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Abstract
Feline SMA is a fully penetrant, autosomal recessive lower motor neuron disease in domestic cats
that clinically resembles human SMA Type III. A whole genome linkage scan identified a ~140
kilobase deletion that abrogates expression of LIX1, a novel SMA candidate gene of unknown
function. To characterize the progression of feline SMA, we assessed pathological changes in
muscle and spinal cord from 3 days of age to beyond onset of clinical signs. EMG analysis
indicating denervation occurred between 10 and 12 weeks, with the first neurological signs
occurring at the same time. CMAP amplitudes were significantly reduced in the soleus and
extensor carpi radialis muscles at 8 to 11 weeks. Quadriceps femoris muscle fibers from affected
cats appeared smaller at 10 weeks; by 12 weeks atrophic fibers were more prevalent than in age-
matched controls. In affected cats, significant loss of L5 ventral root axons was observed at 12
weeks. By 21 weeks of age, affected cats had 40% fewer L5 motor axons than normal. There was
no significant difference in total L5 soma number, even at 21 weeks; thus degeneration begins
distal to the cell body and proceeds retrogradely. Morphometric analysis of L5 ventral roots and
horns revealed that 4 weeks prior to axon loss, motor axons in affected cats failed to undergo
radial enlargement, suggesting a role for the putative disease gene, LIX1, in radial growth of
axons.
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Introduction
The human spinal muscular atrophies (SMA) are a group of lower motor neuron disorders
that vary in age of onset, clinical severity and survival time. Individuals with the severest
form (SMA I; Werdnig-Hoffmannn disease) never gain the ability to sit upright or walk and
do not survive beyond a few years of age. Type II SMA patients develop clinical symptoms
after six months of age and are unable to walk. SMA III (Kugelberg-Welander disease) is
the mildest juvenile onset form of the disease; individuals are able to walk, although this
ability may be lost as the disease progresses. The adult-onset form of the disease (SMA IV)
has the mildest clinical severity and does not result in shortened life expectancy (Russman,
2007). SMA is the leading genetic cause of infant mortality, and mutations in the
ubiquitously expressed survival of motor neuron 1 (SMN1) account for 98% of cases
(Lefebvre et al., 1995; Wirth et al., 1999). Copy number variation in a nearly identical gene,
survival of motor neuron 2 (SMN2), modifies clinical severity; eight copies are sufficient to
complement homozygous loss of SMN1 (Wirth et al., 2006). Only 10% of SMN2 transcripts
are full-length due to a single nucleotide difference in exon 7 that disrupts an exonic splice
enhancer (Lorson et al., 1999; Lorson and Androphy, 2000; Monani et al., 1999). Currently,
there is limited understanding of the mechanisms by which mutations of ubiquitously
expressed genes result in SMA and other motor neuron specific diseases, such as
amyotrophic lateral sclerosis (ALS) and spinal bulbar muscular atrophy (SBMA).
Approaches to SMA treatment have focused on pharmacologically increasing levels of full
length SMN produced from the SMN2 locus or SMN1 gene therapy (Burnett et al., 2009).
Naturally occurring and engineered animal models offer insight into motor neuron
development and maintenance that is critical for the discovery and testing of effective
treatments.

Feline SMA is a fully penetrant, autosomal recessive disease resembling SMA III in severity
and time of onset (He et al., 2005). In affected cats, lower motor neuron degeneration leads
to muscle atrophy and gait abnormalities. Affected cats demonstrate clinical signs at 12 to
13 weeks of age with disease progression reaching a plateau around 8 months. Life
expectancy is ~8 years. A whole genome linkage scan and fine mapping identified a 140
kilobase deletion that disrupts expression of limb expression 1 (LIX1) and leucyl/cystinyl
aminopeptidase (LNPEP) (Fyfe et al., 2006). We hypothesize that LIX1 is the feline SMA
disease gene because it is highly expressed in the spinal cord and a LNPEP knockout did not
produce an overt neuromuscular phenotype (Moeller et al., 2002; Keller et al., 2002). LIX1
is poorly annotated but is predicted to possess a double-stranded RNA binding domain at its
amino terminus (Giot et al., 2003; Fyfe et al., 2006). This is particularly intriguing because
SMN is critical for small nuclear ribonucleic protein (snRNP) biogenesis (Pellizzoni et al.,
1998, 2002; Massenet et al., 2002) and co-localizes with mRNA granules in motor neurons
(Zhang et al., 2007). Thus far only the end-stage of feline SMA pathology has been reported.
In this study we sought to characterize the onset and progression of disease through
histological and morphometric techniques.

