred horses was 12.7 (2.9), 4.4 (2.3) and 3.6 (2.9) respectively.
5.4.2. In silico analysis
The ELN reference is situated on ECA13: 11.564.768-11.588.410 (coding
5’ start → 3’ end). This sequence counted 23.643bp and comprised 21 exons with a low
coding ratio (0.07). Unknown regions, resulting from non-overlapping contigs, were located
at positions 11,573,508 to 11,575,485 and 11,578,192 to 11,578,470, with respective
estimated sizes of 1,977bp and 278bp.
A high conformity existed between the cDNA sequence of several mammalian species
and chicken and the equine genomic region comprising ELN. The percentage of similarity
averaged (SD) 94.3 (3.97) (range 87.0 to 100). The average E value (SD), a factor indicating
the ‘significance’ of a certain match, was low: 1.57 10-3 (2.5 10-3) (range 0.35 10-6 to 5.67
10-3). For this factor applies “the lower the better”. The cDNA blast results of man,
chimpanzee and cow had a similar to equal start compared to the equine ELN reference. All
similar cDNA regions stretched further than the last reference exon 21.
The expected equine promoter region started 2,260bp 5’ to the start of exon 1 in the
ELN reference sequence. There was a high similarity with the human ELN promoter sequence,
where no TATA box occurred, but several transcription activation elements were
demonstrated: transcription factor binding sites (AP2 and Sp1) and GC box regions (Table
5.3). The human exon 31 that comprises a mutation in cutis laxa affected patients, showed a
high similarity (81% identical nucleotides) with a region located at the 3’ side of the ELN
reference.
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Table 5.3. Conformity of human ELN promoter and equine genomic sequences 5’ of ELN.
The estimated human ELN promoter region is located 5’ of ELN (-2,260bp to start of exon
1) on Homo sapiens autosome (HSA) 7 (www.ncbi.nlm.nih.gov, accession J05453.1).
Comparison with equine genomic sequences was done using a blast algorithm
(www.ensembl.org). Regions on ECA13 5’ of ELN were searched for similar transcription
activation elements by means of a blast analysis (www.ensembl.org). Location_HSA7 =
Relative location 5’ of the human ELN start of exon 1 on HSA7, Sequence HSA7 =
Sequences of transcription activation elements in the human ELN promotor reference
sequence, Location_ECA13 = Relative location 5’ of the equine ELN start of exon 1 on
ECA13, Sequence ECA13 = Blast result fragments 5’ of the equine ELN reference that
correspond to the human promoter elements . Different residues in the equine sequences
compared to the human reference are underlined .
Promotor element

Location_HSA7

Sequence HSA72

Location_ECA13

Sequence ECA133

Sp1 binding site, GC box

-1201 – -1195

CCGCCC

-1214 – -1208

CCGCCC

AP2 binding site

-1096 – -1090

TGGGGA

-1103 – -1097

TTGGGA

AP2 binding site

-1004 – -998

TGGGGA

-1011 – -1005

TGGGGA

AP2 binding site

-880 – 874

TGGGGA

-882 – -876

AGGGGA

AP2 binding site

-828 – 819

CCCCCTGGC

-845 – -836

GCCCTTGGC

AP2 binding site

-700 – 690

TCCCTCCCAG

-711 – -701

GCCCCCCCGG

AP2 binding site

-589 – -581

CCCCTCCC

-597 – -589

TCCCTCCC

AP2 binding site

-539 – -533

TGGGGA

-556 – -550

GGGGGA

Sp1 binding site, GC box

-461 – -454

GGGCGGG

-471 – -464

GGGCGGG

Sp1 binding site, GC box

-340 – -334

GGCGGG

-351 – -345

GGCGGG

Sp1 binding site, GC box

-117 – -110

CCCGCCC

-115 – -108

CCCGCCC

Sp1 binding site, GC box

-109 – -102

CCCGCCC

-107 – -100

CCCGCCC

Sp1 binding site, GC box

-105 – -98

CCCGCCC

-103 – -96

CCCGCCC

5.4.3. Sequence analysis
The full ELN was determined in 3 Belgian draught horses and was sequenced starting
652bp 5’ of the reference to 421bp 3’ of the reference sequence. Sequence differences
compared to the reference were compared to those reported by Doan et al. (2012). Some were
confirmed and new ones were described and are listed in Table 5.4. We annotated 2 formerly
unknown regions de novo (Figure 5.1). From our in silico analysis, fragments of 1,977 and
278bp were expected, but sequencing resulted in 2 shorter pieces of respectively 1,721 and
131bp. Therefore, the total length of the reference decreased to 23,240bp. Conformity with
human exon 31 and the equine consensus sequence (Belgian Draught Horse, Vlaams Paard
and Thoroughbred Horse were 100% similar) was high (81% identical nucleotides). The
mutation in exon 31 in man, that was associated with autosomal dominant cutis laxa, was not
present in our CPL affected Belgian Draught Horses.
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Figure 5.1: Position and forward sequence of de novo annotated regions in equine ELN. According to the ELN reference sequence, unknown
fragments were located at positions 11,573,508 to 11,575,485 and 11,578,192 to 11,578,470, with respective estimated sizes of 1,977bp and
278bp. De novo annotation resulted in shorter pieces of respectively 1,721 and 131bp. Therefore, the total length of the reference decreased to
23,240bp.

