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Suspensory apparatus breakdown and hyperextension of the 

metacarpophalangeal and metatarsophalangeal (fetlock) joints is a common condition 

in the llama and has been observed in llamas of all ages.  Llama breeders refer to the 

condition as “down in the pasterns” or “down in the fetlocks.”   The condition can 

result in debilitating lameness, most likely due to mineralization of soft tissues 

including the tendons and ligaments and/or osteoarthritis of the 

metacarpo/metatarsophalangeal, proximal interphalangeal and distal interphalangeal 

joints.   Two forms exist, an induced form occurring from abnormal weight bearing 

such as a severe lameness in a contralateral limb, and an idiopathic form that affects 

multiple limbs.  The idiopathic form is poorly characterized in the llama and has not 

been reported in the literature prior to the studies performed as part of this thesis. 

The specific aims of this thesis were to characterize the nature of suspensory 

apparatus breakdown in the llamas by use of ultrasonographic and radiographic 

evaluation, histologic evaluation, biochemical assessment of collagen, copper 

concentrations and lysyl oxidase activity, and molecular techniques to identify specific 

gene expression alterations and matrix connective tissue changes.  The specific 

hypotheses were: 1) affected llamas would have ultrasonographic and histologic 

 
 



 
 
 
 

evidence of disruption of fibers in the suspensory ligament 2) affected llamas would 

have decreased copper concentrations and lysyl oxidase activity 3) affected llamas 

would have decreased gene expression of collagen type I and lysyl oxidase, and 

increased gene expression of collagen type III and matrix metalloproteinases as a 

result of ongoing repair of tendons and ligaments. 

High serum zinc concentration coupled with low liver copper concentration 

were found in llamas having metacarpo(tarso)phalangeal hyperextension. However, 

lysyl oxidase activity was no different between the affected and controls, even though 

the copper levels were lower in affected animals.  In addition, other expected changes 

on radiographs and ultrasound were not as prevalent as hypothesized.  No significant 

difference was appreciated between affected and control animals in expression levels 

of collagen types I or III, LOX or MMP-13, although there was a trend towards 

decreased expression of MMP-13 in affected animals. Mild proteoglycan 

accumulation was appreciated in the suspensory ligament of two of the six affected 

animals. No difference in distribution of collagen types I or III was appreciated on 

histologic section, and elastic fiber appearance was similar between the affected and 

control animals. 

 This thesis suggests a different etiology to fetlock hyperextension than 

initially hypothesized.The lack of radiographic, ultrasonographic, histologic, and 

biochemical differences between affected and control animals supports a 

nondegenerative etiology for this condition. 
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Chapter One 

Introduction 

 

Suspensory apparatus 

The suspensory apparatus consists of the superficial digital flexor tendon, the 

deep digital flexor tendon, the suspensory ligament (interosseous muscle), and the 

proximal sesamoid bones and associated ligaments.  The suspensory apparatus 

supports the distal limb, allowing the joints to maintain relatively upright anatomical 

positions and preventing hyperextension of the metacarpophalangeal and 

metatarsophalangeal joints. 

 

Tendon structure and function 

 The function of tendon is to join muscle to bone and transmit forces between 

them.  Tendons arise from muscles and insert on the bone, with the gradation from 

tendon to muscle referred to as the myotendinous junction and the junction of tendon 

to bone referred to as the osteotendinous junction or insertion.  The attachment of 

muscle to bone is referred to as the origin of the muscle.1  Tendons in general show 

great resistance to mechanical loads, owing most of this resistance to the collagen 

matrix that constitutes the majority of the tendon.  The flexor tendons are 

predominantly type I collagen, with smaller amounts of collagen types III, V, XII, and 

XIV.2  The large, highly cross-linked collagen type I fibrils create the high tensile 

strength of tendons.  Tendons have several support structures associated with them 

including fibrous sheaths and retinacula, reflection pulleys, synovial sheaths, 
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peritendinous sheaths, and tendon bursae.1  These associated structures are responsible 

for keeping the tendons orientated correctly and allow the tendons to glide smoothly 

over bony prominences and through changes in direction.    

Tendons have a surrounding connective tissue structure referred to as the 

paratenon.   The paratenon contains both collagen types I and III, as well as elastic 

fibrils. It is lined by synovial cells on its inner surfaces, as the paratenon permits free 

movement of the tendons against the surrounding structures in the absence of a true 

two layer tendon sheath.1  The epitenon is contiguous with the paratenon on its outer 

aspect and the endotenon on the inner surface. The tendon is penetrated by the 

endotenon, which invests each tendon fiber and binds both individual fibers and larger 

units together.  Between the endotenon and the tendon, a well hydrolated layer of 

proteoglycans exists to improve binding. The endotenon also brings in blood vessels, 

nerve fibers and lymphatics.   

Collagen fiber orientation within tendons varies greatly between different 

tendons and even within a single tendon.1  Collagen fibers are cross-linked together to 

form primary, secondary and tertiary fiber bundles.  Collagen fibers constitute 65-80% 

of the dry mass of the tendon and the majority of the collagen in healthy tendon is type 

I.   Beyond the collagen component of the tendon,  there is an extensive extracellular 

tendon matrix composed of collagen fibers, elastic fibers (1-2% of dry mass of 

tendon), ground substance containing proteoglycans glycosaminoglycans (GAG) (0.2-

3.5% of dry mass of tendon), structural glycoproteins, and inorganic components 

(<0.2% dry mass). Tenoblasts and tenocytes (95% of cellular components of tendon), 

synovial cells (within the tendon sheaths) and chondrocytes (found in fibrocartilage at 
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pressure sites and direction changes) constitute the majority of the cellular component 

of tendons.1   

Cross linking of collagen fibers is an important factor in development and 

strength of tendons.   Two main forms of cross-linking occur, those initiated by the 

enzyme lysyl oxidase and those derived from nonenzymatically glycated lysine and 

hydroxylysine.3  Lysyl oxidase is responsible for the initial enzymatic step of cross 

linking of collagen4, converting lysine residues to allysine residues and hydroxylysine 

residues to hydroxyallysine residues.  These residues interact with neighboring 

residues to form intermolecular and intramolecular cross links.5 The immature 

enzymatic cross links are hydroxylysino-5-ketonorlucine (HLKNL) which can be 

reduced to form dihydroxy-lysinonorleucine (DHLNL), lysine-5-ketonorleucine 

(LKNL) which can be reduced to lysinohydroxynorleucine (LHNL), dehydryo-

hydroxylysinonorleucine (deH-HLNL) which can be reduced to form 

hydroxylsinonorleucine (HLNL, a structural isomer of LHNL), and dehydro-

lysinonorleucine (deH-LNL).   All of these cross-links are found in both collagen 

types I and III.  Mature cross-links are more stable and are found in older tissues. The 

mature enzymatic cross links are hydroxylyslpyridinoline (HL-Pyr or HP) and lysyl-

pyridinoline (L-Pyr or LP).  Several non-enzymatic cross links are thought to exist, 

with the most characterized to date being pentosidine.4   

In the horse, morphologic and biochemical differences are seen between the 

SDFT and DDFT.  The SDFT is loaded early in the stance phase and thus experiences 

high stresses and strains during high speed locomotion.  The DDFT is loaded later in 

the stance phase and is subjected to less stresses and strains.6 The DDFT has a higher 
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GAG content than the SDFT, and the GAG content does not change with age.  

Additionally, the median collagen fibril diameter is larger in the DDFT than the 

SDFT.6  The SDFT has a larger portion of collagen type III than the DDFT, with the 

highest portion in the central zone of the tendon.  The amount of collagen type III 

increases with age in the SDFT.6  The SDFT has a higher cellularity than the DDFT 

and this increases with age, indicating a higher metabolic activity in the SDFT.6  

Related to the lower cellularity, the DDFT contains less DNA than the SDFT, with the 

DNA content of the DDFT decreasing with age.   The mature crosslink 

hydroxylysylpyridinoline (HP) is the most predominant crosslink in both the SDFT 

and DDFT, with significantly higher levels in the SDFT. Lysylpyridinoline (LP) and 

histidinohydroxylysinonorleucine (HHL) have also been detected at low levels.  There 

is no difference in age groups between types of crosslinks.6 It is unknown if the llama 

has similar differences in morphology and biochemistry between the SDFT and DDFT 

and if those differences are affected by ageing.   

 

Ligament structure and function 

Ligaments connect bone to bone.7 Similar to tendons, they are dense structures 

with closely packed collagen bundles. Compared to tendons, ligaments generally are 

more metabolically active, have longer cellular nuclei, higher DNA content, larger 

amounts of reducible cross-links, and more collagen type III.8   In ligaments, the 

collagen fibrils are not as uniformly oriented as tendons, but rather multiaxially 

oriented7 to allow for different loading patterns.   Ligaments also have increased 
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ground substance when compared to tendon, with an increased proteoglycan content.7 

In rabbits, ligaments have been shown to have more cellularity than tendons.8  

 The suspensory ligament in most species is broad and relatively flat and 

represents the median interosseous muscle in polydactyl animals. It is also referred to 

as the proximal/superior sesamoidean ligament.  The suspensory ligament is the 

primary component of the suspensory apparatus in most animals. In many species this 

ligament, while mostly consisting of collagen and associated connective tissue, has a 

muscular component that is most readily apparent in the neonate.   Variable amounts 

of striated muscle are interspersed throughout the ligament. In the horse, the amount of 

muscle found in the ligament varies by breed and bundles are arranged in two side by 

side sections.9  The function of the muscular component within the ligament is not 

precisely known, and has been hypothesized to be supportive in nature, providing a 

damping effect and/or providing organization structure.  Muscle fibers are present in 

the suspensory ligament of the llama as well, although in a less organized fashion than 

in the horse.10  

  

Comparative anatomy of the suspensory apparatus of the llama and domestic 

species 

No previous description of the suspensory apparatus structures, origins, and 

insertions exists for the llama. Six pairs of fore limb and six pairs of hind limbs were 

dissected and the dissections were compared to published literature evaluating the 

suspensory apparatus in the domestic ruminant, equine, and dromedary camel.  All 
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nomenclature was based on the Nomina Anatomica Veterinaria, with the 5th edition 

used to describe terms in the llama.    

 

Superficial Digital Flexor Tendon 

In the forelimbs of the llama, the superficial digital flexor (SDF) muscle 

originates at the base of the medial epicondyle of the humerus, deep to the origin of 

the flexor carpi ulnaris muscle and cranial to the origin of the humeral head of the 

deep digital flexor muscle.  As the SDF muscle courses distally, there is intermingling 

of its fibers with fibers of the flexor carpi ulnaris muscle as well as the humeral head 

of the deep digital flexor muscle.  The SDF muscle becomes tendinous (SDFT) just 

proximal to the carpus and runs through carpal canal with the deep digital flexor 

tendon (DDFT).  Traveling through the carpal canal, each tendon has its own sheath.  