Materials and Methods
Animals

Cats in this study were members of an out-crossed family derived from a purebred Maine
coon cat and a domestic short hair (Fyfe et al., 2006). All cats were produced and housed in
breeding colonies at Michigan State University (MSU) or at the Nantes Veterinary School
(Centre de Boisbone, ONIRIS, Nantes, France). Animals at MSU were raised and
euthanized according to protocols approved by the university's Institutional Animal Care
and Use Committee (IACUC) and which adhered to National Institutes of Health guidelines.
Experiments performed at the Nantes Veterinary School were approved by the regional
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ethics committee and were carried out according to European guidelines for the care and use
of experimental animals. Cats were genotyped by multiplex PCR as previously described
(Fyfe et al., 2006).

Neurological examinations and electromyography
The SMA signs, previously described (He et al., 2005), were followed in four affected
kittens and compared with three unaffected heterozygous littermates, from the age of 4 to 36
weeks, by neurological examinations and electromyography (EMG) tests. Neurological tests
were developed by veterinary neurologists at the Nantes Veterinary School based on a
commonly used neurological examination protocol (De Lahunta, 2001). Different
parameters relative to the behavior of the animal, the muscular strength, the postural
reactions and reflexes were scored according to severity as follows: 0, normal; 1, moderately
abnormal; 2, clearly abnormal; 3, severely abnormal (see Supplementary Table 1 for
detailed neurological exam rubric). During the behavioral tests, we encouraged the kitten to
play and scored the position of the limbs (a lateral deviation of the limbs with an increased
base-width of the support polygon were usually observed in SMA kittens, Figure 1), the
presence of muscle tremors, the breathing frequency, the sway of the hindquarter and the
time in a seated position compared with normal kittens. Other parameters, such as the
muscle tone developed in reaction to an extension of the hind-limbs, the size of the anterior
tibialis muscle compared with normal kittens of the same age, the proprioceptive reactions
of all limbs (delayed in SMA cats) and some postural reactions including the ability to
coordinate movement and walk using two limbs (hemi-locomotion) were also scored as
described above. All the scores obtained during the neurological exam, conducted by a
veterinary neurologist who was blind to the cat's genotype, were added to obtain a global
score (0 to 24) per animal.

EMGs were conducted every 2 or 3 weeks in the same animals with a Neuropack 2 EMG
apparatus (Nihon Kohden, Nishiochiai, Japan) according to usual procedures previously
described in cats and dogs (Cuddon, 2002). The biceps femoris, sartorius, tibialis anterior,
gastrocnemius and plantaris muscles of the two hindlimbs were tested. For each muscle, a
global score accounting for the presence and the frequency of fibrillation potentials (0,
absence; 1, presence in some regions; 2, presence in multiple regions; 3, presence in all
regions tested), abnormal insertion potentials (0, absence; 1, presence) and high-frequency
discharges (0, absence; 1, presence) was assigned. Additionally, compound motor action
potential (CMAP) amplitudes and nerve conduction velocities (NCV) were measured in the
soleus muscle after stimulation of the sciatic nerve or in the extensor carpi radialis muscle
after stimulation of the radial nerve.

Histology
Quadriceps femoris muscles from two affected cats and two age matched controls
(homozygous normal and heterozygous) at 6, 8, 10, 12 and 21 weeks were fixed by
immersion in 10% neutral buffered formalin, paraffin embedded, sectioned and stained with
hematoxylin-eosin (H&E). Unfixed tibialis anterior (TA), extensor digitorum longus (EDL)
and soleus muscles from 10 and 12 week old cats were embedded in Tissue-Tek® OCT
medium (Sakura Finetek, Torrance, CA) and frozen in liquid nitrogen cooled 95% ethanol.
Muscles were stored at -80°C until transversely sectioned at 12 μm with a cryostat and thaw
mounted on gelatin-coated glass slides. Muscle sections were fiber-typed by ATPase
enzymatic reactions at pH 4.6 and 9.4. Five random, non-overlapping images taken with a
40× objective of a single H&E section and 2 images acquired with a 10× objective of a
fiber-typed section per cat were captured on an Eclipse 90i microscope with a DS-Fi1 digital
camera (Nikon, Tokyo, Japan) for fiber shape examination. The diameters of 50 adjacent
fibers in H&E stained quadriceps femoris muscle sections from 6, 8-9 and 10 week old cats
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were measured with NIS Elements software (Nikon, Tokyo, Japan) in a single image
acquired with a 40× objective.