11,573,508 – 11,575,229

11,577,936 – 11,578,067
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Table 5.4. Equine ELN polymorphisms in Belgian Draught Horses, Vlaams Paard and
Thoroughbred Horses compared to the ELN reference sequence (Ensembl,
Thoroughbred Horse) and polymorphisms reported by Doan et al. (2012). The equine
ELN reference sequence was retrieved from www.ensemb.org (ENSECAG 00000011106).
Mutation = Positions of the polymorphism relative to the start position (exon 1) of the
ELN reference sequence. B = Belgian Draught Horse, V = Vlaams Paard, T =
Thoroughbred Horse. V and T were not analyzed (-) in case polymorphisms in B were
reported by Doan et al. on a quarter horse mare (QH). New ly reported polymorphisms are
indicated (*). G_Exon31 = the region on the equine genomic reference with high
similarity with the human ELN exon 31.
Mutation

Ensembl

B1

B2

B3

V1

V2

V3

T1

T2

T3

QH

Location

-290G>A

G

A

A

A

-

-

-

-

-

-

A

Promoter

-77T>C

T

C

C

C

-

-

-

-

-

-

C

Promoter

-37A>C

A

C

C

C

-

-

-

-

-

-

C

Promoter

-30T>C

T

C

C

C

-

-

-

-

-

-

C

Promoter

61G>A/G

G

G

A/G

A/G

-

-

-

-

-

-

A/G

Exon 1

904C>C/T

C

C/T

C/T

C/T

-

-

-

-

-

-

C/T

Intron 2

950G>A/G

G

G

A/G

A/G

-

-

-

-

-

-

A/G

Intron 2

1089G>A/G

G

A

A/G

G

-

-

-

-

-

-

Intron 2

*

1340G>A/G

G

A/G

G

G

-

-

-

-

-

-

Intron 2

*

1368C>C/T

C

C/T

C

C

-

-

-

-

-

-

Intron 2

*

1704G>A

G

A

A

A

-

-

-

-

-

-

1826C>C/T

C

C/T

C/T

C

-

-

-

-

-

-

Intron 2

*

2099C>C/T

C

C/T

C

C/T

-

-

-

-

-

-

Intron 2

*

2870A>A/C

A

A/C

A/C

A/C

-

-

-

-

-

-

Intron 2

*

3779A>G

A

G

G

G

-

-

-

-

-

-

G

Intron 2

4794G>A

G

A

A

A

-

-

-

-

-

-

A

Intron 2

4979G>A/G

G

A/G

A/G

G

-

-

-

-

-

-

5048C>C/T

C

C/T

C

C/T

-

-

-

-

-

-

5480T>C

T

C

C

C

-

-

-

-

-

-

C

Intron 2

5844G>G/C

G

G

G/C

G/C

-

-

-

-

-

-

G/C

Intron 3

6342delC

C

/

/

/

/

/

/

-

-

-

Intron 3

*

6369insT

/

T

T

T

T

T

T

-

-

-

Intron 3

*

6425insA

/

A

A

A

A

A

A

-

-

-

Intron 3

*

6811G>G/T

G

G/T

G/T

G

-

-

-

-

-

-

Intron 3

*

7093T>C

T

C

C

C

-

-

-

-

-

-

C

Intron 3

7890C>C/T

C

C

C/T

C/T

-

-

-

-

-

-

C/T

Intron 4

8530A>G

A

G

G

G

-

-

-

-

-

-

G

Intron 4

11374C>C/T

C

C

C/T

C/T

-

-

-

-

-

-

C/T

Intron 4

12295C>C/T

C

C

C/T

C/T

-

-

-

-

-

-

C/T

Intron 4

12755C>C/T

C

C/T

C/T

C/T

C

C

C/T

-

-

-

Intron 4

*

12781delG

G

/

/

/

/

/

/

-

-

-

Intron 4

*

13122insT

/

T

T

T

T

T

T

-

-

-

Intron 7

*

13147delT

T

/

/

/

/

/

/

-

-

-

Intron 7

*

14044T>C/T

T

C/T

C

C/T

-

-

-

-

-

-

14465G>A/G

G

G

A/G

A/G

-

-

-

-

-

-

Intron 9

*

14596insT

/

T

T

T

T

T

T

T

T

T

Intron 9

*

14630insC

/

C

C

C

C

C

C

C

C

C

Intron 9

*

14641delC

C

-

-

-

-

-

-

-

-

-

Intron 9

*

A

C

New

Intron 2

Intron 2

*

Intron 2

*

Intron 8
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Mutation

Ensembl

B1

B2

B3

V1

V2

V3

T1

T2

T3

14822G>A/G

G

G

G

A/G

-

-

-

-

-

15556C>C/T

C

C

C/T

C/T

-

-

-

-

-

16289C>C/T

C

C/T

C/T

Y

-

-

-

-

16432C>C/T

C

C/T

T

C/T

-

-

-

16634G>C

G

C

C

C

-

-

-

16690A>G

A

G

G

G

G

G

16918C>A

C

A

A

A

A

C

17019C>C/T

C

T

T

T

T

17025A>A/C

A

A/C

A/C

A/C

17029A>A/C

A

C

C

C

17039A>C

A

C

C

17041A>A/C

A

A/C

C

17045A>A/C

A

A/C

17051C>C/T

C

17622G>A/G

G

18037delC
18042delG

QH

Location

New

-

Intron 9

*

-

Intron 9

*

-

-

Intron 10

*

-

-

-

C/T

Intron 11

-

-

-

C

Intron 12

G

G

G

G

A

Exon 12

* Syn

A

-

-

-

Intron 13

*

C/T

T

-

-

-

Intron 13

*

A/C

A/C

A/C

-

-

-

Intron 13

*

A/C

C

C

-

-

-

Intron 13

*

C

C

C

C

-

-

-

Intron 13

*

A

-

-

-

-

-

-

Intron 13

*

A

A

-

-

-

-

-

-

Intron 13

*

T

T

T

C/T

C

T

-

-

-

Intron 13

*

A/G

A

A/G

-

-

-

-

-

-

C

/

/

/

/

/

/

-

-

-

Intron 13

*

G

/

/

/

/

/

/

-

-

-

Intron 13

*

18044T>C

T

C

C

C

C

C

C

-

-

-

Intron 13

*

18056delA

A

/

/

/

/

/

/

-

-

-

Intron 13

*

18062T>A/T

T

A/T

T

T

-

-

-

-

-

-

Intron 13

*

18072delT

T

/

/

/

/

/

/

-

-

-

Intron 13

*

18107A>G

A

G

G

G

-

-

-

-

-

-

18985G>A/G

G

A/G

A/G

-

-

-

-
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5.5.