Distal to the carpus, the superficial digital flexor tendon (SDFT) is continuous with the 

palmar fascia.  The attached, thick palmar fascia fuses to the suspensory ligament on 

the lateral aspect of the fused metacarpals at the level of the origin of the suspensory 

ligament.  The SDFT branches just proximal to the sesamoids into lateral and medial 

branches. The lateral and medial branches of the SDFT surround the corresponding 

DDFT at the level of the fetlock joint to form the manica flexoria.  The SDFT and 

DDFT share a common distal flexor tendon sheath while crossing over the palmar 

aspect of the fetlock joint. The SDFT branches again distal to the fetlock to run 

palmarolateral and palmaromedial on each digit.  At the level of second phalanx, the 

DDFT passes superficial to the SDFT and the SDFT attaches to the second phalanx by 

means of the middle scutum.11  In the hindlimb, the superficial flexor muscle 
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originates at the supracondylar fossa on the caudal aspect of the femur.  The SDFT 

wraps around the calcanean tendon and has a branched attachment to the calcanean 

tuber. The SDFT anatomy and attachments in distal hindlimb are similar to the distal 

forelimb.12  

Variations from the llama exist in several species (Table 1). In the dromedary 

camel, the superficial digital flexor is mostly tendinous, with the muscular proximal 

portion of the superficial digital flexor missing and the tendon arising from the 

accessory carpal bone and the metacarpal bone on each side of the origin of the 

interosseous muscle.  There is a well developed elastic tissue connective layer that 

occurs over the palmar aspect of the carpus and inserts onto the SDFT tendon just 

below the carpus. The SDFT inserts on the palmar aspect of second phalanx by means 

of the middle scutum.13  In the domestic ruminants, the SDF muscle arises from the 

medial epicondyle of the humerus as in llamas, but the origin is caudal to the humeral 

head of the deep digital flexor muscle.  It is divided into superficial and deep muscle 

bellies.  The tendon of the superficial belly passes over flexor retinaculum, while the 

tendon of the distal passes under the flexor retinaculum.  The SDFT separates into 

medial and lateral branches just proximal to the sesamoid bones.  These branches unite 

with the suspensory ligament to form a ring around the corresponding branch of 

DDFT (manica flexoria). The medial branch of SDFT inserts proximally on the second 

phalanx, while lateral branch inserts farther distally.14  In the horse, the SDF muscle 

also arises from medial humeral epicondyle and caudal to the humeral head of the 

deep digital flexor muscle.  The muscle becomes tendinous just proximal to the 

carpus.  The SDFT combines with the accessory ligament (superior check  
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Table 1-Species comparisons of origins and insertion of superficial digital flexor 
tendon in the forelimb 
 
 
 
Forelimb 

 
Origin 

 
Insertion 

Llama Base of the medial 
epicondyle of humerus; 
cranial to humeral head 
of deep digital flexor 
muscle 

Second phalanx by means 
of middle scutum 

Dromedary Tendinous origin at 
accessory carpal bone & 
metacarpal bone 

Second phalanx by means 
of middle scutum 

Domestic Ruminant Base of medial 
epicondyle of humerus; 
caudal to humeral head 
of deep digital flexor 
muscle 

Second phalanx 

Equine Base of medial 
epicondyle of humerus; 
caudal to humeral head 
of deep digital flexor 
muscle 

Second phalanx 
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ligament/proximal check ligament) at the caudal radius. The SDFT shares a common 

digital flexor sheath with the DDFT starting at the distal third of the cannon bone.  The 

tendon branches at the distal first phalanx, and the deep digital flexor tendon passes 

through and continues on.  The SDFT inserts on lateral and medial eminences of 

proximal second phalanx, and sends fibers to the lateral aspect of the first phalanx.  In 

the hindlimb, the muscular component is short and the remainder is tendinous.  The 

origin of the muscle is in the supracondylar fossa of the femur and the muscle sends 

attachments to the lateral head of the gastrocnemius.  In the horse, the SDFT forms a 

major component of the calcaneal tendon, and a bursa is present between the SDFT 

and the calcanean tuber.14, 15, 16   

Deep Digital Flexor Muscle 

 The origin of the deep digital flexor muscle has three heads in the llama--the 

humeral, radial and ulnar.  The humeral head originates on the medial epicondyle of 

the humerus and has two separate portions.  A thin strap from the flexor carpi ulnaris 

fuses with the distal portion of the humeral head of the deep digital flexor muscle.  

The radial head originates with a wide attachment to the medial and caudal aspect of 

the radius.  Additionally, the radial head fuses with the remnant of the pronator teres 

muscle.  The ulnar head originates from the middle third of the ulna.   Within the 

carpal canal, the heads fuse into one tendon.  (Figure 1) 

 The DDFT splits into medial and lateral branches just proximal to the fetlock 

joint, distal to the location of the corresponding split of the SDFT.   As the tendon 

splits, the lumbricalis muscle(s) become apparent.  The DDFT is bound by the distal 

digital annular ligament as it passes over the second phalanx.  At the level of the distal  
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 Figure 1- The palmar aspect of the carpal canal and metacarpus of the llama. 
Illustration by Dr. Gheorghe Constantinescu 
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interphalangeal joint, the tendon passes over the distal scutum, which is a thick 

cartilaginous plate connected to the second and third phalanx.11  No distal 

sesamoidean bone exists in the llama, although a structure similar to the distal scutum 

has been described in the dromedary camel as a cartilaginous distal sesamoid.13 The 

DDFT inserts broadly on the base of the third phalanx.11  In the hindlimb, there are 

also three heads to the deep digital flexor muscle: the lateral head (flexor hallicus 

longus m.), the medial head (flexor pedis longus m.) and underdeveloped caudal head 

(caudal tibial m.). The caudal and lateral heads fuse proximal to the hock.  The tendon 

of the medial head joins the other two distal to the sustentaculum tali.  At this junction, 

a vestigial quadratus plantae muscle attaches. This muscle is not found in the 

herbivore species, although it is seen in the carnivore. The distal aspect and 

attachments are identical to those of the forelimb.12  

 Variations between species in the deep digital flexor tendon also exist (Table 

2). The dromedary camel also has three heads to the deep digital flexor tendon, the 

humeral, radial and ulnar, but the humeral head originates on the medial epicondyle of 

the humerus and divides into two bellies that become a joined tendon at the level of 

the accessory carpal bone.  The humeral tendons join the ulnar and radial tendons to 

form a common DDFT just proximal to the carpal canal.  The tendon glides within the 

carpal canal and is protected by a synovial sheath which continues distally to almost 

the level of the distal third of the metacarpal bone.   The DDFT splits at the distal 

metacarpus.  It is reinforced by fibrocartilage as it passes the distal interphalangeal 

joint.  Some fibers attach to the sides of the third phalanx and the tendon inserts on the 

flexor surface of the third phalanx.13  In the ruminant, the deep digital muscle also  
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Table 2- Species comparison of origin and insertion of deep digital flexor tendon of 
the forelimb 
 
 
 
 
Forelimb 

 
Origin 

 
Insertion 

Llama Humeral head-medial 
epicondyle humerus 
Radial head-wide 
attachment to medial and 
caudal radius 
Ulnar-middle third of 
ulna 

Base of third phalanx 

Dromedary Humeral head-medial 
epicondyle of humerus 
Radial head-caudal 
radius 
Ulnar-middle third of 
ulna 
 

Sides and flexor surface of 
third phalanx 

Domestic Ruminant Humeral head-medial 
epicondyle of humerus 
Radial head-caudal 
radius 
Ulnar-middle third of 
ulna 
 

Palmar third phalanx 

Equine Humeral head-medial 
epicondyle of humerus 
Radial head-caudal 
radius 
Ulnar-caudal aspect of 
olecranon 
 

Flexor surface of third 
phalanx 
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consists of the ulnar, radial, and humeral heads.  The humeral head originates on the 

medial epicondyle of humerus and has numerous tendinous intersections.  The muscle 

bellies fuse into one tendon at the distal radius.  The branches insert on the palmar 

aspects of the third phalanx of each digit.14  The equine deep digital flexor muscle has 

a humeral head similar to the ruminant.  A small radial head originates from caudal 

surface of radius.  The ulnar head originates from caudal aspect of the olecranon.  The 

heads join as one tendon at the level of carpus and run through the carpal canal.  The 

DDFT fuses with the accessory check ligament (inferior or distal check ligament) 

distal to the carpal canal.  The DDFT passes through the manica flexoria and inserts 

on the flexor surface of distal phalanx. Three annular ligaments bind the DDFT during 

its caudal course: the palmar annular ligament at level of abaxial sesamoid bones, the 

proximal annular ligament at level of proximal phalanx, and the distal digital annular 

ligament which covers the insertion of DDFT.14, 16   

Suspensory Ligament 

The llama’s suspensory ligament originates from several sites: from the second 

row of carpal bones with attachments to the accessory carpal bone, from the 

caudodistal aspect of the radius and most significantly from the palmar aspect of the 

metacarpal III and IV. Thick palmar fascia fuses the SDFT to the suspensory ligament 

on the lateral aspect of the fused metacarpals at the level of the origin of the 

suspensory ligament.  The suspensory ligament separates twice into separate branches 

proximal to the fetlock joint, with attachments to each of the four sesamoid bones.  

Additionally, small branches attach on the first phalanx.11  The suspensory ligament is  
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similar in the hindlimb, with the origin occurring at the proximal aspect of plantar 

aspect of the fused metacarpal III and IV and the plantar aspect of the distal row of 

tarsal bones.12 

In the dromedary, the suspensory ligament originates from the palmar aspect of 

the distal row of metacarpal bones and from the proximal palmar aspect of the fused 

metacarpal bone (Table 3). The distal ligament of the accessory carpal bone is 

contiguous with it.  The lateral border of the suspensory ligament is thicker than the 

medial border, particularly at the origin. The ligament splits just proximal to the 

fetlock and inserts on the proximal sesamoid bones. No fibers are seen extending to 

the extensor tendons or first phalanx, as is seen in other species.13  The suspensory 

ligament in the domestic ruminant originates from the distal row of carpal bones and 

extends distally on the palmar aspect of the proximal metacarpal bones.  It then 

divides distally at the distal third of the metacarpal bones into four distinct branches.  