One fifth of the frozen sections were screened for neuromuscular junctions (NMJs) with a
modified cholinesterase stain (Pestronk and Drachman, 1978). Prior to enzymatic staining,
sections were warmed to room temperature and fixed in 4% paraformaldehyde in 0.1 M
sodium phosphate buffer pH 7.4. Staining was terminated after 15 minutes with distilled
water; sections were dehydrated with graded ethanol washes, cleared with xylene and cover-
slipped with Permount (Thermo Fisher Scientific, Waltham, MA). Sections were examined
for the presence of motor endplates. Sections adjacent to those exhibiting cholinesterase
staining were labeled for acetylcholine receptors by sequential incubation in 1:500 dilution
of biotin conjugated α-bungarotoxin (Invitrogen, Carlsbad, CA), avidin horseradish
peroxidase conjugate (Kirkegaard and Perry Laboratories, Gaithersburg, MD) and
NovaRed™ peroxidase substrate (Vector Laboratories, Burlingame, CA).

Tissue-Tek® OCT embedded TA and EDL muscles were also longitudinally sectioned at 20
μm with a cryostat and thaw mounted on gelatin-coated glass slides. To label the pre and
post-synaptic regions of the NMJs, sections were first stained for acetylcholine receptors as
above, except that the peroxidase substrate was Vector® Red (Vector Laboratories,
Burlingame, CA). Sections were then labeled with a 1:1000 dilution of mouse anti-
phosphorylated neurofilaments antibody cocktail SMI312; Abcam, Cambridge, MA) and a
1:500 dilution of Alexa Fluor® 488 labeled goat anti-mouse IgG (Invitrogen, Carlsbad, CA).
Sections were cover-slipped in ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA)
and stored at 4°C in the dark for laser scanning confocal microscopy.

Spinal cords were fixed by immersion in 10% neutral buffered formalin and the L5 ventral
roots and L5 segment were dissected. L5 spinal cord segments were paraffin embedded and
thirty-two 10 μm thick serial sections were stained with cresyl violet for cell body counts
and morphometric analysis. L5 ventral roots were embedded in Poly/Bed 812- Araldite,
thick sectioned and stained with toulidine blue for axon counts and morphometry.

Antibody characterization
The SMI-312 antibody (Table 1) used is a pan-neurofilament (NF) marker that detects
phophorylated NFs in axons of fetal and newborn humans (Sternberger and Sternberger,
1983; Ulfig et al., 1998; Haynes et al., 2005). It is a cocktail of mouse monoclonal
antibodies against heavily phosphorylated epitopes on NF-M and NF-H. On western blots of
cat spinal cord lysate, SMI-312 detected 200 and 160 kDa bands. Staining was eliminated by
incubation of the membranes in calf intestine alkaline phosphatase (New England Biolabs,
Ipswich, MA) prior to the blocking step.

Motor neuron and myelin sheath morphometry
All axons within a single, toulidine blue stained cross-section of L5 ventral roots were
counted with Neurolucida (MBF Bioscience, Williston, VT) and a Nikon FX-A microscope
(Tokyo, Japan) equipped with a 20x objective. Non-overlapping images of ventral root cross
sections were captured with a 40× objective. Diameters of two hundred and fifty axons,
excluding the myelin sheath, were measured from these images with Image-Pro Plus 5.1
(Media Cybernetics, Bethesda, MD). To prevent sampling bias, measurements began in the
upper left hand corner of the image and then proceeded axon by axon horizontally and then
vertically through the image until 250 axons were measured. Axon diameters were grouped
in 2 μm increments, and the percent of axons within each bin was determined.

Average myelin sheath thicknesses were also determined from the toluidine blue stained
ventral root images. Using Image-Pro Plus 5.1, two concentric circles were fitted to one
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hundred axons. The larger circle contained the axon and myelin sheath; and the smaller
circle contained only the axon. Subtraction of the smaller radius from the larger radius was
taken as the myelin sheath thickness.

All cresyl violet positive motor soma with a distinct nucleus and nucleolus at 10×
magnification were counted with Neurolucida in 16 alternate, 10 μm thick cross-sections of
L5 spinal cord. Raw counts were corrected for over-counting with Abercrombie's formula, P
= A(M/M+L) , where P is the corrected count, A is the raw count, M is section thickness and
L is the nucleolar diameter (Abercrombie, 1946). Only a single ventral horn was counted in
each section. Non-overlapping images of a single cross section were collected with a 10×
objective for cell body morphometrics. In five images the major and minor diameters of all
motor soma with distinct nucleoli were measured by fitting two circles to the soma, one that
was contained within the soma and one that surrounded the soma (Tatton et al., 1988), with
Image Pro 5.1. Major and minor diameters were averaged to obtain the average soma
diameter. The average diameters were grouped in 10 μm increments and the percent of cell
bodies within each bin was determined.