Discussion
In the Belgian Draught Horse and several German draught horse breeds, CPL is highly

prevalent (Chapter 2; Wallraf et al., 2004). This incurable disorder also clinically affects other
draught horse breeds worldwide, increases maintenance time and cost and markedly decreases
the average life expectancy due to early euthanasia (Ferraro, 2003). Clinical prevalence in 6
German draught horse breeds (> 2.5 years of age) (Wallraf, 2003) and clinical severity in the
Belgian Draught Horses (see Chapter 3) was shown to be hereditary. In younger horses (< 3
years of age), there exists phenotypic uncertainty because of the progressive CPL character, as
mentioned in Chapter 2. Moreover, due to moderately high heritability coefficients shown in
Chapter 3, selection based on phenotypes will only progress slowly. The availability of
molecular markers for CPL would facilitate early diagnosis and selection, but so far,
associated mutations were not identified (Momke and Distl, 2007; Young et al., 2007
Mittmann et al., 2010). From dermal elastin histopathology, ELN aberrance was suggested to
be a causative factor for CPL in draught horses (De Cock et al., 2003, 2006a, 2009).
However, this was not examined man and horse. Therefore, we studied ELN is as a candidate
for elastin related disorders, such as CPL, in the Belgian Draught Horse.
The reference used was based on the genome of one Thoroughbred mare (‘EquCab2’),
analysed by means of a whole genome shotgun-assembly at 6.8x coverage (Broad Institute,
Massachusetts, USA) and in silico annotation using a standard ensembl mammalian pipeline
(Wade et al., 2009). A SNP map (1 SNP/2kb density, 7 different horse breeds) was added
(Wade et al., 2009). Later on, new polymorphisms (SNP, INDEL and CNV), obtained by
means of next generation sequencing at 24.7x coverage (Quarter Horse mare) with reads
mapping to 97% of the equine reference genome, were added. Although these efforts were
made to determine the horse genomic sequence and equine polymorphisms, our in silico
analysis of the ELN reference demonstrated that some information was missing:
non-overlapping contigs from total genome assembly generated missing fragments, no
information on the ELN promoter region was present and the 3’ UTR and poly-A tail lacked.
Therefore, it has to be considered to some irregularities may occur in the published equine
ELN sequence, which might impede the correct interpretation of ELN polymorphisms found.
ELN promoter regions of different species (e.g. cow and rat) are highly similar (Boyd
et al., 1993; Rosenbloom et al., 1995), but to our knowledge, horse sequences were not
included in such comparisons. In human ELN mRNA, multiple transcription initiation sites
132

CANDIDATE GENE

were demonstrated, suggestive for a complex ELN transcription activation mechanism (Bashir
et al., 1989). Human ELN promoter activity is largely located 5’ of ELN (from -2,260 to
+2bp), with basic promoter elements from -128 to -1 (Kähäri et al., 1990; Rich et al., 1999,
1996). Negative cis-acting regulatory elements located between -2,260 and -495 were related
to a decreased promoter activity in man (Zhao et al., 2009). We demonstrated a high
percentage of identical nucleotides comparing the expected equine ELN promotor elements
with the human ELN reference promoter elements in silico, suggesting that similar
mechanisms mediate equine ELN transcription activation. Demonstrated elements include
AP2 binding sites (Williams and Tjian, 1991; Eckert et al., 2005), Sp1 binding sites (Safe and
Abdelrahim, 2005) and several GC box regions. In correspondence to others, we could not
demonstrate a TATA Box (Bashir et al., 1989; Yeh et al., 1989; Rosenbloom et al., 1995).
Therefore, transcription activation is probably controlled by protein-DNA interactions at
several GC box sequences simultaneously (Blake et al., 1990). Furthermore, Sp1 is
phosphorylated on GC box binding (Jackson et al., 1990), explaining the coexistence of these
sequences in our analysis.
Assembly of equine genomic database sequences with similar cDNA of various
species strongly suggests that the equine ELN stretches much further than the reported 21
exons. Indeed, RNA hybridization analysis demonstrated ELN RNA in man, cows, goats and
chickens approximately counts 3,500 nucleotides (Burnett et al., 1982; Davidson et al., 1984;
Yoon et al., 1984; Indik et al., 1987b), which results in estimated mRNA sizes of 2.4kb
encoding 800 amino acids (Indik et al., 1987a). This is much more than the estimated equine
reference cDNA length of 1,584bp (1.5kb mRNA, ENSECAT00000011474). As a
preliminary confirmatory analysis, we sequenced a region located 3’ of the equine ELN
reference that showed high similarity with the human ELN exon 31. The deletion of a single
adenosine nucleotide, demonstrated in patients with autosomal dominant cutis laxa, was not
shown in our CPL affected draught horses, although similar histopathological elastin
anomalies occur in both disorders (Tassabehji et al., 1998). However, the region 3’ of equine
ELN should be reconsidered. In man, additional ELN mutations were demonstrated in patients
with a cutis laxa phenotype (Sephel et al., 1989; Zhang et al., 1999; Milewicz et al., 2000;
Rodriguez-Revenga et al., 2004; Urban et al., 2005; Szabo et al., 2006; Graul-Neumann et al.,
2008; Sugitani et al., 2012) and it was demonstrated that different mutations in the last human
ELN exons are involved in this disease. Hence, screening of equine similar regions offers
future perspectives for ELN as a candidate for CPL. Furthermore, also in another elastin
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related disorder, supravalvular aortic stenosis, ELN polymorphisms were demonstrated near
the 3’ end, in exon 27 and introns 28 to 29 in man (Micale et al., 2009). The full equine ELN
sequence, based on the equine reference containing 21 exons, was annotated. We found a total
78 polymorphisms in the Belgian Draught Horse, comprising 29 SNP already demonstrated
by Doan et al. (2012) in a Quarter Horse mare and 48 SNP’s and 1 CA>YG transition that
were demonstrated for the first time. None of these polymorphisms were shown to be unique
for the Belgian Draught Horses clinically affected with lymphedema. Although present study
results do not support ELN as a candidate for CPL, future perspectives reside in equine cDNA
characterization, offering a possibility in the application of ELN as a candidate in elastin
related pathologies.

5.6.

Conclusion
This research confirmed already described but also reported new equine ELN

polymorphisms and 2 formerly unknown regions were annotated de novo. None of the
polymorphisms were unique in Belgian Draught Horses clinically affected with CPL. Our in
silico analysis revealed that the equine reference ELN lacked information (gene size, promoter
region, polymorphisms, 3’ region). Multiple species alignment demonstrated a high
conformity with cDNA sequences of other species, suggestive for the presence of additional
exons 3’ of the reference, which we confirmed by sequencing of a 3’ region highly similar to
human ELN exon 31. This research offers future perspectives for equine cDNA
characterization and new possibilities in the application of ELN as a candidate in ELN related
pathologies. Genetic research towards a better understanding of CPL, as a parameter for ELN
dependent disorders in draught horses, is going on.
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6.1.

