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Abstract

ATP7A is a copper transporting P-type ATPase that is essential for cellular copper homeostasis.
Loss-of-function mutations in the ATP7A gene result in Menkes disease, a fatal neurodegenerative
disorder resulting in seizures, hypotonia, and failure to thrive due to systemic copper deficiency.
Most recently, rare missense mutations in ATP7A that do not impact systemic copper homeostasis
have been shown to cause X-linked Spinal Muscular Atrophy type 3 (SMAX3), a distal hereditary
motor neuropathy. An understanding of the mechanistic and pathophysiological basis of SMAX3
is currently lacking, in part because the disease-causing mutations have been shown to confer both
loss- and gain-of-function properties to ATP7A, and because there is currently no animal model of
the disease. In this study, the Atp7a gene was specifically deleted in the motor neurons of mice
resulting in a degenerative phenotype consistent with the clinical features in affected patients with
SMAX3, including the progressive deterioration of gait, age-dependent muscle atrophy,
denervation of neuromuscular junctions, and a loss of motor neuron cell bodies. Taken together
these data reveal autonomous requirements for ATP7A that reveal essential roles for copper in the
maintenance and function of the motor neuron, and suggest that SMAX3 is caused by a loss of
ATPTA function that specifically impacts in the spinal motor neuron.
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Introduction

ATPTA is a copper transporting P-type ATPase that plays a critical role in cellular copper
homeostasis. This protein is localized within membranes of the late secretory pathway of
multiple cell types where it functions to provide copper to specific proteins in this
compartment and to export copper across the plasma membrane, a process that is dependent
upon ATPTA trafficking [1]. Loss-of-function mutations in ATP7A result in Menkes disease
and a milder allelic variant, Occipital Horn Syndrome. The symptoms of these disorders
result from decreased activity of specific copper-dependent enzymes, due to systemic copper
deficiency that arises from impaired copper export from the intestinal enterocytes into the
plasma [2, 3]. Recently, two unique missense mutations in the ATP7A gene, P1386S and
T9941, were reported in males from unrelated families with the distal hereditary motor
neuropathy, X-linked distal spinal muscular atrophy type 3 (SMAX3; OMIM 300489) [4].
Affected individuals presented with foot deformity (pes cavus) and gait instability, which
progressed to distal lower limb weakness and atrophy. The absence of overt signs and
symptoms of systemic copper deficiency in these patients [4], suggests that the mechanisms
underlying SMAX3 are distinct from those of Menkes disease.

Complementation studies using a yeast mutant lacking the ATP7A orthologue, ccc2, reveal
that the P1386S and T9941 mutations reduce copper transport by approximately 20%. [4].
While these findings suggest a model in which SMAX3 is caused by a loss of ATP7A
function, still other studies suggest that these mutations cause motor neuropathy through a
gain of function mechanism [5]. Both mutations result in a partial mislocalization of ATP7A
to the plasma membrane in a transfected motor neuron cell line, and in the case of T994l,
this is associated with an abnormal interaction with p97/\VVCP, an intracellular protein
mutated in certain motor neuron diseases [5]. To distinguish between these gain-of-function
and loss-of-function models for SMAX3, we generated Atp7a™NY mice in which the Atp7a
gene was specifically deleted within the motor neuron, thus producing a true loss of function
allele within this cell type. Affected mice exhibited a degenerative motor neuropathy
consisting of the progressive onset of gait defects, muscle atrophy, denervation of
neuromuscular junctions and a loss of motor neuron cell bodies. These findings reveal
autonomous requirements for ATP7A and copper homeostasis in the function and survival
of the motor neuron, and support a model in which SMAX3 is caused by loss of ATP7A
function that specifically impacts this cell type.

Materials and Methods

Animals

All animal procedures were reviewed and approved by the Institutional Animal Care and
Usage Committee of the University of Missouri. All mice were on the C57BL6 strain
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background. Mice were housed in vented cages with 12 hour light-dark cycle and food and
water was provided ad libitum. A standard Picolab diet 5058 (17 ppm Cu) was used in this
study (PMI International, St. Louis, MO, USA). All behavioral tests were performed after 1
p.m. during the light phase of the light/dark cycle in a semi-blinded fashion, with the
observer blind to genotype.