Confocal laser scanning microscopy
Stained longitudinal muscle sections were examined for fluorescence on an Olympus
Fluoview 1000 laser-scanning microscope (Center Valley, PA) equipped with a 40× oil
immersion objective NA=1.30. Autofluoresence of Vector® Red labeled acetylcholine
receptors (magenta) was excited at 542 nm, and emission was detected through a long pass
560 nm filter. Fluorescence of Alexa Fluor 488 labeled neurofilaments (green) was excited
at 488 nm, and emission was detected through a band pass 505-525 nm filter. Structural
integrity of NMJs was determined in magenta-green merged extended focus images that
were optimized for brightness and contrast with Fluoview v5 software. Junctions in which
magenta and green signals failed to overlay were scored as denervated.

Data analysis and figure generation
Averages, standard deviations (S.D.), two-tailed Student's t-test (α=0.05), X2 test and all
graphs were generated with Microsoft Excel® (Microsoft Corporation Redmond, WA).
Mann Whitney U tests were performed in SigmaStat v3.1 (Aspire Software International,
Ashburn, VA). Where numbers or diameters of axons or cell bodies are given, they were
determined on only one side of the animal, rather than both sides of the same individual.
Figures were created and sized in Microsoft PowerPoint® and then converted to TIFF
format in Adobe Photoshop® CS4 (San Jose, CA).

Results
Neurological and EMG examinations were performed at two week intervals between four
and 36 weeks of age in four affected (A) and three normal (N) kittens. Before the age of 10
weeks, affected and normal animals showed no statistical differences (Figure 2A, t-test
p>0.05). At 12 weeks of age, affected cats developed neurological signs (N=0.5 ± 0.5,
A=6.6 ± 1.7; t-test p<0.05); several fibrillation potentials and high-frequency discharges
appeared in the hind limb (Figure 2B) and forelimb muscles (data not shown), suggesting a
process of muscle denervation. Moreover, between 8 and 11 weeks, we detected a
significant decrease in CMAP amplitudes recorded in the soleus muscle (Figure 2C). NCVs
measured in the sciatic and the radial nerves appeared decreased at 16 weeks in the four
affected cats compared with three normal kittens (Figure 2D), but the difference did not
reach statistical significance.
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We examined muscle fiber morphology in quadriceps femoris muscle of two normal and
two affected cats aged 6, 8, 10, 12 and 21 weeks (Figure 3). We observed no noticeable
difference in fiber shape or size at 6 and 8 weeks of age (Figure 3A-D, Supplementary Table
1). At 10 weeks (Figure 3E and F), affected cats had smaller muscle fiber diameters than
age-matched controls (N=17.2 ± 3.8 μm and N=22.9 ± 4.3μ; A=11.6 ± 1.9 μm and 14.5 ±
2.6 μm). Small, angular fibers were more prevalent in affected cats at 12 weeks of age and
occasional centralized nuclei were observed. Groups of atrophic fibers and hypertrophied
muscle fibers were observed in affected cats at 21 weeks (Figure 3J). Fiber typing of TA and
EDL muscles (Figure 4A, B, C, D) at 12 weeks of age (n=2) revealed both slow twitch
(Type I) and fast twitch (Type 2) atrophic fibers. However, the majority of atrophic fibers in
the TA and EDL were fast twitch. In affected TA muscles, 12.7% and 17.6% of fast twitch
fibers were atrophied compared with the 3.3% and 5.6% of slow twitch fibers that were
atrophied. In affected EDL muscles, 23.1% and 30% of fast twitch fibers were atrophic,
whereas only 3.2% and 5.1% of slow twitch fibers were atrophic. Concordantly, we
observed few atrophic fibers in the soleus (Figure 4E and F), a slow twitch muscle, of
affected cats. These observations indicated that neurons innervating fast twitch muscle fibers
are primarily affected in feline SMA.

Neuromuscular junctions (NMJs) in the TA and EDL muscles of affected cats were
structurally intact at 10 weeks of age (Figure 5B and D), as compared to a control animal
(Figure 5A and C). We observed end-plate denervation at 12 weeks (Figure 5F and H). In
the TA muscle, 6 of 21 and 9 of 33 NMJs (28% mean denervation) were denervated in two
affected cats. Six of 18 and 9 of 36 NMJs (29% mean denervation) were denervated in EDL
muscles of the same affected cats. In the 12 week control animal, only 1 of 15 and none of
18 NMJs were denervated in TA and EDL muscle sections, respectively (Figure 5E and G).
No abnormal accumulations of neurofilament were identified in affected cats at either time-
point. Therefore, structural disruption of neuromuscular junctions coincided with the
presence of atrophic fibers.