General discussion

6.1.1. Introduction
The Belgian Draught Horse, a part of Belgium’s cultural heritage, is highly affected
with chronic progressive lymphedema (CPL). This incurable disorder is clinically
characterized by progressively deteriorating lower limb signs. The typical soft tissue swelling
and deformation, associated with skin surface aberrance, often leads to an increasing
disability so that early euthanasia is often justified. At the start of this work, there were clear
indications that CPL in the Belgian Draught Horse is a multifactorial disorder with a genetic
susceptibility. Therefore, the potential for selection to reduce CPL occurrence in the Belgian
Draught Horse was questioned. If CPL is indeed hereditary, selection would ideally be based
on molecular markers. Such markers would enable early detection of susceptible draught
horses and facilitate selection tremendously. Up to date, Belgian Draught Horses were often
used for breeding before the distinct onset of symptoms. As no routine recording of CPL
clinical signs was only performed in stallions for their approval as a stud, the current state in
the population was largely unknown. Therefore, the aim was to develop an objective
recording system and to examine disease prevalence and severity in the Belgian Draught
Horse. Based on these clinical data, subsequently, a selection strategy for CPL could be
explored, using both a quantitative and molecular genetic approach. A schematic overview of
the research performed is given in Figure 6.1.
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Figure 6.1: Overview of the research performed
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6.1.2. Establishing a clear phenotype
At the start of the project, incurable lower limb aberrance was recognized by many
Belgian Draught Horse owners. The term ‘CPL’ and the knowledge on disease pathology on
the other hand, were largely unknown in the Belgian Draught Horse society. CPL was
generally assumed to be a skin disorder and therefore, hygienic measures (cleaning and
disinfection of limb skin) and topical applications against secondary infections, were seen as
an adequate CPL treatment (De Keyser et al., 2012a). Such an approach is often
disappointing, as secondary infections commonly relapse and limb swelling and deformation
are not restrained merely by skin hygiene (Powell and Affolter, 2012). The reason is that
clinical CPL signs occur secondary from an underlying lymphatic malfunction (De Cock et
al., 2006b). The scientific knowledge on disease pathology and associated clinical signs was
brought to the attention of the studbook and horse owners, via personal communications at
events and stable visits, publications and lectures. Only a thorough combined supportive
therapy offers sufficient relief and the desired decrease in limb diameter and hypertrophic
lesions (Powell and Affolter, 2012). A minority of the owners in Flanders was already
convinced to use the recently developed horse jacuzzi that offers a massage and skin cleaning
at once. Unfortunately, such an ideal lymphedema supportive management is time consuming
and expensive, hence rarely performed. As a consequence, many Belgian Draught Horse
limbs do not receive the ideal support and suffer from a progressively deteriorating
disfigurement and disability.
Interestingly, it appeared that certain breeding lines within the Belgian Draught Horse
were clinically more affected than others, which raised questions on a possible genetic
susceptibility for CPL. In case of a hereditary background, selection against this debilitating
disorder would be possible. Therefore, we cooperated with the studbook to improve the
knowledge on CPL in the Belgian Draught Horse and to tackle CPL and secure the health and
future of the breed.
Firstly, the necessary steps were taken to assess the phenotype ‘CPL’ and its current
state of matter in the population. Therefore, a uniform diagnosis method was highly needed.
The recording of clinical data was not routinely performed at the projects’ start. This was
because no consensus existed on the variable severity of clinical signs. That is why, at official
contests, horses could also not be scored objectively (personal communication with the

