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Abstract

Ž .We report laminin a2 merosin deficiency associated with muscular dystrophy and demyelinating neuropathy in two cats. The cats
developed progressive muscle weakness, and atrophy. Either hypotonia or contractures resulted in recumbency, necessitating euthanasia.
Muscle biopsies showed dystrophic changes including marked endomysial fibrosis, myofiber necrosis, variability of fiber size, and
perimysial lipid accumulation. Immunohistochemistry showed that laminin a2 chain was absent or reduced, while dystrophin and all the
components of the dystrophin-associated glycoprotein complex were present and normal. One cat was examined in detail. Motor nerve

Ž .conduction velocity MNCV was decreased, and ultrastructurally the peripheral nerves showed Schwann cell degeneration and
demyelination. Brain imaging was not performed, but white matter changes were not apparent in the brain at necropsy. The disease in

Ž . Ž .these cats is similar to primary or secondary merosin laminin a2 -deficient congenital muscular dystrophy CMD in humans and to
dystrophia muscularis in mice. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The most common muscular dystrophy in humans is
caused by deficiency of dystrophin, and the best-char-
acterized muscular dystrophies in domestic animals are
also dystrophinopathies. Dogs and cats with dystrophin
deficiency and mutations in the dystrophin gene have been

w xdescribed 1,2 . Muscular dystrophy has also been identi-
fied in sheep, but the molecular defect has not been
identified. Deficiencies of dystrophin as well as dys-
trophin-associated proteins have been ruled out in that

w xspecies 3,4 .
Ž .Congenital muscular dystrophies CMD in humans are

a heterogeneous group of autosomal recessive diseases
manifest at birth or during infancy. They are characterized
by muscle atrophy, hypotonia, weakness and contractures
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w x5–7 . About 40–50% of the AclassicB CMD have a defi-
ciency of laminin a2 expression in muscle. The remaining

w xcases have normal expression of laminin a2 7–9 .
Laminins are large glycoproteins which contribute to the
basement membrane in a variety of tissues. They are
heterotrimers composed of a , b, and g chains, and 11

w xlaminin variants have been identified 10,11 . The primary
Ž .variants in muscle are laminin 2 a2–b1–g1 and laminin

Ž . Ž4 a2–b2–g1 sometimes collectively referred to as
.merosin , which are connected to the sarcolemma via the

w xdystrophin–glycoprotein complex 11,12 and integrins
w x13 . Laminin a2 is also found in the basement membrane
of Schwann cells and in blood vessels within the brain
w x w x14,15 as well as in other tissues 11 . Most of the cases of
laminin a2-deficient CMD are associated with mutations

Ž . w xin the laminin a2 gene LAMA2 6,7,9,16 . However, in
the Japanese Fukuyama-type CMD and the Finnish mus-
cle–eye–brain disease, the reduction in laminin a2 ex-

w xpression is secondary to a mutation in other genes 17,18 .
Peripheral nervous system involvement in primary laminin
a2 deficiency is suggested by reduced motor nerve con-
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Fig. 1. Affected DSH cat at 19 months of age. Muscle contracture caused
rigidity and extension of the pelvic limbs and to a lesser extent the
thoracic limbs. The tail and spine were also rigid. Generalized muscle
atrophy was apparent.

Ž . w xduction velocity MNCV 19,20 , while CNS involvement
is suggested by changes in white matter on CT or MRI

w xscans and slowed central conduction times 6,19,21–25 .
Ž .The muscularis dystrophia mouse dyrdy was the

first animal model of muscular dystrophy reported in 1955
w x26 , but it was not until almost 40 years later that a
deficiency of laminin a2 was identified as the cause of the
dystrophy and the mutation identified in the dy2Jrdy2J

w xmouse 27–29 . CMD has not been previously described in
cats or dogs.

We report here the clinical and histological findings in
two cats with muscular dystrophy and peripheral neuropa-
thy associated with deficiency of laminin a2 in muscle
and nerve. A preliminary report of these findings has been

w xpresented as an abstract 30 .