Generation of the Atp7aMN/Y mice

Floxed mice were generated as previously described [6, 7]. Atp7aMN'Y mice were generated
by crossing Atp7Af/* and Atp7 A/l females with Mnx1tM4(Cr€)Tmizj mice (Jackson
Laboratory). Atp7Afl/* littermates lacking Cre were used as WT controls. Tail biopsies from
offspring were genotyped using PCR primers P1 (5’-
GACAATACTACACTGACCATATTCA-3’) and P2 (5’-
GTTCCACAGAAACTATATGCCTGGG-3). Detection of the Cre transgene was achieved
using primers CreF (5’- GATCGCTGCCAGGATATACG-3’) and CreR (5’-AATCGC
CATCTTCCAGCAG-3’).

Immunoblot analysis

Tissue samples and embryos were homogenized in ice-cold phosphate buffered saline (PBS)
at pH 7.4, and protein lysates were prepared by sonicating cell pellets in lysis buffer
containing 2.5 mM Tris—=HCI (pH 7.4), 2% sodium dodecyl sulfate, 1%Triton X-100, 1 mM
EDTA and Complete ™ protease inhibitor (Roche Molecular Biochemicals, Indianapolis,
IN, USA). Protein lysates were fractionated by 7.5% SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were blocked with 1% casein solution and
incubated in blocking buffer at 4 °C overnight with rabbit anti-Atp7a antibody (1:4000
dilution) [6, 7], or rabbit anti-tubulin antibody (1:4000) (Sigma, St. Louis, MO, USA).
Horseradish peroxidase conjugated goat anti-rabbit 1gG (1:4000; Sigma) was used as a
secondary antibody, and blots were developed using the SuperSignal West Pico Substrate
according to the manufacturer’s instructions (Pierce, Rockford, IL, USA).

Rotarod analyses

Mice underwent training over three consecutive days on an IITC Life Science Rotarod
Treadmill (Woodland Hills, CA, USA) with an increasing ramp speed from 2.5 rpm to 25
rpm in 180 s. On the fourth day, latency to fall (or until the mouse clasped onto the rod and
began rotating with it) was recorded three times per mouse with the longest duration used to
generate mean scores for each age group and genotype.

Grip strength analyses

Grip strength was simultaneously measured across four paws using the Grip Strength Test
apparatus (Bioseb, Paris, France). Resistance was measured in grams and normalized to
body weight. Four tests were recorded for each mouse with the maximum value used to
generate mean scores for each age group and genotype.
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Gait analysis

Gait was assessed by using the Catwalk XT Gait Analysis system (Noldus Information
Technology, Asheville, NC). Mice were allowed to freely ambulate along an illuminated
glass plate within a confined corridor and footprints were recorded with a high-speed
camera. Three compliant (time constrained) trials were analyzed per animal, averaged and
the mean of the average calculated per genotype.

Thermal hyperalgesia

Thermal hyperalgesia was tested using a Hargreave's Plantar Test (UCSD, San Diego, CA)
as previously described [8]. Thermal stimulus from a focused projection bulb was directed
underneath a hind paw, and latency to remove or lick paw was recorded and converted to a
corresponding temperature. In all cases, a maximum of 20 s was used to avoid injury. Four
measurements were taken per hind paw and averaged.

Mechanical algesia

Mechanical algesia was measured with a Dynamic Plantar Aesthesiometer (DPA) model #
37450 (Ugo Basile, Italy). Mice were set on a wire-mesh platform and a metal filament was
pushed against the hind paws with a linear ascending force (10 g/s) until a strong, immediate
withdrawal occurred. Measurements were recorded in triplicate and averages were reported
as paw withdrawal thresholds in grams.