138

GENERAL DISCUSSION

studbook). To develop a uniform clinical diagnosis of CPL on a large sample of horses, a
comprehensive scoring system for CPL was proposed (see Chapter 2). This system assured
the objective categorization of horse limbs based on clinical disease severity, addressing a
score from 0 to 4 to each limb by inspection and palpation. A similar ordinal scoring
methodology has been used in previous horse studies to assess conformation and competition
traits as well as disease associated traits, for the subsequent estimation of genetic parameters
(Preisinger et al., 1991; Posta et al., 2009; Rustin et al., 2009; Peeters et al., 2011). The
summation of our 4 scores resulted in a corresponding total clinical score for CPL per horse.
Using this scoring system, we examined 762 individual horses over 3 years (2009 - 2011). A
total of 980 clinical score records was obtained, because approximately 18% of records were
repetitive examinations with an average time interval (SD) of 169 (139) days. As the ultimate
aim was to develop a breeding strategy, the majority of horses was examined at official
contests (81% of the total sample). This sampling location also provided an impression on the
current vision in Belgian Draught Horse breeding. It was clear that the emphasis in selection
was largely focused on stallions. Stallion selection is very stringent: in the timespan of this
project (2009 - 2013), an average of 27 young stallions (approximately 18 months of age) was
presented at the annual show in winter, the so-called phase 1 in selection. Only 10 were
accepted as a stud after phase 2 (veterinary examination at the Faculty of Veterinary
Medicine, Ghent University). Almost all rejected stallions were disapproved in phase 1, based
on the phenotypic evaluation of conformation and gaits by a jury. Stallions were very seldom
rejected on CPL status in phase 1. It was soon obvious that prevalence of CPL lesions
occurred at high degree in both stallions and mares. Therefore, the need to incorporate all
horses in the selection program was brought at the attention of the studbook and breeders.
Nowadays, the developed CPL scoring table is the basis for the veterinary clinical
examinations in both mares and stallions at every Belgian Draught Horse contest organized by
the studbook. Thereby, the routine data collection of clinical CPL signs in all Belgian Draught
Horses at contests is continued, which guaranties the necessary data for future quantitative
genetic CPL analyses.
Because ‘CPL’ was scored in categories using a scoring system, the trait could be
analyzed in 2 different ways: 1) as a binary trait or CPL prevalence (affected: score > 0 or
healthy: score = 0) and 2) as an ordinal trait or CPL severity (score from 0 to 16). The latter
approach was followed, because communication with the studbook and preliminary field trials
at the start of the project were indicative for a high disease prevalence. An ordinal recording
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would therefore provide more detailed information on disease severity and chronicity next to
prevalence of signs. Clinical CPL prevalence was high whereby approximately 61% of our
total sample was affected (Chapter 2). A natural increase in prevalence with age was
expected, which coincided with an 86% of the horses ≥ 3 years of age with clinical signs. The
disease severity on the other hand, was on average mild to moderate. This was demonstrated
by the average CPL severity (SD) on the ordinal scale of 0.95 (1.68) (range 0 to 8) and 5.84
(4.25) (range 0 to 16), depending on the dataset analyzed (respectively the full sample and
horses ≥ 3 years of age). The very first clinical signs were already observed in horses from 1
year old. These lesions were very mild and occurred in only a minority of the Belgian Draught
Horse yearlings (14% affected). This was earlier than the occurrence from the age of 2 in
American Belgians (De Cock et al., 2003). From the age of 3 years onwards, the clinical signs
became more distinct in the Belgian Draught Horse as shown by our average clinical score
(SD) at the age of 3 years of 2.48 (2.47) (range 0 to 12). At this age also, many owners first
noticed the typical clinical lower limb pathology in their horse (personal communications).
This coincides with the progressive character in other draught breeds as German Draught
Horses (Wallraf, 2003), Shires and Clydesdales (De Cock et al., 2003; Ferraro, 2003). Shires
and Clydesdales are generally less affected than Belgian Draught Horses, as lesions in the
former 2 breeds normally begin to interfere with free movement from the age of 15 years (De
Cock et al., 2003), whereas the estimated average life expectancy in Belgian Draught Horse
stallions was only 6 years of age (Ferraro, 2003). Due to the severe deformation, early
euthanasia is frequently justified. The stallions in present sample were significantly younger
than the mares, which is also suggestive for a higher level of early culling because of the
quicker deterioration of lesions. The extent of this ‘censoring’ could unfortunately not be
determined because the age and reason of death of Belgian Draught Horses are not recorded
by the studbook.
Also for trained veterinarians, early diagnosis using clinical examination is hampered
by the time of clinical disease onset. We therefore questioned what happens before the onset
of clinical signs, as every Belgian Draught Horse is born clinically CPL free. In man, affected
with non-filarial chronic lower limb lymphedema, a subclinical stage does exist (The
international society of lymphology, 2009). In this stage, a lymphatic malfunction is present,
but the clinical lesions did not develop yet, as they are the result of longstanding edema and a
subsequent decrease in tissue oxygenation and immunity. In the subclinical stage in man, CPL
can be diagnosed using lymphoscintigraphy. It is suggested that the young horses in present
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study with a clinical score = 0 were in such a subclinical stage. The existence of a subclinical
CPL phase would also be in accordance with Wallraf (2003) and Wallraf et al. (2004) where
younger German draught horses (< 2.5 years of age) were excluded from the study for an
absence of clinical lesions. It was suggested to perform lymphoscintigraphy in clinically
healthy horses of susceptible breeds to detect an aberrant lymph clearance early (De Cock et
al., 2006b), but this was not performed to date.
Worldwide, CPL signs occur in different related draught horse breeds that comprise
Belgian Draught Horse ancestors, and, some breeding lines with the Belgian Draught Horse
seemed clinically more affected than others (Chapter 1). These were strong indicators for a
genetic CPL susceptibility in different draught horse breeds, so that clinical disease outcome
depends on both the genetic load (animal effect) and some external triggers (non-genetic or
environmental factors) experienced throughout life.
The quantitative genetic approach started with a preliminary analyses of non-genetic
factors that were possibly associated with the clinical scores. Inclusion of significant
non-genetic effects would optimize the genetic models and estimates. In contrast to Wallraf
(2003), we used a mixed model, which enabled the inclusion of random factor ‘date’ of
examination. Age, gender, coat color and date of examination were significantly associated
with clinical scores. The interaction effect ‘age-gender’ was the most important factor, which
was expected due to the CPL chronicity and because stallions had a quicker deteriorative
progression than mares. This interaction effect was not examined before in horses or men.
Wallraf (2003) showed an increased disease prevalence with age, but no gender effect
whereas De Cock et al. (2003) and Verschooten et al. (2003) stated that in general stallions
are more severely affected than mares. Possibly, the progressive character of CPL in
combination with a different feeding regime and/or hormonal differences were causative
factors for this gender discrepancy with age. Indeed, feeding regime (silage) in winter was
shown to increase CPL prevalence in German draught horses (Wallraf, 2003).
Communication with breeders suggested that the majority of stallions in our studies was fed
on a high-energy diet in preparation for the annual stallion approval in winter. This might
have increased the clinical disease severity in stallions compared to mares in our study. To
consolidate this hypothesis, nutritional parameters should be recorded in the future, which can
be easily done at contests. Other non-genetic effects associated with clinical severity in the
exploratory analysis were coat color and date of examination. There are only 5 basic colors in
the Belgian Draught Horse (see Chapter 2) and 1 color is often inherent to a certain breeding
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line. This point of view would coincide with the genetic CPL susceptibility, which was
demonstrated in Chapter 3 en discussed in the next paragraph. Indeed, some of the Belgian
studs were very popular and regularly used, sometimes by the same breeders for successive
years. In this way, a minority of studs gave rise to numerous full and halfsibs with identical
coat color. The bay and black ‘roan’ horses were associated with a lower disease severity and