In addition to attaching on the proximal sesamoid bones, portions of these branches 

join the extensor tendons.  The four branches are the middle branch--which further 

divides into two branches for the axial proximal sesamoid bones and one interdigital 

branch to each digit--the lateral branch--which attaches to the proximal abaxial 

sesamoid bones and extends to attach to the superficial branches of the extensor 

tendons--the medial branch-- which is similar to lateral branch--and the strong branch 

which unites with SDFT to form the manica flexoris.14 The suspensory ligament in the 

horse originates at the distal row of carpal bones and on the proximal palmar aspect of 

metacarpal III. The ligament splits into two branches at the distal third of cannon bone 

which insert on the proximal sesamoid bones.  Beyond the attachments to the  
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Table 3- Species comparison of origin and insertion of the suspensory ligament of the 
forelimb 
 
 
 
 
Forelimb 

 
Origin 

 
Insertion 

Llama Distal row of carpal 
bones; caudodistal aspect 
of radius; palmar aspect 
of fused metacarpus III 
& IV 

Proximal aspect of 
proximal sesamoid bones; 
first phalanx 

Dromedary Palmar aspect distal row 
of carpal bones; palmar 
aspect of fused 
metacarpus III & IV 

Proximal aspect of 
proximal sesamoid bones 

Domestic Ruminant Palmar aspect distal row 
of carpal bones; palmar 
aspect of fused 
metacarpus III & IV 

Proximal aspect of 
proximal sesamoid bones, 
branches of extensor 
tendons 

Equine Palmar aspect distal row 
of carpal bones; palmar 
aspect of fused 
metacarpus III & IV 

Proximal aspect of 
proximal sesamoid bones; 
branch to common digital 
extensor tendon 
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sesamoid bone, the ligament extends a medial and lateral branch dorsally, joining the 

common digital extensor ligament.14, 15, 16   

Sesamoidean Ligaments 

The most variation within the components of the suspensory apparatus 

between species occurs in the sesamoidean ligaments.  The number of sesamoid bones 

present varies within species with both an axial and abaxial proximal sesamoid present 

for each digit, a total of two for each limb in the horse and four for each limb in the 

llama, domestic ruminant and dromedary camel.  The llama shares characteristics with 

the horse, the domestic ruminant, and the dromedary.   Several distinct ligaments 

support the proximal sesamoids in the llama (Figure 2 &3). The short sesamoidean 

ligaments attach the sesamoids to the corresponding first phalanx.  The cruciate 

sesamoid ligaments are short compared to other species, and also attach the sesamoids 

to the corresponding first phalanx.  The thick oblique sesamoid ligaments attach the 

axial sesamoid bones to the palmar aspect of the opposite first phalanx.  The 

interdigital intersesamoidean ligaments connect the two axial sesamoids to each other.  

The interdigital metacarpophalangosesamoid ligaments link the axial sesamoids to 

both the distal metacarpal bones and the proximal first phalanx.  Lastly, the palmar 

ligaments connect the axial sesamoids to the corresponding abaxial sesamoids.11 The 

sesamoidean ligaments are similar in the hind.12   

In comparison to the sesamoidean ligaments in the llama, the dromedary has 

five ligaments,13 the domestic ruminant has six ligaments14 and the horse has seven 

ligaments (Table 4).14, 15, 16  The dromedary13 and the horse14 also have short  
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Figure 2-- Left pelvic limb with palmar view of metatarsal bones, dorsal view of 
proximal sesamoid bones and the suspensory ligament/interosseous muscle. 
Illustration by Dr. Gheorghe Constantinescu 
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Figure 3-- Left pelvic limb, plantar aspect of the fetlock joints with the SDFT and 
DDFT removed.  Illustration by Dr. Gheorghe Constantinescu  
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 Table 4- Species comparison of sesamoidean ligaments in the forelimb 

Llama   
 
Ligament  

 
Attachments 

Short sesamoidean  Sesamoids to corresponding first phalanx 
Cruciate sesamoidean Sesamoids to corresponding first phalanx 
Oblique sesamoidean  Sesamoids to palmar aspect of phalanx  
Interdigital intersesamoidean  Connects two axial sesamoids 
Interdigital 
metacarpophalangosesamoidean 

Axial sesamoids to distal metacarpus and proximal 
first phalanx 

Palmar ligaments Axial sesamoids to corresponding abaxial sesamoids 
 
Dromedary 

 

 
Ligament 

 
Attachments 

Short sesamoidean Sesamoids to palmar ligaments and first phalanx 
Cruciate sesamoidean Sesamoid to contralateral aspect of first phalanx 
Collateral sesamoidean Abaxial and interdigital aspects of sesamoids to 

distal metacarpus and first phalanx 
Straight sesamoidean  Sesamoids to corresponding first phalanx 
Palmar ligaments Between each pair of sesamoid bones and between 

lateral and medial sesamoids  
 
Domestic Ruminant 

 

 
Ligament 

 
Attachments 

Cruciate sesamoidean Sesamoids to lateral aspect of corresponding phalanx 
Oblique sesamoidean Abaxial sesamoids to corresponding phalanx 
Collateral sesamoidean  Abaxial sesamoids to corresponding phalanx 
Interdigital intersesamoidean Connect two axial sesamoids 
Interdigital phalangosesamoidean Axial sesamoids to opposite first phalanx 
Palmar ligaments Abaxial to axial sesamoids on same digit 
 
Horse 

 

Ligament Attachments 
Short sesamoidean  Sesamoids to first phalanx 
Cruciate sesamoidean Sesamoids to first phalanx 
Oblique sesamoidean  Sesamoids to first phalanx 
Collateral sesamoidean Sesamoids to metacarpal III and first phalanx 
Metacarpointersesamoidean Palmar ligament to metacarpal III 
Straight sesamoidean Sesamoid to first and second phalanx 
Palmar ligaments Unites two sesamoids 
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 sesamoidean ligaments. In the dromedary they connect the palmar ligaments and first 

phalanx.13  The horse is similar to the llama in that they connect the sesamoids to the 

first phalanx.14 The cruciate sesamoidean ligaments are common to all compared 

species, with the llama and domestic ruminant connecting the sesamoid to the 

corresponding first phalanx, while in the dromedary they connect the sesamoid to the 

opposite first phalanx.11, 12, 13, 14  In the horse, they connect the sesamoid to the single 

first phalanx, crossing over each other before attaching.14, 16 The oblique sesamoidean 

ligaments are found in the llama, domestic ruminant and horse.11, 12, 13, 14  They have 

similar attachments from the sesamoid to the first phalanx. The llama and domestic 

ruminant have two pairs of medial and lateral oblique sesamoidean ligaments,11, 12, 14 

while the horse only has one pair,14, 16 owing to its single digit.  The llama and 

domestic ruminant have interdigital intersesamoidean ligaments, with both species 

connecting the axial sesamoids.11, 12, 14  Only the llama has an interdigital 

metacarpophalangosesamoidean ligament.11, 12  All compared species have palmar 

ligaments, with variation between the species. In the llama and the domestic ruminant, 

they connect the axial sesamoids to the abaxial sesamoids, but do not connect the 

lateral and medial axial sesamoids as they do in the camel.11, 12, 13, 14  In the horse, the 

palmar ligament unites the two sesamoids and the metacarpointersesamoidean 

ligament connects the palmar ligament to the metacarpus in the forelimb and the 

metatarsus in the hindlimb.14, 16  Unlike the llama, the dromedary, domestic ruminant, 

and horse have collateral sesamoidean ligaments that connect the 

sesamoids to the first phalanx and metacarpal/metatarsal bone in the horse and 

dromedary and the sesamoids to the first phalanx in the domestic ruminant.11, 12, 13, 14, 16  
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The horse and the dromedary have straight sesamoidean ligaments which are not seen 

in the llama.13, 14  In the horse they connect the sesamoids to both the first and second 

phalanx, and only the first phalanx in the dromedary.13, 14  The domestic ruminant has 

one additional ligament in the form of the interdigital phalangosesamoidean ligament 

with connects the axial sesamoid to the first phalanx.14  

Lumbricalis muscle 

The llama is unique with the presence of the lumbricalis muscles--small muscles 

that lie on the palmar/plantar aspects of metacarpus/metatarsus between the digital 

flexor tendons.  In the llama, the muscle is spindle shaped and continues with a long 

and thin tendon that passes through the interdigital space on the axial surface of digits 

three and four, finally fusing with the lateral and medial branches of the lateral tendon 

of the common digital extensor in the fore and the long digital extensor in the hind 

(Figures 4 & 5).  In the animals dissected for this study, there was variation in the 

number of lumbricalis muscles between limbs and individual animals. Of the eight 

thoracic limbs dissected, six limbs had one lumbricalis muscle and two (belonging to 

the same animal) had two lumbricalis muscles per limb.  In the eight pelvic limbs 

dissected, six  

limbs had two lumbricalis muscles, while two limbs from the same animal had one 

muscle.11, 12  The lumbricalis muscle is not present in ruminants or the dromedary 

camel. In the equine, the lumbricalis muscles are very slender muscles lying on either 

side of the DDFT just proximal to the fetlock, arising from DDFT and attaching to the 

supporting fascia of the ergot.14  Three muscles are present in carnivores, arising from 

branches of DDFT and inserting on proximal phalanx of digit 2-5.14 
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Figure 4-photograph of the distal limb of the llama with the skin and superficial flexor 
tendon removed. The lumbricalis muscle (black arrow) is isolated from the deep 
digital flexor tendon at its bifurcation (white arrow). 
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Figure 5- The distal limb of the llama with the superficial flexor tendon reflected to 
reveal the emergence of the lumbricalis muscles at the splitting of the deep digital 
flexor tendon. Illustration by Dr. Gheorghe Constantinescu 
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The anatomy of the suspensory apparatus in llamas is unique from other species, 

including the dromedary camel, which has similar gait and weight bearing as  

the llama.  This is an important consideration when evaluating llamas affected by 

conditions of the distal limb, especially when using ultrasound, magnetic resonance 

imaging, or computed tomography.  