Tissue preparation, immunofluorescence and muscle analysis

Anaesthetized mice were transcardially perfused with 4% paraformaldehyde. Tissues were
removed, post-fixed for 16 hours in 4% paraformaldehyde at 4 °C. For immunofluorescence
microscopy tissues were cryoprotected in 20% sucrose overnight, prior to sectioning on a
cryostat at 25 um thickness for gastrocnemius muscle, and 10 pm thickness for spinal cord.
Prepared cryosections were incubated in ice-cold acetone for 5 min, washed several times
with PBST and blocked for 2 hours in 1% casein solution in PBS. Sections were then
incubated with rabbit anti-Atp7a antibody (1:3000) and SMI-32 antibody (1:1000)
(Covance, Princeton, NJ), or SMI-31 antibody (1:500) (Covance, Princeton, NJ), and Alexa
594-conjugated a-bungarotoxin (1:2000) (Life Technologies, Carlshad, CA) overnight at 4
°C washed three times with PBS and incubated for 1 hour at room temperature with
appropriate secondary Alexa 488- or Alexa 594 antibodies (1:4000) (Life Technologies).
Complete co-localization of a-bungarotoxin with neurofilament markers was considered
muscular innervation, and a-bungarotoxin staining alone represents a denervated junction. A
total of 100 neuromuscular junctions were analyzed per animal, with four animals analyzed
per genotype. For tissue histology, postfixed tissues were cryopreserved in 20% sucrose
overnight, embedded in paraffin and 4 um sections were stained with hematoxylin and eosin.
For motor neuron counts, lumbar spinal cords were cryopreserved and 10 um cross-sections
and every 12th section was stained with 1% Cresyl Violet over four sections from four
different mice per genotype. Images were analyzed using ImageJ software to count motor
neuron cell bodies larger than 100 pm2. Cell counts were made within an area demarcated
by a horizontal line drawn through the central canal and encompassing the ventral horn. For
g-ratio counts, fixed sciatic nerves were dissected, and semi-thin sections (0.5-1 pm) were
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stained with 1% toluidine blue. G-ratios were calculated using ImageJ software. Averages
were calculated for 100 nerves per section, and three sections per mouse and three mice per
genotype. For staining using copper sensor 3 (CS3), fixed spinal cord cryosections (10pum)
were incubated with 4 pM CS3 for 10 minutes at room temperature, and washed three times
in PBS before mounting and imaging [9, 10].

Enzyme assays

Haemoglobin concentrations were determined spectrophotometrically as
metcyanohaemoglobin [11], and serum ceruloplasmin activity was measured by the
oxidation of O-dianisidine as previously described [12].

Inductively coupled plasma mass spectrometry (ICP MS)

Lumbar spinal cords were dissolved in 70 % nitric acid overnight at room temperature and
then at 75°C for 2 h. Metal levels were measured by inductively coupled plasma mass
spectrometry (ICP-MS). The instrument (Agilent 7500cx coupled to a SC-DX4 autosampler
from Elemental Scientific Inc) was operated in collision/reaction mode (He 3.5 ml/min, H2
1.5 ml/min) with 50ppb Ga as an internal standard. VValues were acquired in triplicate for
each sample and the results were normalized to tissue wet weight.

Statistical analyses

Analyses were performed using PRISM (GraphPad Software Inc.) to calculate Student’s t-
test, or two-way ANOVA with Bonferonni post-test. P values were considered to be
significant when less than 0.05.