2. Materials and methods

Ž .Two female cats, a Domestic Shorthair DSH and a
Flame-point Siamese, were presented at 12 months of age
for progressive weakness and muscle atrophy. Bulbar and
spinal muscles were examined under general anesthesia by

Ž .bipolar needle electromyography EMG in the DSH at 19
Ž .months of age. Motor nerve conduction velocity MNCV

of the tibial nerve was also measured using standard
w xtechniques 31 . The clinical course of both cats was

followed until euthanasia at 19 and 13 months of age,
respectively. A complete necropsy was performed on the
DSH.

Limb muscle biopsies were taken under general anes-
thesia from both cats at 12 months of age, and additional
muscle samples were taken at necropsy in the DSH. Speci-
mens were flash frozen in isopentane, precooled in liquid

nitrogen, and stored at y80 8C until analyzed. Unfixed
Ž .cryostat sections 8 mm were processed by a panel of

standard histological and histochemical stains and enzyme
w xreactions 32 . Immunofluorescence analysis was per-

formed on cryostat sections of muscles from both cats.
Sections of Õastus lateralis muscle from a normal cat were
similarly processed. The following monoclonal antibodies
Ž .dilution within parenthesis were used: antibodies against

Ž .the rod domain 1:25, NCL-DYS1 and carboxy terminus
Ž .1:50, NCL-DYS2 of dystrophin, antibody against a-

Ž . Žsarcoglycan 1:50, NCL-a-SARC , b-sarcoglycan 1:50,
. Ž .NCL-b-SARC , g-sarcoglycan 1:50, NCL-g-SARC , all

Ž .from Novocastra Newcastle-upon-Tyne, UK , and anti-
Žbody against a-dystroglycan 1:100, Upstate Biotechnol-

.ogy, Lake Placid, NY . The monoclonal antibodies against
Ž . Ž .laminin a2 5H2 and 1F9 and laminin g1 2E8 and

polyclonal antisera against laminin a2 and against laminin
w xa2–b1–g1 have been previously characterized 14 . A

rabbit antiserum against the N-terminal domain VI of
laminin a2 was generated by immunization with recombi-

Ž .nant domain VI Xu and Engvall, unpublished . Rabbit
polyclonal antiserum against b-dystroglycan and a- and

w xb-sarcoglycans were also used 33 . All dilutions of pri-
mary antibodies were made in 3% bovine serum albumin
in phosphate-buffered saline, and incubations were for 1 h

Ž . Ž .Fig. 2. Low A: bars100 mm and high B: bars25 mm power H and
E stained sections of muscle from a DSH cat with absence of laminin a2.
Note the marked endomysial fibrosis, myofiber necrosis, variability in
fiber size, and perimysial lipid accumulation.
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Table 1
Immunofluorescence detection of laminin a2 in muscle with different
monoclonal and polyclonal antibodies

DSH Siamese Control

Monoclonal antibodies
Ž .5H2 laminin a2 y y qqq
Ž .1F9 laminin a2 y qry qqq
Ž .2E8 laminin g1 qqq qqq qqq

Dys 1 qq qq qq
Dys 2 qqq qqq qqq
a-Dystroglycan qqq qqq qqq
a-Sarcoglycan qqq qqq qqq
b-Sarcoglycan qqq qqq qqq
g-Sarcoglycan qqq qqq qqq

Polyclonal antibodies
Laminin a2 G domain y qry qqq
Laminin a2 domain VI y qry qqq
laminin a1–b1–g1 qqq qqq qqq
b-Dystroglycan qqq qqq qqq
a-Sarcoglycan qqq qqq qqq
b-Sarcoglycan qqq qqq qqq

y: No detectable staining; qry: very weak staining. qqq: strong
staining.

at 37 8C. Secondary antibodies used were goat anti-mouse
Ž .IgG-FITC 1:200, Cappel, West Chester, PA and goat

Ž .anti-rabbit IgG-FITC 1:200, Cappel and incubation was
for 1 h at room temperature.