To understand the progression of neurodegeneration in feline SMA, we assessed the total
number of axons in toluidine blue stained cross sections of L5 ventral roots from affected
cats and age-matched controls (Figure 6). At younger ages (3 days and 4.5 weeks) we did
not have enough cats to perform statistical tests, however the total number of L5 ventral root
axons was comparable in normal and affected cats (Figure 7A). At 6-7, 8-9 and 10 weeks of
age, there was no significant difference in L5 ventral root axon number in normal and
affected cats. Loss of L5 motor axons coincided with the onset of clinical signs at 12 weeks
(N=4544 ± 396, A=3647 ± 369; n=4, t-test p=0.03), and by 21 weeks of age, affected cats
had 40% fewer L5 motor axons than the controls (N=4575 ± 648, A=2734 ± 472; n=5, t-test
p=9×10-4). In contrast, L5 dorsal root axons of affected cats were never fewer than in
normal cats, even at 39 weeks of age (data not shown).

During axon counts we observed a lack of large caliber motor axons in affected cats
beginning at 8 weeks of age (Figure 6D). This finding is consistent with previous
morphometric analysis of a C5 ventral root in an affected adult cat (He et al., 2005). To
investigate this further, we measured axon diameter in 250 L5 ventral root axons in affected
and age-matched cats. At 3 days (Figure 7B) the distribution of axon diameters in affected
cats was comparable to normal controls. In both groups axons were less than 6 μm in
diameter and the overall distribution of axon calibers was unimodal. At 4.5 weeks the
overall axon caliber distribution remained unimodal in both normal and affected cats.
However, affected cats had a greater number of axons measuring 2 to 4 μm in diameter.
Normal cats had axons with diameters up to 10 μm, but no axons greater than 8 μm were
found in affected cats. Beginning at 6 weeks of age, normal cats began to develop the
characteristic bimodal distribution of ventral root motor axon diameters, but axons in
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affected cats maintained a unimodal distribution (Figure 7D). Affected cats had more 2 to 4
μm diameter axons and fewer 4 to 6 μm diameter axons than age matched controls (2 to 4
μm: N=20±0.6%, A=40±1.8%; 4 to 6 μm: N=42±4.6%, A=26± 4.2%; n=3 Mann Whitney
p=0.1). Eight week old affected cats had fewer axons with diameters measuring 6 μm and
greater (Figure 7E). However, these differences between normal and affected cats at 6 and 8
weeks failed to reach statistical significance by the Mann-Witney U test due to small sample
size (n=3). Small caliber axons (2 to 6 μm) were present in greater numbers in affected cats
at 8, 10 and 12 weeks. This disparity was even more pronounced at 12 and 21 weeks of age;
axons with calibers equal to or greater than 8 μm are significantly reduced in affected cats
(Figure 7F,G). Furthermore, axons greater than 16 μm in diameter were never observed in
21 week old affected cats. Overall, the axon caliber distribution in affected cats was
significantly different from normal animals at 6 ((X2=26.8, df=4, p<0.001), 8 (X2=130.1,
df=4, p<0.001), 12 (X2=277.4, df=7, p<0.001), and 21 weeks (X2=1859.2, df=8, p<0.001).

No nerve root myelin abnormalities were observed previously in adult affected cats assessed
by teased fiber preparation (He et al., 2005). Here, we observed no overt differences in
myelin sheath thickness in affected cats at any age examined (Figure 6). To further assess
myelin in feline SMA, we measured myelin thickness and axon caliber in the same 100
axons at 8-9, 10, 12 and 21 weeks (Figure 8). Even though a significant decrease in average
axon radius was detected at all ages (Figure 8A, t-test p≤0.02), there was no difference in
average myelin thickness (Figure 8B).

To determine whether the neurodegeneration in feline SMA precedes in an anterograde or
retrograde direction we counted the number of motor neuron cell bodies present in 16
alternate sections (10 μm thick) stained with cresyl etch violet in normal and affected cats
aged 8-9, 12 or 21 weeks (Figure 9A-H, representative micrographs). In the length of L5
cord that we examined there was no significant difference in the number of motor neuron
somas even at 21 weeks (Figure 9I). However, the presence of chromatolysis and acentric
nuclei in anterior horn cells beginning at 8-9 weeks (Figure 9G and H) provided evidence of
somal degeneration that may lead to a significant loss of cell body numbers later in the
disease progression. This observation of significant axonal loss (at 12 weeks) prior to cell
body loss indicated a mechanism of retrograde degeneration.