 

Suspensory apparatus breakdown and hyperextension of the 

metacarpophalangeal/metatarsophalangeal joint  

The majority of tendon and ligament injuries are associated with multiple 

factors such as increased age, reduced vascular perfusion, anatomical variation, 

use/occupation, and level of activity.17, 18  Injury can occur due to a single overloading 

event or repeated low-level loading.  After tendon injury, distribution of fibril 

diameters changes from large diameter fibrils to smaller diameter fibrils.2  There is an 

increase in non-collagen glycoprotein content, as well as alteration of cellular 

proteoglycan.17  Additionally, proteolytic activity increases due to tendon adaption and 

repair, removing damaged matrix by phagocytosis of affected collagen and lysosomal 

enzyme digestion.  Matrix metalloproteinases (MMPs) regulate numerous cellular 

activities including cellular proliferation, death, migration and chemotaxis. In humans, 

at least 23 separate MMPs have been identified.19 The majority of these MMPs can be 

divided into collagenases which cleave collagen fibers, gelatinases which break down 

cleaved collagens, stromelysins which degrade basement membrane collagen, 

proteoglycans, and matrix glycoproteins, and membrane bound matrix 

metalloproteinases.  MMP-1 and MMP-13 are both collagenases that degrade fibrous 
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collagen, including types I, II, III, V, and XI .  MMP-1 and MMP-13 have been shown 

to be increased in injured anterior cruciate ligaments in people.18  MMP 3 (stromelysin 

1) has activity against a broad range of substrates and most likely plays a role in 

activating other MMPs.21  Expression and activity of MMPs are stimulated by 

proinflammatory cytokines such as interleukin-1 and are inhibited by growth factors 

such as transforming growth factor.17  MMPs are balanced by tissue inhibitors of 

metalloproteins (TIMPs), which are naturally occurring inhibitors.22 Tissue destruction 

occurs when an imbalance of MMPs over TIMPs leads to increased of degradation 

over synthesis of the tendon matrix.23 

Suspensory apparatus breakdown and hyperextension of the 

metacarpophalangeal and metatarsophalangeal (fetlock) joints is a common condition 

in the llama and has been observed in llamas of all ages24 (Figures 6 & 7).  Llama 

breeders refer to the condition as “down in the pasterns” or “down in the fetlocks.”   

The condition can result in a debilitating lameness, most likely due to mineralization 

of soft tissues including the tendons and ligaments and/or osteoarthritis of the 

metacarpo/metatarsophalangeal, proximal interphalangeal and distal interphalangeal 

joints.   Two forms exist, an induced form occurring from abnormal weight bearing 

such as a severe lameness in a contralateral limb, and an idiopathic form that affects 

multiple limbs.  The idiopathic form is poorly characterized in the llama and has not 

been reported in the literature prior to the studies performed as part of this thesis. 

Similar conditions have been reported in other species. Degenerative 

suspensory ligament desmitis (DSLD) is a condition that has been described in several 

horse breeds including the Peruvian Paso, Peruvian Paso crosses, Arabians, American  
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Figure 6-Distal forelimb in llama with normal fetlock and normal pastern to ground 
axis 
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Figure 7-Distal forelimb in llama with fetlock hyperextension and abnormal pastern to 
ground axis 
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Saddlebreds, American Quarter Horses, Thoroughbreds and European warmbloods.   

In this condition, horses develop severe hyperextension of the fetlocks.   As opposed 

to a single suspensory ligament desmitis, DSLD is characterized by widespread, 

progressive degeneration of the collagen of the suspensory ligament and enlargement 

of the suspensory ligaments--particularly the branches, and occurs in multiple limbs.25  

Some horses affected by DSLD have a history of intense exercise or prior suspensory 

injury.  Other populations of affected horses include broodmares and horses with poor 

conformation.26  A third subset is the Peruvian Paso and Peruvian Paso crosses. These 

horses are affected at a younger age and are often affected in all four limbs.27  The 

occurrence is often spontaneous and not related to work load or athletic function. 

Ultrasonographically, these horses demonstrate diffuse loss of echogenicity, enlarged 

branches of the suspensory, and irregular fiber pattern.27, 28  Pathologically, DSLD is 

consistently characterized by degeneration and swelling of collagen bundles,  clusters 

of fibrocytes in affected collagen with associated degeneration, necrosis, proliferation 

and chondroid hyperplasia.27  In many cases, the suspensory ligament is palpably 

enlarged.  Horses affected by DSLD become progressively lame, many to the point of 

euthanasia.29 Recent literature has characterized DSLD as a systemic disorder 

involving proteoglycan accumlation in connective tissues throughout the entire body.30  

This study reported that accumulation of proteoglycan between collagen fibers, within 

the tendon matrix, and between elastic fibers in the blood vessels.  The specific type of 

proteoglycan within the deposits was not identified.  This study looked at seven 

breeds, although the majority of horses were Peruvian Pasos, with two thirds of the 

horses in this study having familial lines affected by DSLD. 
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Another condition that can cause hyperextension of the fetlocks is Sway 

disease of camels. Sway disease is a multisystemic disease. Camels with Sway disease 

also exhibit other symptoms such as pica, emaciation, anemia, dyskinesis, and 

increased falling and fractures.  In this disease the mortality rate is high, up to 60%, 

and is related mainly to emaciation and dyskinesis.31  In some cases, the sway disease 

has been attributed to secondary copper deficiency in animals kept on pastures that 

tested deficient in copper and high in molybdenum.31  Although hyperextension can be 

associated with Sway disease, camels may have multi-limb fetlock hyperextension and 

lameness without other symptoms of Sway disease.   

Yaks have a similar syndrome referred to as Shaker syndrome. Copper 

deficiency has been identified in affected yaks in western China.32 The copper 

deficiency in these cases may have been caused by an excess of iron in the soil. 

Additionally, naturally occurring molybdenum-induced copper deficiency has been 

identified in northern China.33 These animals also showed additional symptoms 

beyond fetlock hyperextension, including anemia, emaciation, and diarrhea.  There are 

no reported cases of yaks with fetlock hyperextension as a single clinical sign. 

Unlike the disease in camels and yaks, the llama does not appear to suffer 

clinical disease such as emaciation and diarrhea associated with fetlock 

hyperextension. Sporadically, llama owners have reported poor fiber quality in 

affected animals. Addtionally, owners and buyers have anecdotally reported higher 

incidences on certain farms, although it is unclear if the reason for this is due to 

common management or common genetics. The condition in Peruvian Pasos and 

crosses seems to suggest a familial component to DSLD, while conditions in camels 
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and yaks have been linked to nutritional status.   The population of affected juvenile 

llamas suggests an aggressive process occurring early in life, although an adult onset 

is also seen in the llama.  

The specific aims of this thesis were to characterize the nature of suspensory 

apparatus breakdown in the llamas by use of ultrasonographic and radiographic 

evaluation, histologic evaluation, biochemical assessment of collagen, copper 

concentrations and lysyl oxidase activity, and molecular techniques to identify specific 

gene expression alterations and matrix connective tissue changes.  The specific 

hypotheses were: 1) affected llamas would have ultrasonographic and histologic 

evidence of disruption of fibers in the suspensory ligament 2) affected llamas would 

have decreased copper concentrations and lysyl oxidase activity 3) affected llamas 

would have decreased gene expression of collagen type I and lysyl oxidase, and 

increased gene expression of collagen type III and matrix metalloproteinases as a 

result of ongoing repair of tendons and ligaments. 
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Chapter two: 
 

Morphologic and biochemical characterization of metacarpophalangeal and 
metatarsophalangeal hyperextension in llamas 

Introduction 

Metacarpo(tarso)phalangeal hyperextension is a debilitating condition 

affecting llamas of any age.  This condition can occur in a single limb as a result of 

chronic overloading following injury to the opposite limb, or can affect multiple limbs 

simultaneously with no prior history of injury.  Affected animals can become 

debilitated by degenerative joint disease of the fetlock secondary to severe 

hyperextension, soft tissue calcification, and reduced mobility.24  A similar condition 

has been identified in horses, camels, and yaks, and has been attributed to genetic 

influence, abnormal healing response, or copper deficiency.26, 31-33, 27 

The cause of metacarpo(tarso)phalangeal hyperextension has not been 

identified in llamas, but involves stretching of the suspensory apparatus, either due to 

tendon laxity or suspensory apparatus breakdown. The objective of this study was to 

characterize the nature of metacarpo(tarso)phalangeal hyperextension in llamas 

through ultrasound and radiographic evaluation, histologic evaluation, and 

biochemical assessment of collagen, lysyl oxidase, and copper levels.  Based on 

studies of other species, the hypothesis was that affected llamas would have 

ultrasonographic and histologic evidence of suspensory ligament fiber disruption, and 

that copper levels and lysyl oxidase activity would be decreased.  It was also 

hypothesized that affected llamas would have decreased collagen type I and increased 
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collagen type III as a result of ongoing tendon and ligament repair in sites of 

degeneration.   

Materials and methods 

This study was approved by the institutional Animal Care and Use Committee 

prior to the start of the project.  Six adult llamas, ages 2-17, having at least two 

metacarpo(tarso)phalangeal joints showing evidence of hyperextension, and six 

normal age- and sex-matched control animals were evaluated (Table 5). The llamas 

were weighed, and body condition recorded as thin, normal, or obese.  Following 

physical examination, the llamas were observed at a standstill, walk, and pace, and any 

gait abnormalities were noted. Observed lameness was characterized as mild, 

moderate or severe.   

Standing lateromedial and dorsopalmar/plantar radiographs of the 

metacarpo(tarso)phalangeal region were obtained and evaluated for any soft tissue or 

bony abnormalities.  On the lateromedial view, a line was drawn down the center of 

P1 and another line was drawn parallel to the ground.  At the convergence of these two 

lines, the phalangeal to ground angle was measured using a protractor. 

Ultrasonographic examinations were performed to evaluate the suspensory 

apparatus including the superficial digital flexor tendon (SDFT), deep digital flexor 

tendon (DDFT), suspensory ligament, sesamoids, and sesamoidean ligaments using a 

12 MHz linear probe.  Because none of the llamas would tolerate standing 

ultrasonography, the llamas were sedated with intravenous xylazine hydrochloride 

(0.22-0.33 mg/kg) and butorphanol tartate (0.007-.01 mg/kg) to encourage  
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Table 5:  Six adult llamas having at least 2 metacarpophalangeal joints with 
hyperextension (affected) and six normal age- and sex- matched animals (controls) 
were evaluated for body weight, body condition, serum zinc, and liver copper levels. 

Paired 
samples 

Affected/Control Signalment Weight Body 
Condition  

Serum 
Zinc 

(ppm) 

Liver 
Copper 
(ppm) 

1A Affected 2 year old 
castrated male 

105 kg Normal 0.41 41.6 

1B Control 2 year old 
castrated male 

105 kg Normal 0.33 96.8 

2A Affected 15 year old 
castrated male 

159 kg Thin 0.32 7.5 

2B Control 15 year old 
castrated male 

134 kg Normal 0.65 50.8 

3A Affected 10 year old 
intact female 

143 kg Normal 0.37 109 

3B Control 11 year old 
intact female 

163 kg Normal 0.27 69.2 

4A Affected 13 year old 
castrated male 

185 kg Obese 0.46 79.5 

4B Control 13 year old 
castrated male 

112 kg Thin 0.28 130 

5A Affected 6 year old 
intact female 

159 kg Normal 0.29 51 

5B Control 6 year old 
intact female 

120 kg Thin 0.32 153 

6A Affected 5 year old 
castrated male 

142 kg Normal 0.36 40.7 

6B Control 4 year old 
castrated male 

147 kg Normal 
 

0.23 114 
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recumbency.  The limbs were then ultrasonographically examined while manually 

extending the toe and metacarpophalangeal joint.  For each affected animal, all 

affected limbs were examined.  One normal limb from each control was examined.  

