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Endogenous Cu in the central nervous system fails
to satiate the elevated requirement for Cu in a
mutant SOD1 mouse model of ALS

J. B. Hilton,® A. R. White®® and P. J. Crouch*?°

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron disease, a fatal degenerative
disorder in which motor neurons in the central nervous system (CNS) progressively deteriorate. Most cases
of ALS are sporadic, but 10% are familial and mutations affecting the copper (Cu)-dependent antioxidant
Cu/Zn-superoxide dismutase (SOD1) are the most common familial cause. Cu malfunction is evident in
CNS tissue from transgenic mice that over-express mutant SOD1 and modulating Cu bioavailability in the
CNS provides positive therapeutic outcomes. In the present study we assessed levels of Cu and Zn,
SOD activity, and SOD1 protein levels in CNS and non-CNS tissue from transgenic mutant SOD1 mice
(SOD1%%7R) and non-transgenic controls. Physiological SOD1 binds one structural Zn and one catalytic
Cu per subunit. Due to over-expression of the transgene, SOD activity and SOD1 protein levels are elevated
in all tissues examined from the SOD1%*"R mice and a commensurate increase in Zn is evident. There is
a comparable increase in Cu in non-CNS tissue, but the increase in Cu in the SOD137R
limited and there is no increase in Cu in the spinal cord. The limited change in CNS Cu is associated with a
strong disparity between SOD1 protein and SOD activity in the brain and spinal cord. We hypothesise that

mouse brain is

the limited capacity for CNS tissue to respond to an increased requirement for bioavailable Cu contributes
to CNS vulnerability in ALS.

Perturbations to copper are evident in the central nervous system (CNS) of mouse models of amyotrophic lateral sclerosis, the most common form of motor neuron
disease, and targeted deletion of the copper transporter ATP7A induces a disease phenotype. Despite this apparent role for copper malfunction in the disease, explanations
for why the CNS is primarily affected, particularly in those cases caused by ubiquitous expression of a disease-causing mutation, have remained elusive. In the present
study we hypothesise that the CNS is primarily affected because, unlike other tissues, it has a relatively limited capacity to satiate an increased requirement for copper.

Introduction

Most cases of ALS are sporadic but 10% are familial and the
heritable basis for these cases has been ascribed to mutations

Amyotrophic lateral sclerosis (ALS) is the most common form of
motor neuron disease, an adult-onset degenerative disorder in
which the motor neurons that relay signals between the brain
and muscles progressively deteriorate. Initial symptoms are as
innocuous as weakness in a hand or slurred speech, but inevitably
and relentlessly the symptoms escalate; people with ALS become
paralysed, lose the ability to breathe, speak and swallow, and due
to the absence of an effective treatment most will die within 5 years
of diagnosis.
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in over 20 different genes. Mutations in the Cu-dependent
antioxidant Cu/Zn-superoxide dismutase (SOD1) were the first
described genetic cause of ALS." Mutant SOD1 is the most
common cause of familial ALS and transgenic mice expressing
mutant SOD1 provide a robust animal model of the disease.>?
Underscoring the clear role for mutant SOD1 in the ALS-like
phenotype of these mice, higher levels of mutant SOD1 protein
cause earlier symptom onset, faster progression of symptoms,
and shorter lifespan.>* Conversely, spontaneous loss of trans-
gene copy number or silencing transgene expression improves
the ALS-like phenotype and extends survival.>®

But despite the clear role for mutant SOD1 in familial ALS (and
its apparent role in some cases of sporadic ALS’) the mechanisms
by which mutant SOD1 selectively causes deterioration in the CNS

This journal is © The Royal Society of Chemistry 2016
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remain incompletely understood. Many mechanisms have been
proposed for mutant SOD1-mediated neurodegeneration in ALS,
including: aberrant pro-oxidant gain of function, altered proteos-
tasis and protein aggregation, protein misfolding and prion-like
propagation, mitochondrial dysfunction, and loss of calcium
regulation (see ref. 8-11 for recent reviews). And of these mecha-
nisms, several provide plausible explanations for why ubiquitous
expression of mutant SOD1 would impair motor neurons in the
CNS yet leave other tissues unaffected (e.g. high metabolic
demand of motor neurons making them more vulnerable to
mitochondrial dysfunction).

An alternate mechanism, supported by therapeutic intervention
studies, is that the metal state of SOD1 is a significant contributing
factor. Physiological SOD1 functions as a homo-dimer in which
each subunit binds one Zn and one Cu; the Zn serves a structural
role whereas the redox properties of Cu are harnessed to confer
catalytic activity to the enzyme. But in the CNS of ALS model mice
mutant SOD1 accumulates in a Cu-deficient form.'** Moreover,
treating these mice with the Cu-containing compound diacetyl-
bis(4-methylthiosemicarbazonato)copper”™ [Cu™(atsm)] converts
the Cu-deficient SOD1 to holo-SOD1 via a Cu-delivery mechanism
of action."® This is associated with an improvement in the animals’
ALS-like phenotype, preservation of spinal cord motor neurons,
and an increase in the animals’ overall survival'*'* (by 1.7 years in
one study™®).