RESULTS

Motor neuron-specific deletion of Atp7a

To evaluate the requirement for ATP7A in the motor neuron, we used the well-characterized
Hb9-Cre transgenic mice to selectively delete the Atp7a gene within the motor neurons [13].
The Hb9 gene is expressed in spinal cord somatic and visceral motor neurons beginning at
embryonic day 9.5 [13-15]. Hb9-Cre males were crossed with females that were
heterozygous for the floxed Atp7aallele [6, 7]. The resulting male progeny that inherited
both the floxed allele and the Cre transgene, hereafter called Atp7aMN'Y mice, were born at
the expected Mendelian frequency, and at birth were indistinguishable from littermate
controls. Immunoblot analysis revealed a marked reduction in the levels of ATP7A protein
in lysates derived from the lumbar region of the spinal cord of Atp7aMN'Y mice at age P21
compared to age-matched wild type mice, but not in a range of other tissues including liver,
muscle, kidney, spleen, and intestine (Figure 1A). In wild type mice, immunofluorescence
analysis of cryosections derived from the lumbar region of the spinal cord revealed robust
staining of the ATP7A protein in the perinuclear region of cells positive for the motor
neuron neurofilament marker protein, SMI-32 (Figure 1B). In contrast, ATP7A was
essentially undetectable with this method in SMI-32 positive motor neurons of the
Atp7aMN'Y mice (Figure 1B).
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No differences in copper concentration were observed in the lumbar region of the spinal
cords of mutant and wild type animals at 2 months of age (Figure 1C). However, by 6- and
12 months of age, copper concentrations were significantly decreased in the lumbar spinal
cords from the Atp7aMN'Y mice compared to wild type animals (Figure 1C). Given the role
of ATP7A in copper export, the finding that copper concentrations were decreased in spinal
cords of aged Atp7aMN'Y mice was unexpected. Therefore, additional studies were
undertaken to detect copper in fixed spinal sections of 4- and 8-month old mice using the
fluorescent copper sensor, CS3 [9, 10]. Although CS3 produced significant general staining
throughout the spinal sections, the motor neuron cell bodies of 8-month old Atp7aMN'Y mice
exhibited an intense perinuclear staining that was absent in WT mice, consistent with
hyperaccumulation of copper (Figure 1D). Total iron concentration in the lumbar spinal cord
did not differ between WT and Atp7aMN'Y mice at any age tested (Supplemental Figure 1A).
Parameters of systemic copper status were found to be normal in the Atp7aMN'Y mice
including total copper concentrations in the liver and brain, serum ceruloplasmin activity
and blood haemoglobin (Supplemental Figure 1B-E). Iron concentrations were also normal
in the liver and brain of the Atp7aMN'Y mice (Supplemental Figure 1F and 1G). Taken
together, these data suggest that deletion of ATP7A in the motor neuron results in an age-
dependent increase in copper content of the motor neuron, which is accompanied by an
overall reduction in copper concentration in the spinal cord.

Atp7aMN/Y mice exhibit progressive muscle atrophy

The size and total body weight were identical in Atp7aMN'Y mice and age-matched control
animals over the course of one year (Figure 2A). However by 12 months of age the
Atp7aMN'Y mice showed a decrease in muscle mass as determined by the weight of the
gastrocnemius muscle (Figure 2B). This decrease was not apparent in these animals at 6
months of age, suggesting that muscle loss was a progressive late-onset phenotype. In
contrast, gonadal fat content was elevated in the Atp7aMN'Y mice at 12 months of age
(Figure 2C), suggesting that these tissue specific changes account for the normal body
weight in these animals. While no differences in muscle histology were observed between
Atp7aMN'Y mice and control animals at 6 months of age, by 12 months the gastrocnemius
muscle from the Atp7aMN'Y mice exhibited a loss of muscle bundles and the presence of
inclusion bodies (Figure 2D and 2E).

Atp7aMNY mice exhibit progressive degeneration of motor function without sensory loss

An initial test of motor function was performed by assessing the splaying hind limb posture
upon tail suspension. Whereas this response was normal in the Atp7a¥NY mice at 2 months
of age, by 6 months of age these animals exhibited abnormal clasping of the legs and digits
upon tail suspension (Figure 3A). Grip strength, measured simultaneously across all four
limbs, was found to be significantly reduced in the Atp7aMN'Y mice by 6 months of age
compared to wild type mice (Figure 3B). Similarly, rotarod analyses revealed a significantly
shorter latency to fall for the Atp7a™NY mice relative to controls by 6 months (Figure 3C).
Analysis of freely ambulating mice demonstrated that while gaiting parameters were normal
in Atp7aMN/Y mice at 2- and 4 months of age, by 8 months of age, the Atp7aMN'¥ mice
exhibited significant reductions in the percentage of overlapping footfalls (Figure 4A and
4B). By 6 months of age the frequency of diagonal contacts in freely ambulating Atp7aMNY
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mice was significantly lower than wild type animals, and accompanied by compensatory
increases in triagonal contacts (Figure 4C and 4D). Consistent with the concept that these
defects are specific to the motor neuron, no differences were detected between Atp7aMNY
and wild type mice at 6 and 12 months of age in response to either thermal or mechanical
stimulation (Supplemental Figure 2).