For the matched control of the one quadrilaterally affected animal, one fore and one 

hind limb were examined. Ultrasound examination included evaluation of each 

structure in both longitudinal and cross-sectional planes. All ultrasound examinations 

were performed by the same board-certified radiologist.   

Blood was collected for complete blood count, serum chemistry analysis, and 

serum copper, magnesium, iron, and zinc levels.  The llamas were then humanely 

euthanized using an intravenous overdose of sodium pentobarbital (105-187 mg/kg) 

and liver tissue was collected for analysis of copper levels.  Gross anatomical and 

pathologic evaluation of the suspensory apparatus of each animal was performed.  The 

SDFT, DDFT, and suspensory ligament samples from each zone were either snap 

frozen in liquid nitrogen for lysyl oxidase activity assay or fixed in 10 % formalin for 

H&E staining or immunohistochemical evaluation of collagen type I and III. Tendon 

samples were categorized into four 3 cm zones:  zone 1, the most proximal, beginning 

just distal to the accessory carpal bone, followed by zone 2 in the mid body, zone 3 

just proximal to the sesamoids, and zone 4 just distal to the sesamoids.   

Lysyl oxidase activity 

For lysyl oxidase activity assays, frozen samples from each component 

(DDFT, SDFT, and suspensory ligament) were separately pulverized in a freezer milla.  

Lysyl oxidase activity was assessed by modification of a fluorometric assay34,35.  

Pulverized tissue (50 mg) was incubated in 2 ml phosphate buffered saline for one 
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hour at 4°C to remove endogenous inhibitors of lysyl oxidase.  The tissue was pelleted 

by centrifugation at 10,000 x G for thirty minutes at 4°C.  The supernatant was 

discarded and the pellet was resuspended in 2 ml of 6 M urea buffered with sodium 

borate (pH 8.2).  A stirring homogenizer was used to resuspend the pellet. The sample 

was placed on a rocker at 4°C for 12 hours.  The sample was again centrifuged at 

10,000 x G for 30 minutes at 4°C, and the supernatant was saved.  Bradford assays 

were run on the supernatant to quantify protein in the samples, in order to confirm that 

equal amounts of protein were present in each sample (wavelength 595 nm).b  In a 2ml 

tube, 400 μl of saved supernatant were combined with 1.54 mls of 0.05 M sodium 

borate, 20 μl of 100 U/ml horseradish peroxidase, 20 μl of N-acetyl-3,7-

dihydroxyphenoazine (Ultra Amplex Redc) dissolved in 3.3 ml of 95% dimethyl 

sulfoxide (DMSO), and 20 μl of 1 M 1,5-diaminopentane (cadaverine).    In a separate 

2 ml tube, 400 μl of saved supernatant was combined with 1.52 mls of 0.05 sodium 

borate, 20 μl of 100 U/ml horseradish peroxidase, 20 μl of Ultra Amplex Redc 

dissolved in 3.3 ml of 95% DMSO, 20 μl of cadaverine, and 20 μl of 0.05 μM β-

aminoproprionitrile fumarate (to inhibit lysyl oxidase activity for control).  Both 

sample assays were performed in duplicate for each tissue.  All samples were 

protected from light and incubated for 30 minutes at 37°C.  A standard curve was 

created using hydrogen peroxide using 1.2 M urea, 0.05 M sodium borate (pH 8.2) 

with 1unit/ml horseradish peroxidase, 10 μM cadaverine, and 0-1.3 nmol of hydrogen 

peroxide in a final volume of 2.0 ml and incubated at 37°C for 5 minutes34. Samples 

and standards were transferred to a 24 well plate on ice to stop all reactions.  The 

fluorometric assay was performed (excitation 460, emission 590) using a microplate 
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readerd.  Lysyl oxidase activity was determined by subtracting the signal reading of 

the bapten sample from the non-bapten signal reading for each tissue.  The difference 

of each duplicate was averaged.  If this average was less than zero, a value of 0.01 was 

assigned for statistical analysis.                                                                                                                

Immunohistochemistry 

Immunohistochemistry was performed on sections using 1:100 dilutions of 

polyclonal rabbit α-human antibodies directed against collagen type I and monoclonal 

mouse α-human antibodies directed against collagen type III.  Positive tissue controls 

included llama skin for collagen type III and llama tendon for collagen type I.  

Following deparaffinization, the tendon/ligament sections were incubated at 37oC for 

5 minutes under pepsin (2.5 mg/ml) to expose the antigen.  Endogenous peroxidases 

were quenched with 3% hydrogen peroxide and methanol, non-immune serum applied 

for 30 minutes for collagen type I only, and the primary antibody applied for 90 

minutes at room temperature.  Negative procedural controls were performed by using 

non-immune serum in place of primary antibody.  Secondary biotinylated multilink 

antibodye was applied, followed by labeling with streptavidin conjugated peroxidase.  

Diaminobenzidine tetrachloride (DAB) was applied as a chromagen.  The sections 

were counterstained with Harris hematoxylin and mounted for microscopy.  The 

sections were given a histologic score for chromagen staining based on scores 

assigned by two blinded observers. Four components (tenocytes, matrix, paratenon, 

and vasculature) of each section (DDFT, SDFT, and suspensory ligament) were 

assigned a number from 0-3:  0 (no staining), 1 (mild staining), 2 (moderate staining), 

and 3 (strong staining).  The scores of all four components were added together to 
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produce a total score for each tendon or ligament section.  The scores of SDFT, 

DDFT, and suspensory ligament were combined and then the total scores from both 

observers were added together and averaged.   

Statistical analysis was performed on quantitative assays and 

immunohistochemistry total scores using the Wilcoxon signed rank test (p<.05).  Data 

was reported as mean +/- one standard deviation. 

Results 

Two of the six affected animals had visible lameness associated with the 

abnormal limbs, with one animal showing mild lameness in the affected limbs when 

asked to pace and the other more severely affected animal having moderate lameness 

in all affected limbs and visible at all gaits.  The remaining animals showed no 

lameness.   Physical examinations were within normal limits, with the exception of 

thin body condition in one affected llama and two control llamas, and obese body 

condition in one affected llama (Table 5).    

Based on measurements of radiographs, the mean phalangeal to ground angle 

of the forelimbs of affected animals (30° +/-11) was significantly lower than the mean 

angle of the controls (57° +/-7) (p=0.001).(Figure 8A&B)  The mean phalangeal to 

ground angle in the hind limbs of affected animals (56° +/-12) was also significantly 

lower than the mean of the controls (66° +/-6) (p=0.0029).  One severely affected 

animal had evidence of osteoarthritis in both metacarpophalangeal joints, and 

calcification was noted on the palmar aspect of the metacarpophalangeal joint within  
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Figure 8- Lateral radiograph of the metacarpophalangeal joint of a llama with fetlock 
overextension (A), having a phalangeal to ground angle of 12°. (B) Lateral radiograph 
of metacarpophalangeal joint of a control llama with a measured phalangeal to ground 
angle of 52°. 
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the soft tissues.  No other radiographic abnormalities were found in the remaining 

llamas.   

Two affected animals had lesions detected ultrasonographically.   In the most 

severely affected animal, a focal 5 mm hyperechoic area with moderate distal acoustic 

shadowing consistent with mineralization was seen within the lateral suspensory 

branch just proximal to its insertion on the sesamoid bone.  It was difficult to 

determine if this mineralization was on the axial or abaxial lateral branch.  A 2 mm 

hyperechoic area with distal acoustic shadowing was also seen within the medial 

suspensory branch just proximal to its insertion in the same animal.   The other animal 

had evidence of focal fiber disruption in zone 2 of the suspensory ligament of both 

forelimbs consistent with desmitis.  In several animals, the area where the suspensory 

ligaments split proved difficult to image due to artifact, but images were clarified by 

flexion and extension of the limb.  

Liver copper levels were significantly lower in affected animals (55 +/- 35.6 

ppm) than control animals (102.3 +/- 38.09 ppm) (p=0.01).(Table 5, Figure 9)  Serum 

zinc levels were significantly greater in affected animals (0.3683 +/- 0.06 μg/dl) than 

in age matched controls (0.2850 +/- 0.03 μg/dl) (p=0.03).(Table 5, Figure 10)  No 

significant differences were found in serum copper, iron, fibrinogen, phosphorus, 

potassium, magnesium, or calcium levels.   No significant differences were found 

when comparing complete blood counts and serum biochemistry analysis between 

groups.  

No significant difference in lysyl oxidase activity was found between affected 

and control SDFT (p=0.42), DDFT (p=0.12), or suspensory ligaments (p=0.43).  For 
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Figure 9-Mean liver copper levels comparing llamas affected with fetlock 

hyperextension and age-matched controls. Affected llamas had significantly lower 

liver copper levels than normal controls (p=0.01). 
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Figure 10- Mean serum zinc levels in llamas affected with fetlock hyperextension and 
age-matched controls.  Affected llamas had significantly higher serum zinc levels than 
normal controls (p=0.03). 
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the SDFT, the mean level of lysyl oxidase activity was 36.6 +/- 37.2 (expressed as 

nmol H2O2 generated) for affected animals and 67.9 +/- 27.8 for control animals.  For 

the DDFT, the mean level of lysyl oxidase activity was 1.67 +/- 2.82 for affected 

animals and 16.74 +/- 26.02 for control animals.  Lastly, for the suspensory ligament 

the mean level of lysyl oxidase activity was 71.75 +/- 98.92 for affected animals and 

64.20 +/- 75.43 for control animals. 

Collagen type I protein was expressed throughout the matrix, tenocytes, and 

paratenon of the affected and control tendon and ligament samples, and no significant 

difference was found (p=0.16) between the two groups (Table 6, Figure 11). Collagen 

type III protein was only sporadically expressed in the paratenon and tendon matrix of 

affected and control animals, and no significant difference was found between the two 

populations (p=0.5) (Table 6, Figure 12).   

The superficial digital flexor tendon sections displayed a moderate number of 

tenocytes spread throughout the tendon matrix compared to the decreased cellularity 

of the deep digital flexor tendon (Figure 13).  The tenocytes of the DDF were much 

smaller than the SDF or suspensory ligament, and tendon matrix predominated in the 

DDF samples.  The suspensory ligament contained bundles of rudimentary muscle 

which were similarly distributed in all animals.  In general, the suspensory ligaments 

were more vascular than the SDF or DDF.       