prevalence than ‘bay’ and ‘black’ ones. Therefore, next to line dependent colors, coat color
‘per se’ as a risk factor for CPL (‘roan factor’) can be suggested. The importance of date of
examination as a random factor, could be due to the organization of the sampling (stable visits
and contests were performed at different dates) and/or seasonal changes (hormonal or feeding
regime effects).
Therefore, another objective diagnostic aid next to clinical scores was explored. The
measurement of AEAb-levels in blood by ELISA seemed promising as a confirmation of CPL
severity in Belgian Draught Horses (Van Brantegem et al., 2007a, b). In case of high ELISA
sensitivity and specificity, AEAb could be used as a confirmation of the clinical CPL
diagnosis, and, AEAb could also be included as an extra trait in the genetic model.
Unfortunately, the AEAb ELISA was shown to be of no use as confirmatory test in individual,
clinically examined horses (see Chapter 4). Although a good inter and intra laboratory
reproducibility was obtained, the assay specificity and sensitivity were very low. We sincerely
questioned the antigenicity of the commercial bovine α-elastin as a coating agent in the
ELISA. Distinct histological elastin fragmentation in clinically affected draught horses was
highly suggestive for a marked elastin degradation (De Cock et al., 2009). Ab against elastin
degradation products (e.g. α-elastin) show interspecies cross-reactivity (Mecham and Lange,
1982), so that horse AEAb react with bovine α-elastin. Besides, human α-elastin was
considered a marker protein for elastin breakdown (Colburn et al., 1992, 2003, 2006; Konova
et al., 2009). In Belgian Draught Horses however, we clearly demonstrated that it is quite
impossible to untangle the association of both age and disease severity and the level of blood
AEAb. Specific disease associated markers should be investigated for to increase test
sensitivity and specificity. Analogous to CPL in horses (De Cock et al., 2003), human
idiopathic pulmonary fibrosis was characterized by chronic fibroblast proliferation and
extracellular matrix remodeling (Selman, 2001; Desai et al., 2011). The tissue damage in this
lung disease is partially induced by macrophage proteases, considered ‘signature enzymes’ for
fibrosis progression. The according ‘signature elastin-degradation proteins’ were detectable
with high sensitivity using monoclonal Ab as a coating agent in ELISA (AUC = 90%,
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p < 0.001) (Skjøt-Arkil et al., 2012). Therefore, a methodology similar to the one of SkjøtArkil et al. (2012) might be useful for CPL. As no genetic markers are available yet, other
objective CPL diagnostic criteria, next to clinical examination, should be explored, to assess
the phenotype CPL as early as possible.
6.1.3. Genetic approaches
6.1.3.1. Classical breeding
The relatively large database and preliminary exploration of non-genetic factors
enabled the setup of a single trait genetic model to estimate CPL heredity. A multi-trait
approach however, would provide insights in the genetic relationships between traits and
generally yields more reliable estimates than univariate models. Clinical scores were assessed
with reasonably high objectivity due to the scoring system, but we searched for additional,
objectively measureable traits to enhance our genetic model, consequently skin fold thickness
and hair diameter were measured in a subset of our sample (see Chapter 2). In case of very
high genetic correlations, skin fold thickness and hair diameter could also serve as a direct
diagnostic aid, next to clinical scores. Previous research in German draught horse breeds,
demonstrated that clinical disease prevalence (as a binary trait, affected: yes/no) was
genetically correlated to skin fold thickness and limb hair characteristics (e.g. hair
implantation density) (Wallraf, 2003). The genetic correlation between disease severity
(clinical scores) and similar traits in the Belgian Draught Horse seemed therefore very likely.
Analogous to the exploratory analysis of the clinical scores, possible non-genetic factors
associated with skin fold thickness and hair diameter were examined using mixed models.
The optimal full model was a 3-trait animal model (clinical scores, skin fold thickness and
hair diameter) (see Chapter 3). This model suits better for continuously (or ordinally) scored
traits than compared to binary traits used in the analysis of disease occurrence by Wallraf
(2003). The 3-trait model demonstrated that clinical scores are heritable in the Belgian
Draught Horse, so that genetic selection based on clinical veterinary examination data is
possible. The heritability coefficient for clinical scores was low to moderate, depending on the
dataset analysed: 11% for the full sample and 26% for horses ≥ 3 years of age. The genetic
correlations between clinical scores and skin fold thickness and hair diameter did not indicate
that these latter 2 traits can function as a direct diagnostic aid for CPL in the field. We cannot
exclude the use of skin fold thickness and hair diameter in a full animal model to obtain
estimated breeding values. Analysis on a more balanced dataset is advised, with clinical
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examinations, skin fold and hair diameter measurements performed at the same date.
Therefore, sampling should continue in order to perform this analysis and confirm the use of
the additional traits in the model.
Veterinary examination remains the most practical way to diagnose CPL in draught
horses. Using the scoring system, diagnosing CPL severity is possible with reasonable
objectivity. Clinical scores in hind limbs (SD) were only slightly higher than forelimbs: 1.54
(1.96) versus 1.69 (2.12). Therefore, a separate bi-variate analysis was performed to assess the
necessity to examine all 4 limbs per horse. The safety of examination tremendously improves
by measuring only fore limbs, which was concluded from the very high genetic correlation
(93%) between clinical scores of fore and hind limbs (Chapter 3). All examinations were
performed by 1 veterinarian. Therefore, the effect of ‘appraiser’ could not be assessed. If
veterinarians with CPL experience coach other colleagues for future data collection, the effect
of ‘appraiser’ should be analyzed in a separate study, or, this factor should at least be included
in future analyses. Because of the low heritability of clinical scores and the lack of an
objective confirmatory test, the selection against CPL in the Belgian Draught Horse should
ideally be based on breeding value estimations. Such estimates are derived from the
combination of own records and the information of relatives and thereby enable the definition
of the CPL predisposition also in younger horses (possibly in a subclinical CPL stage). We
strongly advise to base such estimates on repeated clinical examinations. Ideally, horses
should be examined a first time before the age of 3 years, in order to detect affected horses
early. A second examination should be performed after the age of 3, to evaluate progression of
lesions (or first occurrence). Due to the progressive CPL character, a certain time-lapse
between 2 examinations has to be respected in order to experience disease progression. De
Cock et al. (2003) argued that at least 2 years are required to observe deterioration of clinical
signs. Repeated measurements also enable the estimation of this permanent environmental
effect, that had substantial influence with an estimate (s.e.) of 0.36 (0.09) for analysis on the
full dataset (comprising 18% of records with repeated examinations, Chapter 4). The scoring
of horses at older ages offered more accuracy for selection: the heritability (s.e.) increased
from 0.11 (0.06) to 0.26 (0.05) and the effect of permanent environment (s.e.) decreased from
0.36 (0.09) to 0.29 (0.05) in analysis on the total sample versus horses from the age of 3 years
(Chapter 4). Estimated breeding values facilitate the inclusion of also mildly affected horses
in the breeding program. However, subtlety is needed, as for instance high estimates in
younger versus older horses might reflect a different disease susceptibility.
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A serious disadvantage of the clinical examination based procedures, is the missing of
the ‘subclinical’ stage. In clinically healthy horses of susceptible breeds, a lack of dermal
elastin was shown (De Cock et al., 2006a, 2009). Elastin quantification in subclinically
affected horses might offer future perspectives for early CPL detection in the absence of
clinical signs. Therefore, it would be very interesting to assess the elastin content in neonatal
foals of susceptible breeds and to monitor the clinical deterioration and associated histological
elastin aberrance with age (De Cock et al., 2009) in the same horse. In fact, the reasoning for
our molecular genetic approach was based on elastin histopathology in CPL affected draught
horses.
6.1.3.2. Molecular markers for CPL
Blood was sampled in 645 of the clinically examined Belgian Draught Horses. At the
project’s start, it was preferred to perform a genome wide association study (GWAS) on a
pedigree of affected and unaffected halfsibs. This setup was not possible, due to the lack of
sufficient related horses with a defined phenotype (clinically affected versus healthy). In