Atp7aMN/Y mice exhibit loss of motor neuron cell bodies and denervation of the
neuromuscular junctions

To examine the neuromuscular pathology associated with these phenotypes, spinal cords
were sectioned and stained with Cresyl Violet, and the motor neuron cell bodies in the
ventral horn were enumerated. As shown in Figure 5, by 12 months of age the Atp7aMN'Y
mice possessed fewer motor neurons compared to age-matched wild type mice (Figure 5A)
Representative images from sections derived from 12-month-old mice are shown in
Supplementary Figure 3A. To examine the role of demyelination in the observed
phenotypes, semi-thin sciatic nerve sections were prepared and bright field microscopy was
used to calculate the motor neuron g-ratios, defined as the ratio of the inner axonal diameter
to the outer total diameter. No differences in g-ratio (or axonal numbers) were found
between wild type and Atp7aMNY mice at 6, 8 and 12 months of age (Figure 5B), indicating
that motor dysfunction at these ages is not attributable to alterations in axonal diameter or
myelin thickness. Representative images from these sections derived from 12-month-old
mice are shown in Supplementary Figure 3B. In contrast, symptomatic Atp7aMNY mice
exhibited a significant decrease in the percentage of innervated neuromuscular junctions
relative to wild type mice at 6 and 8 months of age, and this was further decreased by 12
months (Figure 5C and Supplementary Figure 3C). Taken together, these data support the
concept that loss-of-function of Atp7a in the motor neuron results in an age dependent motor
neuropathy resulting from aberrant copper homeostasis.

Discussion

The results of this study demonstrate that loss-of-function of ATP7A within the lower motor
neurons of mice results in the progressive onset of gait defects, loss of limb strength, muscle
wasting, and histopathological changes that collectively phenocopy human SMAX3 (Figure
6) [4]. The observation that denervation of the neuromuscular junctions in Atp7aMN'Y mice
precedes the loss of motor neuron cell bodies is characteristic of a “dying back”
phenomenon in which degeneration begins in the distal portions of axons and retreats
towards the motor neuron cell body (Figure 6). In addition, the normal g-ratio in affected
animals indicates a lack of myelin pathology, which is consistent with the finding of normal
conduction velocities in affected patients. The delayed onset of these neuromuscular
phenotypes recapitulates the disease progression observed in patients, which typically
appears in the third decade of life [3]. The reason for the accompanying increase in gonadal
fat is not clear, however, as this phenotype was restricted to symptomatic animals it may
reflect reduced energy expenditure as the motor deficits became more pronounced. Taken
together, the findings indicate that despite any evidence of systemic abnormalities in copper
homeostasis, these neurologic symptoms are associated with motor neuron accumulation of
copper and progressive decrease in the copper content of the lumbar spine. It is currently
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unclear why loss of ATP7A in the motor neuron resulted in lower spinal copper levels. It is
possible that chronic copper overload in the motor neuron may trigger regulatory
mechanisms that limit copper levels in the spinal cord. Alternatively, these changes in spinal
copper may arise from motor neuron loss or other pathological sequelae. Further exploration
of localized copper levels within the motor neuron and surrounding cells using more
quantitative approaches such as X-ray fluorescence microscopy will shed light on this
phenomenon.