Discussion 

Increased serum zinc concentration coupled with decreased liver copper 

concentration in llamas having metacarpo(tarso)phalangeal hyperextension supports  
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Table 6:  Immunohistochemistry mean total scores of the SDF, DDF, and suspensory 
ligament were compared between affected and control llamas for collagen type I and 
collagen type III protein expression. 

 

Tissue type Affected/Control Collagen type I 

(+/- S.D.) 

Collagen type III 

(+/- S.D.) 

Superficial 
digital flexor 
tendon 

Affected 

 

Control 

9.1 (+/- 1.8) 

 

8.9 (+/- 1.5) 

0.5 (+/- 0.6) 

 

1.0 (+/- 1.7) 

Deep digital 
flexor 
tendon 

Affected 

 

Control 

8.5 (+/- 1.8) 

 

9.4 (+/- 1.1) 

1.1 (+/- 1.0) 

 

0.6 (+/- 1.0) 

Suspensory 
ligament  

Affected 

 

Control 

10.3 (+/- 1.3) 

 

10.7 (+/- 0.97) 

1.2 (+/- 1.0) 

 

1.0 (+/-1.3) 
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Figure 11- Photomicrographs following immunohistochemical localization using 
antibodies directed against collagen type I.  (A)  Suspensory ligament from a llama 
affected with metacarpophalangeal hyperextension showing strong expression in the 
tenocytes and mild expression in the matrix.  (B) Negative control following 
substitution of rabbit polyclonal collagen type I antibody for normal rabbit serum (A).  
(C) Suspensory ligament from a normal control llama demonstrating similar 
expression patterns to those found in affected animals.  (Bar=100μm) 

 

 

 
 



 
 

47
 
 
 
Figure 12- Photomicrographs following immunohistochemical localization using 
antibodies directed against collagen type III.  (A)  Suspensory ligament from a llama 
affected with metacarpophalangeal hyperextension showing no expression in the 
tenocytes or matrix.  (B) Suspensory ligament from a normal control llama showing 
no expression, similar to that found in affected animals. (C)  Skin from a normal llama 
demonstrating expression in the dermis.  Note that the melanin granules do not 
represent positive expression.  (D)  Negative control for (C) following substitution of 
mouse monoclonal collagen type III antibody for normal mouse serum.  (Bar=100μm) 
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Figure 13-Hematoxylin and eosin stained sections from normal llamas.  (A) The 
superficial digital flexor tendon shows a moderate number of tenocytes spread 
throughout the tendon matrix.  (B) The deep digital flexor tendon appears less cellular 
with predominantly tendon matrix.  (C)  The suspensory ligament contained bundles 
of rudimentary muscle (arrow) which were similarly distributed in all animals. 
(Bar=100μm)   
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our original hypothesis of copper deficiency.  However, lysyl oxidase activity was no 

different between the affected and controls, even though the copper levels were lower 

in affected animals.  In addition, other expected changes on radiographs and 

ultrasound were not as prevalent as hypothesized.  Collagen types I and III were 

expressed similarly between affected and unaffected animals, in contrast to what was 

expected with damaged tissue undergoing repair.2, 36  The increased zinc levels may 

contribute to the copper deficiency by decreasing the absorption of copper.  Absorbed 

zinc acts directly with a nuclear binding protein that controls synthesis of 

metallothionein in intestinal mucosal cells.   Metallothionein avidly binds copper, and 

controls absorption of copper through the intestine.37 When the mucosal cells are rich 

in metallothionein, little copper is absorbed and instead is returned to the intestinal 

lumen37. Increased zinc intake has been shown to cause copper deficiency and 

increased incidence of developmental orthopedic disease in foals.38,39 Other heavy 

metals have also been implicated in copper deficiency, including molybdenum-

induced copper deficiency in both the yak and camel.31-33  Since the complete 

background of these animals was not known, it is difficult to accurately determine if 

they had increased dietary zinc.  Historically, camelids may be supplemented with 

zinc to improve skin health.40  Another possible source is zinc-coated fencing used for 

housing camelids. 

Previous data in humans has demonstrated that collection methods can directly 

influence measured zinc levels in serum.39  As serum is held in tubes, zinc 

concentrations can increase in the serum due to leakage from collection tubes.39   

Because special tubes were not used in this study, the zinc levels reported may not be 
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entirely accurate.  However, the collection tubes were filled completely and all serum 

was handled in similar manner, so comparison may be possible between the affected 

and control animals.  The small number of animals in this study may also have 

contributed to the lack of significant results of other trace minerals. 

Normal liver copper levels have not been established in the New World 

camelid.  Therefore, in this study we compared the liver copper levels in affected 

animals to those of age- and sex-matched controls.  Copper deficiency has been 

described in ruminants and camelids.31,32,41  Clinical signs are related to abnormal 

connective tissue and include poor hair coat, weight loss, dysmaturity, dyskinesis, 

fractures, osteochondrosis, and swayback.31-33,38,41   Copper deficiency in chicks has 

been shown to increase the fragility of vascular and skeletal tissue.42  The primary 

defect appears to be failure of elastin formation, as well as impaired cross-link 

formation of collagen due to decreased lysyl oxidase activity.41,37,43   As copper is 

essential for organic cofactor formation in amine oxidases such as lysyl oxidase44, a 

change in copper levels would be expected to decrease functional activity of lysyl 

oxidase.   

This crosslinking of collagen fibrils by lysyl oxidase is vital to stabilizing the 

collagen fibrils and to the tensile strength of connective tissue.  Lysyl oxidase converts 

lysine residues to allysine residues and hydroxylysine residues to hydroxyallysine 

residues in collagen.  These residues react with other neighboring lysine and 

hydroxylsine residues to form inter- and intra-molecular crosslinks.43 One would 

expect that with low copper levels and clinical evidence of tendon laxity or breakdown 

that lysyl oxidase activity would be decreased.  However, we were not able to 
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demonstrate decreased lysyl oxidase activity between study groups.  A more sensitive 

assay of lysyl oxidase using tritiated lysine may have detected a difference between 

affected and control animals.45  

Collagen type I is the primary collagen of healthy flexor tendons and 

suspensory ligament.2 Smaller amounts of collagen types III, V, XII, and XIV are also 

present, indirectly associated with the surface of type I collagen.43  Collagen type I 

forms large diameter fibrils, while type III forms small diameter fibrils.  Following 

injury, the distribution of fibrils in healing tendon changes from large diameter fibrils 

to small diameter collagen fibrils due to collagen type III upregulation.36, 2  One study 

showed a predominance of type III collagen in healing tendon36, while a more recent 

study found that although there is an increase in type III collagen expression and 

content, type III collagen still contributed only a minor portion of total collagen 

content in healing tissue.2  The absence of collagen type III in llamas with fetlock 

hyperextension negates our prediction of ongoing tendon injury and healing.   

In addition, no histopathological changes were found in affected llamas of our 

study, suggesting an etiology other than tendon injury.  This is in contrast to fetlock 

hyperextension in Peruvian Paso horses, which have extensive degenerative 

suspensory ligament desmitis.27,30  These horses have the presence of enlarged 

fibroblasts within collagen bundles of the suspensory ligament, and undergo 

degeneration, chondroid metaplasia, periligamentous and interfascicular fibrosis.  

Accumulated proteoglycans may also contribute to the disease found in horses.30  The 

lack of similar microscopic lesions in llamas suggests that the origin of the fetlock 
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hyperextension in llamas likely differs from degenerative suspensory desmitis found 

in these horses. 

The lack of histologic findings correlated well with the radiographic and 

ultrasound examination, as the majority of affected llamas had no abnormal findings 

other than fetlock hyperextension and a low pastern to ground angle.  This is in 

contrast to horses with suspensory apparatus breakdown where 12 of 15 horses had 

enlarged suspensory branches, 9 had increased hyperechogenicity of the suspensory 

ligament, 12 had poor fiber patterns throughout the affected ligaments, and 7 had 

discrete hypoechoic lesions within the suspensory ligament body and branches.27  

 In conclusion, fetlock hyperextension in llamas does not appear to be the result 

of a breakdown or degeneration of the suspensory ligament or flexor tendons.  The 

lack of radiographic, ultrasonographic, histologic, and biochemical differences 

between affected and control animals supports a nondegenerative etiology for this 

condition.  The lower copper levels coupled with higher zinc levels may be indicative 

of secondary copper deficiency.  Additional research is necessary to further define the 

role of copper and zinc in this condition. Further clarification of changes in the 

suspensory apparatus may be achieved through the use of special stains.  Also, it 

would be beneficial to differentiate juvenile onset of fetlock overextension from the 

condition found in older animals. 
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Chapter Three 

Idiopathic hyperextension of the metacarpophalangeal and metatarsophalangeal 
joints in llamas:  molecular and histological characterization 
 
Introduction 

Suspensory apparatus breakdown and hyperextension of the 

metacarpophalangeal and metatarsophalangeal joints is a common condition in the 

llama and has been observed in llamas of all ages.  Llama breeders refer to the 

condition as “down in the pasterns” or “down in the fetlocks”.   Two forms exist, an 

induced form occurring from abnormal weight bearing such as severe lameness of a 

contralateral limb, and an idiopathic form that affects multiple limbs.   Our previous 

study evaluated the idiopathic form of the condition with ultrasound, radiographs, and 

biochemical assessment of collagen, lysyl oxidase activity, and mineral levels.10  In 

that study, we found significant decreases in liver copper levels and increases in serum 

zinc levels in affected animals when compared to age and sex matched control 

animals.10  The clinical significance of these alterations is not known. However, 

studies in other species, including the camel, yak, and chicken have shown that copper 

deficiency, both primary and secondary, can lead to changes in collagen cross-linking 

which can manifest as weakening of tendons and ligaments.27,31,35  A similar condition 

has been identified in older horses having fetlock hyperextension, in which the 

suspensory ligament undergoes degeneration and elongation26. 

 However, minimal ultrasound and gross changes were apparent in 

affected llamas, suggesting a molecular basis for the disease.  Therefore, the objective 

of this study was to further characterize the nature of 

metacarpophalangeal/metatarsophalangeal hyperextension in the llama through 
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molecular and histological techniques that identify specific gene expression alterations 

and connective tissue matrix changes. The hypotheses were: 1) affected animals would 

have decreased lysyl oxidase and increased matrix metalloproteinase-13 mRNA 

expression, corresponding to spatial alterations in collagen, elastin, and proteoglycan 

composition of the suspensory ligament matrix, 2) and that despite no qualitative 

changes in protein expression of collagen type I and III, we expect that affected llamas 

will have decreased mRNAexpression of collagen type I and increased expression of 

collagen type III. 