Morphometric analysis of L5 ventral horn somas also revealed a dearth of large cell bodies,
although this phenomenon occurred at a later age than the deficit in large axon diameters in
the ventral roots. At 8-9 weeks, affected cats had similar distributions of cell body diameters
as age matched controls (Figure 9J). As normal cats aged the percentage of cells greater than
40 μm in diameter increased from 8.1±2.6% at 8-9 weeks to 14.4±2.9% and 19.0±5.7% at
12 and 21 weeks, respectively (Figure 9K, L). In contrast, the percentage of cells greater
than 40 μm in affected cats decreased with age. This failure to increase somal size resulted
in a significantly lower percentage of cells with diameters greater than 40 μm in affected
cats aged 12 and 21 weeks (N=14.4±2.9%, A=3.9±3.1%; n=4, Mann-Whitney p<0.03 and
N=19.0±5.7%, A=4.5±1.4%; n=5, Mann-Whitney p<0.008). Thus at 12 and 21 weeks there
is as yet no difference in cell body number but the cell bodies present in affected cats are
smaller in diameter.

Discussion
We undertook a systematic examination of muscles, motor neuron axons and cell bodies to
identify the earliest pathological changes in feline SMA and to follow their progression.
Development proceeds normally in affected cats until ~6 weeks of age. At this age, ventral
root axons fail to undergo radial enlargement to transform from a unimodal distribution of
axon diameters to a bimodal distribution. Significant decreases in compound motor action
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potential (CMAP) amplitudes occur at 8 weeks, indicating functional denervation of
neuromuscular junctions although L5 root axon numbers remained unchanged and there was
no muscle fiber atrophy. The appearance of muscle atrophy coincided with clinical signs,
structural denervation of motor end-plates and a statistically significant loss of L5 ventral
root axons at 12 weeks of age. Axon loss progressed with age, as 40% of axons were lost by
21 weeks. Despite the significant reduction in ventral root axons, cell body numbers were
unaffected even at 21 weeks. As the defects in neuromuscular synaptic transmission occur
prior to axon degeneration and L5 cell body numbers are maintained even at 21 weeks, this
indicates a process of retrograde degeneration in feline SMA.

Feline SMA resembles the human disease and SMA mouse models in several aspects. Affect
cats demonstrate decreases in CMAP amplitudes beginning at 8 weeks of age. Significant
decreases in CMAP amplitudes, indicating motor unit loss, are observed in severe and mild
human SMA cases (Kugelberg and Welander, 1956; Buchthal and Olsen, 1970; Emery
1971). Despite a reduction in axon caliber, there was no significant decrease in peripheral
nerve conduction velocities in SMA affected cats even at 24 weeks of age. This is likely
explained by the contribution of sensory axons, which are unaffected in feline and human
SMA, to the overall NCV. NCVs are not typically affected in human SMA, although there
have been some reports of reduced NCVS in Type I SMA cases (Hausmanowa-Petrusewicz
and Fidzianska, 1974; Moosa and Dubowitz, 1976; Murayama et al., 1991).

Myofibrillar ATPase fiber typing of TA, EDL and soleus muscles from affected cats
demonstrated atrophic fibers of both types, but that a majority of atrophic fibers were fast
twitch with a corresponding hypertrophy of slow twitch fibers. In human SMA, both fiber
types are affected in severe SMA, but fast twitch fibers are predominantly atrophied in Type
III SMA. Hypertrophy of slow twitch fibers is also observed in human SMA (Walsh et al.,
1987; Munsat and Davies, 1992).

Fast twitch muscle fibers belong to larger motor units and are innervated by larger diameter
motor neurons than slow twitch fibers (Sato et al., 1977; Purves et al., 2001). Concordantly,
morphometric analysis of L5 ventral root axons demonstrated that motor neurons in affected
cats failed to develop a normal bimodal size distribution at 6 weeks. The decrease in large
caliber axons was echoed in L5 ventral horn somas at 12 weeks of age. Furthermore, motor
neurons exhibiting accentric nuclei and chromatolysis were observed. In all types of human
SMA, loss of large motor neurons is the most striking neuropathology. The remaining motor
neurons are often chromatolytic with accentric nuclei (Byers and Banker, 1961; Ghatak,
1978; Lippa and Smith, 1988; Crawford and Pardo, 1996; Araki et al., 2003; Kuru et al.,
2009). The selective vulnerability of large motor neurons has also been observed in SMA
mouse models of varying severity (Ferri et al., 2004; Monani et al., 2003). Similar to SMA
affected cats, SMA mouse models also display pathology at the neuromuscular junctions and
in motor axons before the cell bodies, supporting a mechanism of retrograde degeneration
(Cifuentes-Diaz et al., 2002; Ferri et al., 2004; Murray et al., 2008; Michaud et al., 2010).