Glutaraldehyde-fixed specimens from the radial and
peroneal nerves taken at necropsy were postfixed in os-
mium tetroxide, and dehydrated in serial alcohol solutions
and propylene oxide prior to embedding in araldite resin.

Ž .Sections 1 mm were stained with toluidine blue-acid
fuchsin for light microscopy and ultrathin sections stained
with uranyl acetate and lead citrate for electron mi-
croscopy.

3. Results

3.1. Clinical examination and neurophysiologic study

Behavior and mental status of both cats appeared nor-
mal throughout the course of the disease and no seizures
were reported. The DSH was reported to walk normally up
until 6 months of age when pelvic limb weakness was
noted. When examined at 12 months of age, she had
atrophy and marked extensor contracture of the pelvic
limbs. She could still walk if placed upright but would
frequently fall and pull herself with the thoracic limbs. Her

Ž . Žcreatine kinase CK was elevated at 6742 IUrl feline
.normal range: 0–820 . At 19 months of age, she showed

progression to involve the thoracic limbs and masticatory
muscles. Pelvic limbs, spine and tail were rigid and only

Ž .minimal distal limb movement apparent Fig. 1 . The
thoracic limbs were weak, and the muscles were atrophic
and mildly contracted. Moderate trismus was present, but
she was still able to eat adequately. Cardiac ultrasound
showed no evidence of myocardial dysfunction, and oph-
thalmic exam showed no abnormalities.

The EMG showed no abnormal spontaneous activity;
individual motor unit action potentials and maximal con-
traction could not be examined under anesthesia. The tibial
MNCV was slowed at 62.2 mrs in the proximal segment

Žand 33.0 mrs in the distal segment normal feline values
. w x101.4"12.9 and 97.4"14.8, respectively 31 . Correct-

Žing for lower core body temperature under anesthesia 33
. w x8C would raise the conduction velocity by 8.5 mrs 34 .

Limb temperature was not monitored, but even if the distal
limb had cooled to room temperature, the corrected con-
duction velocity would only increase by 27.2 mrs; still
well below normal for the cat. She was euthanized at 19
months of age and a complete necropsy performed.

Fig. 3. Indirect immunofluorescent staining of muscle sections with antibodies against laminin a2 and laminin g1. The DSH and the Siamese had no
detectable staining with the monoclonal laminin a2 antibody but had normal staining with the laminin g1 antibody.
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Fig. 4. Toluidine blue stained section of peroneal nerve from a DSH cat
Ž .with absence of laminin a2 bars100 mm . Large axons are devoid of
Ž .myelin or poorly myelinated arrows .

The Siamese cat was reported to be weak in the pelvic
limbs when found at approximately 6 months of age.
When examined at 12 months of age, she was non-ambula-
tory, was hypotonic and hyporeflexive in all four limbs,
and had generalized muscle atrophy. Her CK was greater
than 8000 IUrl. She developed respiratory distress and
was euthanized at 13 months of age. The cause of the
respiratory distress was not determined and no necropsy
was performed.

3.2. Histopathology

Dystrophic changes were present in all skeletal muscles
examined. Endomysial fibrosis was marked in both cats. In

addition, muscles from both cats showed myofiber necro-
sis, variability of fiber size and perimysial lipid accumula-

Ž .tion Fig. 2 . Immunohistochemical labeling showed nor-
mal reactivity of the sarcolemmal membrane with antibod-
ies to the rod domain and carboxy terminus of dystrophin;
a-, b-, g-, and d-sarcoglycans; and a- and b-dystroglycans
Ž .Table 1 . Antibodies against the C-terminal G domain and
against the N-terminal domain VI of laminin a2 showed a

Ž . Ž .complete absence DSH or drastic reduction Siamese in
reactivity, while the antibodies reacted strongly with

Ž .laminin a2 in normal cat muscle Fig. 3; Table 1 . Anti-
body to laminin g1 and an antiserum to laminin a2–b1–g1
showed normal staining in all cats.