 

Materials and Methods 

Sample Preparation:  

Institutional Animal Care and Use Committee approval was obtained prior to 

start of this project.  Immediately following euthanasia, sections of the flexor tendons 

and suspensory ligaments were collected from six adult llamas having at least two 

affected limbs and 6 normal age/sex-matched control llamas, and were either snap 

frozen in liquid nitrogen or placed in 10% formalin for histologic evaluation.  Frozen 

tendon and ligament specimens were processed for total RNA isolation by freezer mill 

pulverizationa, guanidine isothiocyanatef, and phenol extraction followed by RNA 

purificationg.  Purity and concentrations were assessed by agarose gel electrophoresis 

and UV spectrophotometerh. 

 

cDNA cloning: 
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The primers for PCR were designed based on consensus sequences derived 

from the cDNA of several species for collagen type I (human, mouse, and bovine), 

collagen type III (human, rat, and sheep), lysyl oxidase (human, bovine, and mouse), 

matrix metalloproteinase 13 (equine, human, and mouse), and β-actin (llama) (Table 

7).  PCR amplification of the segments was performed.  Thermocycler conditions were 

95°C for 5 minutes, followed by 30 cycles of 95°C for 1 minute, 55°C for 30 seconds, 

and 72°C for 1 minute, and ending with an extension step of 72°C for 5 minutes.  The 

products were analyzed using 1% agarose gel electrophoresis.   Collagen types I and 

III, lysyl oxidase, matrix metalloproteinase 13 (MMP-13) and β-actin segments were 

cloned into plasmid vectorsi and selected using ampicillin resistance and blue/white 

screening respectively.   White colonies were selected and cultured overnight in LB 

medium containing 50 µg/ml of ampicillin.  Plasmid DNA was isolated with silica 

columns,j and plasmids were analyzed using restriction digestion, gel electrophoresis, 

and sequencing.  Sequence comparison to other species and predicted amino acid 

sequence were obtained using proprietary software.k 

Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction: 

 First strand cDNA synthesis was accomplished with reverse transcription, 

using oligo (dT) primers and llama total RNA from the suspensory ligament samples 

isolated previously.  Quantitative real time RT-PCRl was used to evaluate expression 

of llama-specific collagen types I and III, lysyl oxidase, MMP-13 and β-actin.  Primers 

and probes for the TaqMan® system were designed with proprietary softwarem (Table 

8).  The primers and probes were synthesized by Applied Biosystems (Foster City, 

CA).  The 5’-end nucleotide of the probe was labeled with a reporter dye [FAM (6- 
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Table 7-Oligonucleotide primers for polymerase chain reaction (PCR) assays designed 
on the basis of consensus sequences for LOX, COLI, COLIII, MMP-13, and Β-Actin. 
 

Target 5’-Primer 3’Primer cDNA 
length 

LOX CCACTATGACCTGCTTGA CGGTGAAATTGTGCAGCC 343 bp 

COLI GGTGAACAGGGTGTTCCT CCATCAGCACCTTTGGGGA 290 bp 

COLIII CCCTGGAATCTGTGAATCA
TG 

CCTTTGATACCTGGAGGTC
CA 

340 bp 

MMP-
13 

GACTTCTACCCATTTGATG
G 

CCTTCCAGAATGTCATAAC
C 

575 bp 

Β-Actin GGACGACATGGAGAAGAT
CT 

CCTTGATGTTCACGCACAA
TT 

404 bp 

 
 

 
 



 
 

58
 
 
 

Table 8-Llama specific primer and probe sequences for real-time PCR quantification 
of gene expression in suspensory ligament from affected and control llamas 
 

 
Target 5’-Primer 3’Primer Probe 

LOX TGCCAATGGATTGATA
TTACAGATG 

ACATTGTTGGAATA
GTCCGACTCA 

TCAGTGTGAATCCCAG
CTACCTGGTGC 

COLI CCAGCTGCACCTCGTT
CAC 

CAAGAGGCGAGAG
TTTCC 

CCTTGCACACCACGCT
CGCCA 

COLIII GAACCGGGATGACCA
GATACAC 

CCAGAACTATTCTC
CCCAGTATGAG 

CTGCGAGTCCTCCTCC
TGCTACTCCAG 

MMP-
13 

GACGACCCCAACCCTA
AACA 

TGGCATCGAGGGAT
AAGGAA 

CCCAAAACGCCAGACA
AGTGTGACC 

Β-
Actin 

CCAAGGCCAACCGTGA
GA 

CCTGGATGGCCACA
TACATG 

ATGACCCAGATCATGT
TCGAGACCTTCAA 
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carboxy-fluoroscein)] and the 3’-end nucleotide of the probe was labeled with a 

quencher dye [TAMRA (6-carboxy-tetramethylrhodamine)].  For each experimental 

sample, the amount of target RNA was determined by a standard curve, constructed 

with six 10-fold serial dilutions of samples having a known copy number of the 

plasmid DNA insert.  A standard curve for β-actin was constructed using six 10-fold 

serial dilutions of llama tendon, with a starting concentration of 50ng/µl.  The standard 

curve was assigned relative values of 1, 10, 100,  103, 104 and 105. The relative 

expression of the gene of interest was computed with respect to the relative amount of 

β-actin RNA in each sample, by dividing the amount of the target gene by the amount 

of β-actin to obtain a normalized target value.   PCR was performed in duplicate in a 

20µl final reaction mixture using 2X TaqMan® Universal PCR Master Mix,n 100nM 

probe, 900nM forward and reverse primers, and 10ng of sample RNA.   After 10 

minute incubation at 95°C to activate the polymerase, PCR cycles consisted of 15 

seconds at 95°C and 1 minute of hybridization and extension of probe and primers at 

60°C for 40 cycles.   

Histologic evaluation: 

Histologic sections of the superficial digital flexor tendon, deep digital flexor 

tendon, and suspensory ligament were evaluated for collagen, elastin, copper, and 

proteogylcan content by Picrosirius redo, Masson’s trichrome stain, Verhoeff’s silver 

stain, rhodanine stain, and alcian blue respectively, using standard laboratory staining 

protocols.p   Masson’s trichrome stain differentiates between collagen and muscle, 

with the nuclei staining black, the cytoplasm, keratin, and muscle fibers staining red 

and the collagen staining blue.  Verhoeff’s silver stain differentiates elastic fibers 
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using hematoxylin, ferric chloride and iodine.  Rhodanine stain shows excess copper 

(400ppm) in tissue as a bright red to red-yellow color.  Proteoglycan levels were 

evaluated using alcian blue stain in a 0.1 N hydrochloric acid solution.  Picrosirius red 

stained sections were evaluated using both polarized and non-polarized light 

microscopy for short and long collagen fibers.   Sections were evaluated by two 

evaluators (SKR and SAS) blinded to animal identification.  The tenocytes, matrix, 

paratenon and vasculature were evaluated for staining patterns and compared between 

control and affected animals.  

 

Statistical Analysis: 

Statistical analysis of quantitative results was performed using the Wilcoxon 

signed rank test (p <0.05).   

 

Results 

No significant difference was found between affected and control animals in 

mRNA expression of collagen type I (p=0.22) (Figure 14), collagen type III (p=0.58) 

(Figure 15), or lysyl oxidase (p=0.35) (Figure 16). There was a trend for decreased 

MMP-13 expression in llamas having fetlock hyperextension (p=0.08) (Figure 17).  

Based on Alcian blue staining, proteoglycan content differed by region and 

animal.   In general, there was mild proteoglycan staining near vessels and septa 

within tendon/ligament bundles (Figure 18).  Also, there was moderate proteoglycan 

staining in the fibrous connection between the superficial digital flexor tendon (SDFT) 
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Figure 14-mRNA expression of collagen type I quantified via real-time PCR using 
suspensory ligaments from affected and control llamas. Relative mRNA expression 
was determined by dividing amount of target gene by amount of β-actin in samples. 
No significant difference is observed between affected and controls. 
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Figure 15-mRNA expression of collagen type III quantified via real-time PCR using 
suspensory ligaments from affected and control llamas. Relative mRNA expression 
was determined by dividing amount of target gene by amount of β-actin in samples. 
No significant difference is observed between affected and controls. 
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Figure 16-mRNA expression of lysyl oxidase quantified via real-time PCR using 
suspensory ligaments from affected and control llamas. Relative mRNA expression 
was determined by dividing amount of target gene by amount of β-actin in samples. 
No significant difference is observed between affected and controls. 
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Figure 17-mRNA expression of MMP-13 quantified via real-time PCR using 
suspensory ligaments from affected and control llamas. Relative mRNA expression 
was determined by dividing amount of target gene by amount of β-actin in samples. A 
trend was observed for decreased MMP-13 expression in affected llamas compared to 
control llamas (p=0.08).  
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 Figure 18- Alcian blue stained suspensory ligament in affected animal with 
proteoglycan stained blue (bar=100μm) 
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and the suspensory ligament (SL).  In two of the affected llamas, there was marked 

proteoglycan accumulation associated with lesions in the SL.  In two of the control 

llamas, there was moderate proteoglycan staining in discrete areas of the SL associated 

with altered fiber patterns and increased cellularity.  The remaining animals showed 

sporadic mild proteoglycan staining in the SL matrix.   

In the tissue specimens stained with Verhoeff’s silver stain, elastin content was 

found to be very low (around 1-2%) throughout the tendon and ligament samples 

(Figure 19).  Elastin tended to be oriented longitudinally in the tendon matrix and was 

primarily adjacent to vascular components.  No difference was observed between 

affected and control animal specimens. 

Collagen content and orientation were evaluated by the Picrosirius red and 

trichrome stains (Figure 20).  Long chain collagen (type I) was apparent throughout 

the tendon and ligament matrix.  No short chain collagens were observed in the matrix 

of any of the samples.  Short chain collagens were seen in the loose connective tissue 

in the peritendinous region.  No differences were appreciated between affected and 

control animals in collagen content.  

The rhodanine staining for copper accumulation revealed no evidence of 

excess copper in any of the samples.  

Discussion 

No significant difference was appreciated between affected and control 

animals in expression levels of collagen types I or III, lysyl oxidase or MMP-13, 

although there was a trend towards decreased expression of MMP-13 in affected  
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Figure 19-Longitudinal section of suspensory ligament from an affected llama. 
Verhoeff’s stain with the nuclei staining black, collagen staining red, and elastin 
staining blue-black. The elastin is minimal in the tissues and is recognized as short, 
faint blue to black lines (arrow). (bar=100μm) 
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Figure 20-Masson trichrome stain of the cross section of the suspensory ligament of an 
affected llama with collagen stained blue, and the cytoplasm and nuclei  stained red 
(bar=100μm) 
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animals. Mild proteoglycan accumulation was found in the suspensory ligament of 

two of the affected animals. No difference in distribution of collagen types I or III was 

appreciated on histologic section, and elastic fiber appearance was similar between the 

affected and control animals.  