The phenotypic similarity between Atp7aMN'Y mice with human SMAX3 suggests that the
two unique ATP7A gene missense mutations identified in SMAX3 patients cause motor
neuropathy via a loss of function mechanism. Previous studies have shown that the missense
mutations identified in affected patients reduce copper transport function by approximately
20-24%, however the mechanism by which the motor neuron is specifically affected is
unknown [4]. While such a reduction in ATP7A activity would appear to have little impact
on copper transport across the intestinal epithelium, as evidenced by the absence of systemic
copper deficiency in these patients [4], even a partial reduction in ATP7A activity may
preferentially disrupt copper homeostasis in specific tissues, that over time impacts a
vulnerability in the motor neuron. Glutamate is known to stimulate ATP7A-dependent
release of copper from hippocampal neurons as a feedback mechanism to suppress calcium
influx and downstream signaling [16, 17]. ATP7A may serve in a similar capacity to
regulate cholinergic or glutamatergic signaling in motor neurons [18-20]. Alternatively, it is
possible that these two mutations result in an impaired function of ATP7A only within the
motor neuron as a result of unique protein interactions that inactivate ATP7A [5]. In either
case, the data reported here clearly indicate that the loss of ATP7A function is an essential
component of disease pathogenesis.

Distal hereditary motor neuropathies comprise a clinically heterogeneous group of disorders
with diverse genetic etiologies (4), and despite recent progress in their genetic
characterization, the underlying disease mechanisms remain obscure. The striking
phenotypic similarity between Atp7aMN'Y mice and human SMAX3 patients suggests that
this disorder is caused by partial loss of ATP7A activity that preferential impacts the motor
neuron. The Atp7aMN'Y mice will provide a useful animal model to elucidate the specific
requirement for copper in this form of distal hereditary motor neuropathy, as well as the
effect of high and low dietary copper intake on disease pathogenesis, which may allow for
the development of novel therapeutic approaches in affected patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Motor neuron-specific knockout of Atp7a
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(A) Tissue-specificity of Atp7a knockout. Immunaoblot analysis reveals a lack of ATP7A
protein in lumbar spinal cord lysates derived from the Atp7aMN'Y mice (MN) relative to wild
type littermate controls (WT) at age P21. Tubulin is detected as a loading control. Other
tissues derived from the Atp7aMN'Y mice including liver, muscle, spleen, kidney, and
intestine show no reduction in ATP7A protein. (B) Immunofluorescence microscopy of
lumbar spinal sections was used to detect ATP7A protein (green) within SMI-32 positive
motor neuron cell bodies (red). Note the lack of ATP7A in SMI-32 positive motor neurons
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of Atp7aMN'Y mice. (C) Lumbar spine copper concentrations were decreased at both 6- and
12- months of age in Atp7aMNY mice as compared to control mice (mean +/- S.E.M., n = 4
mice per genotype; Student’s t-test, *p<0.05). (D) Copper accumulation within the motor
neurons of aged Atp7aMNY mice. Lumbar spinal sections from 4- and 8-month-old mice
were stained with the copper sensor CS3. Note the increased CS3 staining in localized
perinuclear compartments within motor neuron cell bodies of MN mice at 8 months of age
compared to WT controls (arrowheads), but no such difference was apparent at 4 months.
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Figure 2. Atp7a"’I N/Y mice exhibit progressive muscle atrophy

(A). Growth analysis of Atp7aMN'Y mice. No difference in total weight was found between
Atp7aMN'Y mice (MN) and WT controls over a one-year time course (n=12 per genotype;
mean +/- S.E.M.). (B) Gastrocnemius muscle weight of Atp7aMN'Y mice was decreased in
comparison to WT controls at 12 months of age, but not at 6- or 8 months (n=5 per
genotype; mean +/— S.E.M., Student’s t-test,*p<0.05, **p<0.01). (C) Gonadal fat pad
weight as a proportion of body weight was increased in Atp7aMN'Y mice at 12 months of

age, but not at 6- or 8 months (n=5 per genotype; mean +/— S.E.M., Student’s t-test,
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*p<0.05, **p<0.01). (D) Age-dependent muscle pathology in the Atp7aMN/Y mice.
Haemotoxylin and eosin stain of gastrocnemius muscle shows increased muscle clearance in
Atp7aMN'Y mice compared to WT mice at 12 months of age, but not at 6 months of age. (E)
A 60x magnification reveals inclusion bodies (arrowheads) in 12-month-old Atp7aMN/Y
mice, but not in control mice. Scale bar, 50um.
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Figure 3. Atp7aMN'Y mice exhibit progressive motor abnormalities
(A) Abnormal hind limb posture in Atp7aMN'Y mice upon tail suspension. The reflexive