Abnormalities at necropsy in the DSH were limited to
the peripheral nerve and muscle; no abnormalities were
seen in the white matter of the brain or spinal cord.
Pathological changes within all muscles were identical to
those seen on biopsy. Light microscopic examination of 1
mm plastic embedded sections of the radial and peroneal
nerves showed scattered thinly myelinated or demyelinated

Ž .axons Fig. 4 . Ultrastructural examination of the peroneal
nerve showed that the myelin changes were more severe
than appreciated at the light level with generalized Schwann
cell abnormalities and various stages of demyelination
Ž .Fig. 4 . Marked periaxonal swelling was present consis-

Ž .tent with the early phase of demyelination Fig. 5A .
Vacuoles were present in the Schwann cell cytoplasm.
Detached and redundant myelin was present indicating a

Ž .later stage of demyelination Fig. 5B . The axoplasm
appeared abnormally compacted with closely grouped neu-

Ž .Fig. 5. Ultrastructural evaluation of the peroneal nerve from a DSH cat with the absence of laminin a2. A Marked periaxonal swelling in the early phase
Ž . Ž .of demyelination. Note the vacuole in the Schwann cell cytoplasm arrow . B Partially demyelinated axon with detached myelin in the right-hand third of

the picture. Arrows point to redundant myelin draped over the Schwann cell cytoplasm. The axoplasm appears abnormally compacted with closely grouped
Ž .neurofilaments and axoplasmic organelles. C Demyelinated axon showing periaxonal swelling consistent with Schwann cell disease. Note the

Ž .disintegration of the Schwann cell with prominent vacuolar degeneration in the cytoplasm. D Higher power electron micrograph showing a completely
demyelinated axon enveloped by the basal lamina which is closely applied to the axolemmal surface. Redundant myelin is seen adjacent to the axonal

Ž Ž . Ž . Ž . Ž . .surface. Bars1.0 mm for A , B and C , 0.05 mm for D .
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rofilaments and axoplasmic organelles. Disintegration of
the Schwann cell with prominent vacuolar cytoplasmic

Ž .degeneration Fig. 5C and completely demyelinated axons
Ž .Fig. 5D were present.

4. Discussion

The most common form of muscular dystrophy in hu-
mans, dogs, and cats is caused by mutations in the dys-
trophin gene and is characterized by absence or reduction
in dystrophin protein at the sarcolemma. The dystrophin
deficiency leads to a secondary reduction in the dys-

w xtrophin-associated glycoproteins 12,35 . Previous reports
of muscular dystrophy in cats have been limited to abnor-

w xmalities in dystrophin 1,36 . Since the gene for dystrophin
is located on the X chromosome, reported cases are males
unless sired by an affected male with a carrier female. The
cats in this report had normal dystrophin and dystrophin
associated proteins, and they were females with no family
history of disease.

Ž .The congenital muscular dystrophies CMD in humans
are a heterogeneous group of autosomal recessive diseases
that are not only characterized by muscular dystrophy but

walso varying degrees of nervous system involvement 5–
x7,37 . About half of the cases of classic CMD have

w xdecreased laminin a2 expression in muscle 7–9 associ-
Ž .ated with mutations in the laminin a2 gene LAMA2

w x9,16 . The dyrdy mouse also has an autosomal recessive
w xmuscular dystrophy 26 caused by a mutation in LAMA2

w x29 . Spontaneous allelic variants have been described
w x w x26,38 , and experimental null mutations generated 39,40 .

The present cats showed undetectable or drastically
reduced laminin a2, as judged by immunoreactivity with
several antibodies directed against the carboxy-terminal G
domain and the amino-terminal domain VI of the laminin
a2. The most severely affected children with CMD also

w xhave a near absence of laminin a2 41 . Complete defi-
ciency of laminin a2 in CMD is usually associated with a
mutation in the LAMA2 gene; the reduced expression seen

w xin other forms of CMD is only partial 18 . The reduction
of laminin a2 in the present cats is thus consistent with
mutations in the LAMA2 gene being the cause of the
disease although a secondary reduction cannot be ruled
out.