The lack of  difference in lysyl oxidase mRNA expression between the 

affected and control groups was similar to our previous study, which did not show a 

difference in lysyl oxidase activity between affected and control animals.10 In that 

study, llamas affected by metacarpophalangeal and metatarsophalangeal (fetlock) 

hyperextension had increased serum zinc and decreased liver copper compared to 

control animals.10  Because copper is necessary for lysyl oxidase to effectively cross 

link collagen fibers, secondary copper deficiencies inhibit proper cross linking of 

collagen fibers.35,42  An observed relative decrease in lysyl oxidase expression is often 

interpreted as an index for decreased cross linking.46  We hypothesized, therefore, that 

lysyl oxidase expression would be decreased in affected animals.  However, this lack 

of difference suggests an etiology other than the proposed copper deficiency.  

Additionally, it is reported that even when dietary copper or lysyl oxidase activity is 

low, normal cross-linking can occur and the reduction in cross-linking has to be severe 

before significant changes in viscoelastic properties occur in a tissue in which collagen 

fibers are highly aligned, such as in bone.46  

 Alternatively, there may be mutations of LOX without affecting mRNA 

expression.  Inherited mutations of LOX in mice and women are not manifested 

immediately at birth and become apparent after aging or stress. Studies have indicated 

that mutations of LOX can interfere with normal biomechanical properties, while not 
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reflected in the relative amount of lysyl oxidase expression.  In one study, decreased 

load to failure was observed in tissues of mice with LOX mutations.47  Based on these 

findings, further investigation may be warranted to determine LOX sequences  in 

affected and normal llamas. However, our previous study showed no differences in 

lysyl oxidase activity, making a LOX mutation less likely.  

We had also hypothesized that matrix metalloproteinase (MMP) expression 

would be increased in llamas with fetlock hyperextension.   MMPs are a family of 

proteinases that are central to degradation of the extracellular matrix. MMP-13 is a 

collagenase that is increased in cartilage degeneration with joint disease, synovial 

inflammation in osteoarthritis, and has been shown to be up-regulated by interleukin-

1β in damaged tendon cells in humans.48  MMP-13 was also up-regulated in tissue 

harvested from naturally occurring tendonitis in the horse20 and other studies have 

shown an increase in MMP-13 in induced tendonitis.49  The trend for decreased MMP-

13 expression in affected llamas in our study was unexpected and implies a non-

degenerative, non-inflammatory etiology for this condition.  

Collagen type I is predominantly expressed in normal tendons and ligaments, 

while collagen type III shows increased expression in damaged tendons and ligaments 

in horses.2  In horses with experimental collagenase-induced damage to the superficial 

digital flexor tendon, expression of collagen type III was highest at 4 weeks post 

injury and decreased thereafter.2  We therefore hypothesized that collagen type I 

expression would be lower and collagen type III expression would be higher in 

affected animals.  However, we found no difference in collagen type I and III 

expression between the affected and control animals.  This may be due to chronicity of 
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disease, as the history and length of disease process of these particular animals is not 

known.  It may also reflect a mechanism of breakdown that is not yet understood and 

differs from that of the horse.    Horses with degenerative suspensory ligament 

desmitis have demonstrated a systemic disorder of the connective tissue with abnormal 

accumulation of proteoglycans between collagen and elastic fibers of many tissues, 

including the suspensory ligament, SDFT, DDFT, patellar and nuchal ligaments, 

cardiovascular system, and sclera.30  However in our study, only the suspensory 

ligament was noted to have increased proteoglycan content associated with lesions in a 

few of the affected animals.  The lack of obvious accumulation in the other affected 

animals may be due to sampling from non-lesional sites.  If more areas within the 

suspensory ligament were evaluated, perhaps lesional proteoglycan accumulation 

would have been appreciated.  Additionally, proteoglycan accumulation was seen in 

two control animals with altered fiber patterns and increased cellularity. The 

significance of this is unknown, but may indicate subclinical lesions.   

 The results of this study suggests a different etiology to fetlock hyperextension 

than that of simple copper deficiency leading to decreased lysyl oxidase deficiency 

and defective collagen cross linking.   Additionally, the lack of evidence for decreased 

collagen type I, increased collagen type III and increased MMP-13 in affected llamas 

supports a non-degenerative, non-inflammatory etiology for the condition.   

Accumulation of proteoglycans in the suspensory ligament of some of the affected 

llamas indicates matrix disruption which may be involved with the etiopathogenesis.  

However, widespread accumulation similar to the condition in horses was not found.  
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Chapter four 
 

Conclusion 
 
 The syndrome causing fetlock hyperextension in llamas appears to be elusive 

in its etiology.  Initial expectations in this thesis study were that abnormalities of the 

suspensory apparatus would produce obvious lesions on ultrasound, gross, and 

histological examination.  Additionally, changes in the structure and makeup were 

expected to follow patterns seen in other species with degeneration of the tendon 

matrix, increased proteolytic activity and expression of MMPs, increased 

proteoglycans, and changes in collagen distribution.2,25-27,30 However, the comparisons 

between the affected and control animals in this study did not reveal the expected 

changes.  

 Several affected animals in the study were classified as severely affected, with 

pastern to ground axis angle of the fetlock joints in one animal  less than 20° 

compared to the mean angle of 57° in control animals. Despite the changes in overall 

appearance of the fetlocks, only two animals exhibited ultrasonographic changes 

similar to those described in horse.25,26   None of the llamas tolerated standing 

ultrasound and this may have increased the difficulty of assessing minor changes in 

fiber orientation. However, large core lesions and major fiber disruption would still be 

apparent. Also, since both the control animals and affected animals were assessed in 

the same manner, comparisons of size of tendons and ligaments should have been 

accurate.    The observations via ultrasound were supported by the gross appearance of 

the tendons at necropsy, with only one of the most severely affected animals having a 
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visible change of mineralization of the suspensory ligament at the attachments on the 

sesamoids. 

 The affected animals did have a significant decrease in liver copper and 

increase in serum zinc when compared to control animals.  Secondary copper 

deficiency has been reported in several species,31-33, 37,39  and copper is known to affect 

the activity of lysyl oxidase35 which is necessary for proper cross linking of collagen. 

However, when lysyl oxidase activity was compared between affected and control 

animals there was no significant difference in activity. Additionally, lysyl oxidase 

mRNA expression measured by real time PCR showed no significant difference.  It is 

possible that mutations in LOX are present, which may result in normal expression of 

mRNA while still having abnormal cross linking of collagen. However, the lack of 

decreased lysyl oxidase activity does not support this.      

Collagen type I is predominantly expressed in normal tendons and ligaments, 

while collagen type III is increasingly expressed in damaged tendons and ligaments in 

horses.2  Evidence of changes in distribution of collagen types in affected llamas was 

not found when examined by special stains (picrosirus red, Masson’s trichrome), 

immunohistochemistry, or real time PCR. This may be due to the chronicity of disease 

in the study animals.  Clarification of the potential changes in collagen distribution 

may be better examined in an induced model, which is not available at this time for 

this syndrome, or by examination of juvenile or acutely affected animals. The tendons 

and ligaments of the animals in this study could be in very chronic stages of 

remodeling, although one would expect ongoing damage with the degree of clinical 

signs exhibited. 
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 The trend for decreased MMP-13 expression in affected llamas was not 

expected.  This finding suggests a non-inflammatory etiology as MMP13 is a 

downstream mediator of interleukin-1 (IL-1), a potent inflammatory cytokine.18  

Additionally, MMP-1 and MMP-3 were not able to be cloned using the methods in 

this study, so evaluation of their expression was not possible. The process of cDNA 

cloning of MMP-1 and MMP-3 could be repeated on other tissues from the llama such 

as cartilage or synovial membranes as higher expression of these proteinases may be 

found in these tissues.  Alternatively, activity assays of MMP-1 and MMP-3 may be 

performed to determine activity within the suspensory apparatus.  

 The changes in proteoglycan content seen in horses with abnormal 

accumulation of proteoglycans between collagen and elastic fibers of many tissues, 

including the suspensory ligament, SDFT, and DDFT30 were not seen in llamas.  Gene 

expression patterns of proteoglycans could be further evaluated to determine any 

differences in sulfated or non-sulfated proteoglycans that exist in llamas affected with 

fetlock hyperextension. 

  In conclusion, this thesis suggests a different etiology to fetlock 

hyperextension than initially hypothesized.   The lack of evidence for decreased 

collagen type I, increased collagen type III and increased MMP-13 in affected llamas 

supports a non-degenerative, non-inflammatory etiology for the condition.   

Accumulation of proteoglycans in the suspensory ligament of some of the affected 

llamas indicates matrix disruption and may be involved with the etiopathogenesis.  

However, widespread accumulation in other connective tissues similar to the condition 

in horses was not found.  Further clarification of this syndrome is necessary and 

 
 



 
 

75
 
 
should include evaluation of young and acutely affected animals.  Studies of the 

physical characteristics of collagen and its cross links would be possible with electron 

microscopy and high performance liquid chromatography (HPLC).  Additionally, 

biomechanical testing of the suspensory apparatus comparing affected llamas to 

normal llamas could be performed.   
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Footnotes 
 
a-Spex Certi Prep, Metuchen, NJ. 
b-Thermospectronic; Bedford, MA. 
c-Molecular Probes, Inc; Eugene, OR. 
d-CytoFluorII, Biosearch; Bedford, MA. 
e-Biogenex; San Ramon, CA. 
f-Trizol®,  Invitrogen 
g-Rneasy®,  QIAGEN, Valencia, CA 
h-NanoDrop ND 1000, Thermo Fischer Scientific, Wilmington, DE 
i-TOPO TA Cloning® Kit, Invitrogen 
j-QIAprep Spin Miniprep Kit, QIAGEN, Valencia, CA 
k-Applied Biosystems, Foster City, CA 
l-ABI PRISM 7500 Sequence Detection System instrument and software, Applied 
Biosystems,  Foster City, CA  
m-Primer Express software version 2.0b8a, Applied Biosystems, Foster City, CA 
n-2X TaqMan® Universal PCR Master Mix, PE Biosystems, Branchburg, NJ 
o-HSRL, Inc. Mt. Jackson, VA 
p-Oregon State University Veterinary Diagnostic Laboratory. Corvallis, OR 
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	Affected
	Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction:
	Collagen content and orientation were evaluated by the Picrosirius red and trichrome stains (Figure 20).  Long chain collagen (type I) was apparent throughout the tendon and ligament matrix.  No short chain collagens were observed in the matrix of any of the samples.  Short chain collagens were seen in the loose connective tissue in the peritendinous region.  No differences were appreciated between affected and control animals in collagen content. 
	The rhodanine staining for copper accumulation revealed no evidence of excess copper in any of the samples. 