splaying of the hind limbs and digits in response to elevation by the tail was absent in the
Atp7aMNY mice by 6 months of age, but not at 2 months. (B) Grip strength across all four
limbs was decreased in the Atp7aMN'Y mice compared to WT controls between 4- and 6
months of age, with no significant differences at 2 months (n=6 per genotype; mean +/-
S.E.M,, 2 way ANOVA with post Bonferonni, *p<0.05). (C) Rotarod analysis shows that
latency to fall was decreased in Atp7aMN'Y mice by 6 months of age in comparison to WT
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controls. No significant differences were detected in animals at 2- and 4 months of age
(n=10 per genotype; mean +/- S.E.M., 2 way ANOVA with post Bonferonni, *p<0.05,
**%p<0.001).
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Figure 4. Age-dependent gait abnormalitiesin the Atp?a'vI N/Y mice
(A) Representative footfall tracings of freely ambulating wild type and Atp7aMN'Y mice at 2-

and 8- months of age revealing a high degree of non-overlapping footfalls in the 8 month-
old Atp7aMNY mice. (LF, left front; LH, left hind; RF, right front; RH, right hind). (B)
Quantification of overlapping footfalls for wild type and Atp7aMN'Y mice at 8 months of age
(n = 6 per genotype; mean +/— S.E.M., Student’s t-test, **p<0.01). (C and D) Analysis of
simultaneous diagonal- and triagonal support in ambulating mice. By 6 months of age
Atp7aMNY mice exhibited a decrease in diagonal support (simultaneous diagonal contacts)
and a concomitant increase in triagonal supports (n=15 per genotype; mean +/- S.E.M., 2-
way ANOVA with post Bonferonni, ***p<0.001).
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Figure5. Atp7a’v”\‘/Y mice exhibit age-dependent loss of motor neuron cell bodies and
denervation of the neuromuscular junction
(A) Motor neuron counts in the ventral horn of Cresyl violet-stained lumbar spinal sections.

Atp7aMNY mice exhibited fewer motor neurons at 12 months of age compared to age-
matched control mice, however, no significant differences were found in younger animals
(mean +/- S.E.M., Student’s t-test, n = 3 or 4 mice per genotype; *p<0.05, **p<0.01). (B)
Quantification of the motor neuron g-ratio in wild type and Atp7aMN'Y mice. The average
ratio of the inner axonal diameter to the outer total diameter was calculated from semi-thin
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sciatic nerve sections stained with toluidine blue. No differences in g-ratios were found
between wild type and Atp7aMN'Y mice at all ages tested (n = 3 mice per genotype, 300
axons per animal). (C) Neuromuscular junction innervation. The gastrocnemius muscle was
sectioned and immunofluorescence analysis of innervation scored by determining
overlapping signal of SMI-31 (nerve) with a-bungarotoxin (muscle junction). Atp7aMN'Y
mice exhibited a decrease in the percentage of innervated junctions compared to control
mice at 6-, 8- and 12 months of age, but not at 4 months of age (mean +/- S.E.XM.,n=3 or 4
mice per genotype, mean of 100 neuromuscular junctions per mouse; Student’s t-test,
*p<0.05; **p<0.01).
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Figure 6. Schematic model for SMAX3-like pathology in Atp7aMN/Y mice
Predicted roles of ATP7A are shown including copper transport into the secretory pathway

to metallate copper dependent enzymes and copper export. The lower panel depicts the
consequences of motor neuron loss of ATP7A function exhibited by Atp7aMN'Y mice
including copper hyperaccumulation, muscle atrophy, loss of muscle innervation (dying
back) and loss of motor neuron cell bodies. The resemblance of these phenotypes with
human SMAX3 suggests a model in which ‘dying back’ axonopathy and muscle atrophy in
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human patients is caused by partial loss of ATP7A function caused by T994l and P1386S
mutations that specifically impact motor neuron function.
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