Feline SMA is a naturally occurring large animal model of human SMA that replicates the
pathology and disease progression seen in human and engineered mouse models. Our study
supports a defect of axon radial growth as the earliest observed pathological change in feline
SMA. Two critical factors in axon diameter regulation are neurofilaments (NFs) and myelin.
NFs are intermediate filaments composed of three polypeptides, NF-L (light), NF-M
(medium), NF-H (heavy). They are the most abundant cytoskeleton component in neurons.
During development, increases in NF expression occur after synapse formation and are
concurrent with myelination and axon radial growth (Lee, 1996). Increases in NF expression
and transport are also seen after axon crush or transection (Hoffman et al., 1985, 1987). NF-
L is critical for neurofilament assembly and axon radial growth (Sakaguchi et al., 1993). The
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carboxyl termini of NF-M and NF-H form the side arms of NFs and are heavily
phosphorylated in axons. These negatively charged phosphate groups are hypothesized to
increase NF spacing and, therefore, axon caliber. Due to the larger number of KSP repeats in
NF-H, it was originally thought that the heavy subunit was more important for axon radial
growth. However, knockout of NF-H or deletion of its tail domain failed to disrupt radial
growth and resulted only in a mild decrease in motor axon number (Rao et al., 1998, 2002).
In contrast, deletion of the NF-M tail domain severely inhibited axon caliber expansion (Rao
et al., 2003; Garcia et al., 2003). The NF-M tail domain contains few KSP repeats; whose
position and number are not conserved and recent evidence suggests that these residues are
not required for axon radial growth (Garcia et al., 2009). Abnormal neurofilament
accumulation in motor neuron cell bodies and at motor endplates is a hallmark of human
SMA (Lippa and Smith, 1988; Murayama et al., 1991; Kuru et al., 2009). In mouse models,
the accumulation of neurofilaments at motor end plates is an early pathogenic change
(Cifuentes-Diaz et al., 2002; Michaud et al., 2010). We detected no accumulation of
neurofilaments at the motor end plates of 10 and 12 week old affected cats, suggesting that
neurofilaments disruption may not be involved in feline SMA pathogenesis.

Another key determinant in axon caliber is myelination. Unmyelinated axons have smaller
calibers than myelinated fibers. Furthermore, among myelinated axons, myelin thickness is
correlated with axon caliber, and the unmyelinated nodes of Ranvier are smaller in diameter
than contiguous myelinated axonal segments. Nodes of Ranvier also have reduced
neurofilament spacing and phosphorylation (Hsieh et al., 1994). Schwann cells are currently
thought to signal to axons via an unidentified receptor to increase cellular kinase activity and
neurofilament phosphorylation (Yin et al., 1998; Dashiell et al., 2002). We have excluded
demyelination as an explanation of reduced axon caliber in feline SMA, but more work is
required to determine expression and phosphorylation levels of neurofilaments in SMA
affected cat axons and whether LIX1, the putative disease gene, has a direct role in this or
the signaling between Schwann cells and motor neurons.