young and subclinically affected horses, the phenotype ‘CPL’ is uncertain. Misdiagnosis of
horses can be prevented by selecting only older horses as study sample. This was already
done in a GWAS for CPL in German draught horses, where only horses of at least 2.5 years
of age were included (Mittmann et al., 2010). This study was performed on 31 paternal halfsib
families of 4 different German draught horse breeds (n = 378). Evenly distributed
microsatellites were genotyped on all horse chromosomes, with a mean distance of 7.5Mb
(n = 318). In an across breed association analysis, interesting quantitative trait loci (QTL)
were defined on horse autosome (ECA) 1, 9, 16 and 17. Analysis by breed confirmed the QTL
on ECA1 in South German and on ECA9, 16, and 17 in Saxon-Thuringian Draught Horses.
Additional QTL however, were demonstrated on ECA4 and 10 in the Rhenish German and
Schleswig Draught Horses, and on ECA 7 for the South German Draught Horse. The authors
suggested an overregulated inflammatory autoimmune response to an initial vector as a
possible cause for CPL. Therefore, ubiquitin protein ligase E3A, CD109 molecule and the
myotubularin related protein 6 were considered as positional candidate genes for the QTL on
ECA1, 10, and 17. To date further research on these candidate genes for CPL was not found.
Interestingly, the Rhenish German and Schleswig Draught Horse that both showed the same
additional QTL on ECA4 and 10, had the highest clinical CPL occurrence: respectively 96
and 86% of the horses affected (Wallraf, 2003). Also for those 2 breeds, the heritability
coefficients (s.e.) for the occurrence of CPL were higher compared to other German draught
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breeds included in the study by Wallraf (2003), respectively 0.51 (0.31) and 0.47 (0.26) for
the Rhenish German and Schleswig Draught Horse. Interestingly, the Rhenish German was
historically intensively crossbred with Belgian Draught Horses, suggesting a more similar
genetic make-up. In our study, a large amount of Belgian Draught Horses ≥ 3 years of age
was sampled (n = 456). In these older horses, there was a clear difference between the
affected and healthy ones, but the disease prevalence was too high (86% of the horses was
affected), hence the halfsib setup will not be suitable for the Belgian Draught Horse. It is
expected that this setup will not work for several other draught horse breeds worldwide either,
as the Shire, Clydesdale, Gypsy Cobb and Friesians. Although no population wide studies
were performed in these breeds, disease prevalence is expected to be high (Boema et al.,
2012; De Cock et al., 2003; Ferraro, 2003, 2001; Powell and Affolter, 2012). Although the
GWAS by Mittmann et al. (2010) provided new insights in the molecular mechanisms of
CPL, it was based on smaller groups of different German breeds. It would however be more
optimal to compare susceptible and non-susceptible breeds in a GWAS, instead of a within
breed comparison of clinically healthy and affected horses.
Another possibility to assess within breed variation of CPL susceptibility exists.
Indeed, one could use estimated breeding values as a basis for a within breed comparison, by
inclusion of horses with extremely low and extremely high breeding value estimates. Ideally,
such an intra-breed comparison in a GWAS is done by using a high density single nucleotide
polymorphism (SNP) platform. The Illumina 70K SNP chip (or 777K SNP chip which is
under construction) has a much higher density compared to the microsatellite analysis by
Mitmann et al. (2010). A SNP chip with lower density (the Illumina 50K SNP chip) was
shown applicable for genomic selection in Thoroughbred Horses (Corbin et al., 2010). A
higher density SNP marker set offers a solid investigational methodology in search for
polymorphisms associated to CPL in the Belgian Draught Horse and other susceptible draught
breeds. Although this could not be performed in the present PhD project, it will be done in a
consecutive project.
As a consequence of the high disease prevalence in the Belgian Draught Horse
mentioned above, a candidate gene approach was chosen (Chapter 5). Two candidate genes
for CPL, selected based on clinical similarities with human disorders, were examined
previously,. In man, polymorphisms in FOXC2 (paragraph 1.3.2.1) cause lymphedemadistichiasis (Fang et al., 2000a; Bell et al., 2001; Finegold et al., 2001; Irrthum et al., 2003;
Rezaie et al., 2008; Van Steensel et al., 2009; Sutkowska et al., 2012). ATP2A2
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polymorphisms were associated with the hemorrhagic type of Darier-White disease (RuizPerez et al., 1999; Sakuntabhai et al., 1999; Lu et al., 2011; Pedace et al., 2011), that shows
clinical similarities with the CPL skin lesions in draught horses (paragraph 1.3.3.1). However,
no polymorphisms in both genes were unique in CPL affected draught horses (Momke and
Distl, 2007; Young et al., 2007). Due to the variable CPL clinical presentation with age,
shown in Chapter 2, we chose not to base our candidate gene approach on clinical similarities
with human disorders and their associated polymorphisms. We based the selection of our
candidate gene on the marked dermal and perilymphatic elastin histopathology in horses of
susceptible compared to those of non-susceptible breeds. In clinically healthy horses of
susceptible breeds (suggested to be in the subclinical stage), a lack of elastin was
demonstrated in the dermis and around lymphatic vessels compared to non-susceptible horses
(De Cock et al., 2009). Interestingly, this was also seen in the dermis of neonatal Belgian
Draught Horse foals (Prof Dr. R. Ducatelle, Faculty of Veterinary Medicine, Ghent
University, unpublished results). Furthermore, in clinically affected draught horses, a marked
dermal and perilymphatic elastin fragmentation occurred in comparison to the histologically
healthy elastin structure in non-susceptible horses (De Cock et al., 2003, 2006a, 2009). Both
the initial lack of elastin and the increased elastin with aberrant structure suggested a reduced
elastic functionality. A hampered elastic support of the lymphatics would lead to a decreased
lymph clearance, thus lymphedema. ELN aberrance was hypothesized to cause this
histopathology and its associated CPL clinical symptoms in draught horses. Therefore, the full
ELN sequence was determined in Belgian Draught Horses and compared to the
non-susceptible Vlaams Paard. We did not perform elastin histopathology in these horses,
because of the difficulty of sampling a skin biopsy of a draught horse’s fore limb at a stable
visit. No ELN polymorphisms were unique in affected draught horses (Chapter 5), although
we cannot exclude ELN as a candidate for CPL yet. In silico analysis showed that the basis for
comparison, the Ensembl horse ELN reference, was not complete. Firstly, additional
polymorphisms in the reference were demonstrated in this study. Secondly, due to
non-overlapping contigs in the reference genome, 2 fragments had to be sequenced de novo.
Thirdly, the promoter region was formerly unknown and assessed in silico by a statistical tool
from comparison with the human promoter. The annotation of this similar region in Belgian
Draught Horses, Vlaams Paard and Thoroughbred Horses is currently performed.
Polymorphisms in the ELN promoter could be a factor of importance for CPL in draught
horses. Promoter alterations may hamper neonatal elastin development which affects elastic
functionality later in life. This reasoning would coincide with dermal elastin quantification,
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namely an initial lack of dermal elastin in young horses versus adult malformation (De Cock
et al., 2009). Finally and most importantly, a high conformity between equine genomic
sequences and human cDNA was suggestive for missing exons in the ELN reference, thus
missing a large part 3’ of ELN. This hypothesis was already partially confirmed by
exploratory sequencing of a genomic region 3’ of ELN (Chapter 5). It is highly advised to
characterize the total equine cDNA in the future in order to assess the total coding region in
equines, which was not performed before in healthy or affected horses. This research is now
ongoing. The fact that horse ELN mRNA is alternatively spliced should be taken into account.
ELN alternative splicing was already shown in man (Indik et al., 1989, 1987a), rats (Heim et
al., 1991) and cows (Yeh et al., 1989). Moreover, in a preliminary analysis, ELN cDNA was
generated from mRNA of skin biopsies. Subsequent gelelectrophoresis of this ELN cDNA
revealed horse ELN splice products of variable size (approximately 300 to 1,000bp) for the
first time (De Keyser et al., 2012b). In healthy versus diseased animals, different splice
products were suggested (Indik et al., 1989; Sugitani et al., 2012). Both susceptible and
non-susceptible draught horse breeds should be included in the ELN cDNA characterization to
be able to detect such a difference in alternative splicing. From the present study results, it is
not possible to exclude ELN as causative factor and the gene remains a very strong candidate
for CPL in draught horses. Besides, alterations in other proteins involved in elastin assembly
can be interesting candidates (microfibrillar proteins, paragraph 1.3.4.5).
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6.2.