The cats in this report demonstrated progressive weak-
ness, muscle atrophy, elevated CK levels, and histologic
changes on muscle biopsy typical of muscular dystrophy.
Myopathic changes would be anticipated on EMG in CMD,
but the EMG can be normal in up to 30% of cases of CMD
w x42 . The severity of muscle fiber loss and cooling of the
limb under anesthesia may have contributed to the lack of
EMG findings in the DSH. The Siamese cat was hypotonic
while the severe contractures in the DSH lead to trismus
and to rigidity of the limbs, spine, and tail. This mixture of
hypotonia and contracture is similar to the signs reported

w xin children with CMD 5 . While the age of onset of signs
is not known in the Siamese, the DSH developed normal
ambulation and difficulties were not noted until 6 months
of age. Signs of CMD in humans are apparent at birth or in

w xearly infancy and most affected children never walk 5,7,9 .
A quadruped may compensate for deficits more readily
than a biped, but it is unlikely that the gait would have
been considered normal in the DSH if there were more
than minor deficits. Cases of CMD in humans with later,
even adult, onset of signs are reported, but most of these

w xwere cases with only partial laminin a2 deficiencies 8,24 .
The cats in this study showed more drastic reduction.
Signs progressed steadily in both cats necessitating eu-
thanasia before 2 years of age. The dyrdy mouse devel-

Žops clinical signs at a similar stage of development 3.5
.weeks with death before 6 months. As in these cats, signs

in the mouse begin in the pelvic limbs and then progress to
involve the axial and thoracic limb musculature. The paral-

w xysis in mice is described as either a flaccid paralysis 26
w xor contractures 39 .

Dystrophin-deficient cats also begin showing clinical
signs at 5–6 months of age, but develop hypertrophy of the
appendicular and limb muscles as well as the tongue and

w xdiaphragm which results in feeding difficulties 1,36 . They
w xalso develop cardiomyopathy and sudden death 36,43 . No

evidence of cardiomyopathy was seen on cardiac ultra-
sound, or at necropsy in the one cat examined in detail in
this study.

Laminin a2 is found in Schwann cell basement mem-
w xbrane 14 , and is thought to play a role in ensheathment

w xand myelination in the peripheral nerve 44 . CMD patients
w xand dyrdy mice have reduced MNCV 20,44,45 . Nerve

histology in mice, showing demyelination most prominent
w xin the proximal nerve 44–46 , suggested a defect in the

w xSchwann cell basement membrane 47 . MNCV was slowed
in the one cat in this study and demyelination was evident
histologically in the distal nerve. Difficulty maintaining
normal body temperature during anesthesia in a cat with
severe muscle atrophy complicated interpretation of the
MNCV results. The degree of slowing could not be ex-
plained through temperature effects alone. Although de-
myelination was evident in only a minority of fibers on
light microscopy, only distal nerves were examined. Even
in these distal nerves, generalized Schwann cell changes
were evident on electron microscopy. This supports a role
for laminin a2 in myelination of peripheral nerve also in
felines.

Seizures can occur and changes in brain MRI or CT
scans can be detected in humans with laminin a2-deficient

w x w xCMD 9,19,21–25 , but not in dyrdy mice 48 . Laminin
a2 is highly expressed in vascular basement membrane in

w xbrain in humans 15 and mice, but is also expressed in
w xother areas of the brain in some species 49,50 . There was

no evidence of brain involvement in these cats either
clinically or histologically, but brain scans were not per-
formed.
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In conclusion, feline laminin a2 deficiency is a new
form of muscular dystrophy in this species. It is similar
clinically, histologically and electrophysiologically to
CMD, resulting from primary or secondary deficiency of
laminin a2 and could serve as a complementary animal
model of the disease.

Note in proof

Since submitting this manuscript, the authors have con-
firmed a third case of muscular dystrophy with deficient
laminin alpha 2 immunostaining in a one year old, female,
domestic shorthair cat with similar clinical signs.
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