To the best of our knowledge this is the most intensive, longitudinal study of disease
pathogenesis in a SMA animal model. Despite the different genetic basis for the diseases,
feline SMA replicates most of the features of human SMA. Thus the knowledge gained from
understading feline SMA pathogenesis may lead to insights in human SMA. Furthermore,
this animal model provides a large animal system to the research community to identify the
most effective delivery methods of gene therapy vectors to the central nervous system and to
test neuro-protective compounds for safety and efficacy in treating SMA and other motor
neuron diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photographs of a normal (A) and an affected cat (B) aged 20 weeks. Typical feline SMA
signs include curvature of the spine, lateral deviation of the front paws, increased width of
the hind-limb support polygon, hind-limb muscle atrophy and touching of the tarsal joints.
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Figure 2.
Evolution of (A) neurological signs and (B) electromyographic (EMG) abnormalities, scored
according to severity, in 3 normal cats (solid symbols) and 4 affected (open symbols) from 4
to 36 weeks of age. (C) Compound muscle action potentials (CMAP) measured in soleus
muscle after a stimulation of the sciatic nerve. (asterisks indicate statistical significance at
p<0.05), and (D) nerve conduction velocities (NCV) of the sciatic nerve in normal (solid
bars) and affected (open bars) cats.
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Figure 3.
Photomicrographs of H&E stained cross sections of quadriceps muscle. B, D, F, H and J are
representative images from affected cats. A, C, E, G and I are from age matched controls.
Cats were aged 6 wks (A, B), 8 wks (C, D), 10 wks (E, F), 12 wks (G, H) or 21 wks (I, J)
when euthanized. Bars = 20 μm.
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Figure 4.
Photomicrographs of fiber-typed hind limb muscles. TA (A, B), EDL (C, D) and soleus (E,
F) from 12 week old SMA affected (B,D F) and control (A,B,C) cats were fiber typed by
myofibrillar ATPase reaction at pH 4.6. At this pH, type I (slow twitch) fibers are lightly
stained. Both type I and type II (fast twitch) atrophic fibers were observed in affected cats,
although the majority of atrophic fibers were Type II. Bars = 20 μm.
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Figure 5.
Extended focus images of TA and EDL neuromuscular junctions by confocal laser scanning
microscopy. Acetylcholine receptors are labeled in magenta and neurofilaments are labeled
in green. B,D,F and H are representative images from SMA affected TA (B and F) and EDL
(D and H) sections at 10 (B and D) and 12 weeks (F and H). A,C,E and G are representative
images from age and tissue matched controls. A) 35 optical sections representing a thickness
of 10.5 μm. B) 60 optical sections representing a thickness of 18 μm. C) 71 optical sections
representing a thickness of 14.2 μm. D) 61 optical sections representing a thickness of 18.3
μm. E) 68 optical sections representing a thickness of 20 μm. F) 65 optical sections
representing a thickness of 19.5 μm. G) 76 optical sections representing a thickness of 15.2
μm. H) 91 optical sections representing a thickness of 18.2 μm. Bar = 50 μm.
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Figure 6.
L5 toulidine blue stained ventral roots. Panels A-H are representative images of normal (A,
C, E, and G) and affected cat (B, D, F, and H) ventral roots at 4.5 weeks (A and B), 8-9
weeks (C and D), 12 weeks (E and F) and 21 weeks (G and H). Bar = 20 μm.
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Figure 7.
L5 motor neuron axons counts and morphometrics. A) Total number of myelinated axons in
L5 ventral root in normal (shaded) and affected (un-shaded) cats. A single asterisk denotes
statistical significance by Student's t-test (p<0.03, n=3 except at 21 weeks, where n=5).
Three asterisks denote statistical significance by Student's t-test (p<0.001). L5 ventral roots
axon morphometrics at 3 days (B), 4.5 weeks (C), 6 weeks (D), 8-9 weeks (E) 12 weeks, (F),
and 21 weeks, (G), of normal (shaded) and affected cats (un-shaded). In B, and D, n=2. At
all other time points, n was greater than or equal to 3, and thus averages ± S.D. were
graphed. A single asterisk denotes statistical significance by Mann Whitney U test (p<0.03,
n=4 at 12 weeks and at 21 weeks, where n=5).
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Figure 8.
Average axon radius and myelin thickness. A) Average L5 ventral root axon radius as
measured in 100 axons from normal (shaded) and affected (un-shaded) cats. B) Average
myelin sheath thickness measured in the same 100 axons (n=3 except at 21 weeks where
n=5). Asterisks indicate statistical significance by Student's t-test (p≤0.02).
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Figure 9.
Cresyl violet stained L5 spinal cord and soma counts and morphometrics. Photomicrographs
of L5 anterior horns from normal cats aged 8 wks (A) 12 wks (C) and 21 wks (E) and from
age matched affected cats B, D, and F, respectively. Bars=200 μm. G (normal cat, 8 weeks)
and H (affected cat, 8 weeks) photomicrographs were taken at a higher magnification (bar =
100 mm) to demonstrate the presence of chromalytic cells (asterisk) and acentric nuclei
(arrow) in affected cats. I) Number of motor neuron somas counted in 160 mm of cresyl
violet stained L5 spinal cord. Average ± S.D shown. Cell body morphometrics at 8-9 wks
(J), 12 wks (K) and 21 wks (L). Averages ± S.D. for normal (shaded) and affected cats (un-
shaded) are shown. Asterisks indicate statistical significance by Mann-Whitney U test with
p≤0.03.

Wakeling et al. Page 22

J Comp Neurol. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wakeling et al. Page 23

Table 1

Primary Antibody

Antigen Immunogen Manufacturer, species, type, cat. no. Dilution

Phosphorylated heavy and medium
neurofilament proteins [SMI-312]

Homogenized Fisher 344 rat
hypothalamus

Abcam (Cambridge, MA), mouse monoclonal cocktail,
no. ab24574, lot 616423

1:1,000
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