Conclusions and future perspectives
There is an increasing interest in a genetic test to reduce CPL occurrence in the

Belgian Draught Horse. Clinical disease prevalence in this breed is high and the heritability of
clinical signs is moderate. Therefore, the selection based on clinical CPL phenotypes is
possible, but progress towards a lower occurrence would go slow. Therefore, selection using
clinical examination data should ideally be based on estimated breeding values instead of on
the phenotypes only. These breeding value estimates result from the analysis of clinical
scores, from repetitive clinical examinations of the fore limbs. The routine collection of
clinical scores on all studbook horses at official contests should be continued. It is advised to
examine all horses once at young age (before the age of 3) and a second time after the age of
3 years, with a minimum time interval of 2 years to evaluate disease progression. This also
enables the estimation the effect of permanent environment, a factor with substantial effect on
CPL clinics. Factors associated with CPL severity, identified in present study, should be
included in the genetic model. The genetic correlations between clinical scores and skin fold
thickness and hair diameter were subject to large estimation error and analysis on a larger
sample is needed to define their utility in breeding value estimation.
Clinical examination remains the number one diagnosis method for CPL in draught
horses. A clinical examination system was assessed in order to categorize affected horse limbs
with reasonable objectivity, from the clinically mildest form, over disease progression, to an
end-stage condition. Young horses of susceptible breeds with a clinical score = 0 are most
likely categorized as ‘subclinically’ affected, a stage preceding the mildest clinical disease
onset. Clinical diagnosis objectivity would improve in case of a laboratory confirmation, but
the reported AEAb ELISA was of no use for individual clinical CPL confirmation, shown by
the very low sensitivity and specificity of AEAb for CPL detection. It was suggested to
explore the performance of an ELISA to detect specific macrophage generated elastin
degradation products in blood, by monoclonal Ab. Such test would be suitable for clinically
affected horses only (monitoring of clinical disease progression). Thereby, a more objective
categorization of horses for genetic models would be obtained. Early diagnosis in
subclinically affected horses however, might be done by histological elastin quantification.
Molecular markers for CPL would enable early selection tremendously. ELN
polymorphisms were not associated to a lymphedema phenotype, though it is not possible to
exclude ELN as a candidate for CPL. It is strongly advised to characterize equine ELN cDNA
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to assess the complete ELN coding region. Furthermore, future perspectives are offered in the
exploration of other genes coding for proteins with a function in the elastin metabolism.
Analysis in a larger setting of susceptible and non-susceptible breeds in a GWAS by
genotyping SNP or next-generation sequencing might offer valuable information, that would
drive research of CPL in susceptible breeds worldwide forward.
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