Significantly, treating with Cu"(atsm) results in an overall
increase in mutant SOD1 protein levels in the CNS,"*'* thereby
demonstrating that severity of disease symptoms in SOD1
transgenic mice is not strictly proportional to levels of the
expressed SOD1 protein, and that the Cu state of the protein
may be a greater determinant of its role in ALS. In the present
study we assessed levels of Cu and Zn, SOD activity, and SOD1
protein levels in transgenic mutant SOD1 mice and non-
transgenic controls. By comparing various CNS and non-CNS
tissues, our aim was to assess whether limited Cu presentation
to SOD1 may be involved in the selective vulnerability of CNS
tissue to ubiquitously expressed mutant SOD1.

Experimental methods
ALS mice

All research involving mice was approved by a University of
Melbourne Animal Experimentation Ethics Committee (clearance
#1513556) and conformed with guidelines of the Australian
Health and Medical Research Council. Hemizygous mice expres-
sing a transgene for human SOD1 containing the G37R substitu-
tion mutation (SOD1°*’%) on the congenic C57Bl/6 background
were used as an ALS model.’> To collect tissues for biochemical
analysis, SOD1%*’% mice and non-transgenic (non-Tg) littermates
were killed at 25 weeks of age. At this age the SOD1%*"® mice
display a substantial ALS-like phenotype, including loss of spinal
cord motor neurons, loss of locomotive function, and hind-limb
paralysis.>'® Mice were anaesthetised by intraperitoneal injection
of ketamine (120 mg kg™ ') and xylazine (16 mg kg~ ") in PBS,
then perfused transcardially with PBS containing 0.25% (v/v)
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phosphatase inhibitor cocktail 2 (Sigma), 1% (v/v) Complete
EDTA-free protease inhibitor (Roche), and 20 U mL ™" heparin
(Sigma). Following perfusion, tissues were excised, snap frozen
on dry ice, then stored at —80 °C.

SDS-PAGE and western blotting

Frozen tissue samples were homogenised in PBS supplemented
with 0.5% (v/v) phosphatase inhibitor cocktail 2 (Sigma), 2% (v/v)
Complete EDTA-free protease inhibitor (Roche), and 5% (v/v)
DNAse. PBS-soluble material was collected by centrifugation
(18000 x g, 30 min, 4 °C) then the protein content determined
using the BCA Assay (Thermo Scientific). All samples were
normalised to a consistent protein concentration using PBS
homogenising buffer. PBS-soluble samples were prepared in
reducing and denaturing sample buffer containing 62.2 mM
Tris, 5% (v/v) glycerol, 2% (w/v) SDS, 0.5% (v/v) B-mercaptoethanol,
and 0.0025% (w/v) bromophenol blue prior to loading onto 4-12%
NuPAGE Novex Bis-Tris Midi gels (Life Technologies) and electro-
phoresis at 200 V for 40 minutes in MES SDS running buffer (Life
Technologies).

Resolved proteins were transferred to PVDF membranes
using iBlot gel transfer stacks (Life Technologies). Membranes
were blocked for 1 hour in PBS supplemented with 0.05% (v/v)
Tween-20 (Chemsupply) and 4% (w/v) skim milk powder prior to
incubation with primary antibodies in blocking buffer, overnight
at 4 °C. The primary antibody used to detect overall levels of SOD1
in the non-Tg and SOD1%*"® tissues was chosen based on its ability
to react with endogenous mouse SOD1 (present in the non-Tg and
SOD1%*”® mice) and with the human mutant SOD1 expressed in
the SOD1%*"® mice (Abcam ab16831; 1: 2000) thereby enabling an
assessment of changes to SOD1 protein in the SOD1%”® mice
relative to SOD1 protein levels in the non-Tg controls. A primary
antibody to GAPDH was used a loading control for all western
blot analyses (cell signaling 2118; 1:5000). Membranes were
subsequently probed using a horseradish peroxidase-conjugated
anti-rabbit secondary antibody (cell signaling 7074S; 1:5000).
Immunoreactive protein bands were visualised by adding
Enhanced Chemiluminescence (ECL Advance, GE Healthcare)
to membranes and detecting luminescence using a DNR Bio-
Imaging Systems MicroChemi imager. Quantitation of immuno-
reactivity was performed using Image] software on TIFF file
images.

SOD activity

SOD activity in tissue samples was assessed via a pyrogallol assay
based on published procedure.'*'® This activity assay does not
discriminate between mouse SOD and human SOD and was
therefore used to measure total SOD activity in the non-Tg mice
and SOD1%*’® mice (i.e. mouse SOD1 only in the non-Tg mice
and mouse plus human SOD1 in the SOD1%*”® mice). Pyrogallol
(Sigma) was added to a reaction buffer (50 mM Tris, 1 mM
EGTA, pH 7.4) to a final concentration of 200 uM and allowed to
equilibrate for 1 minute. PBS-soluble tissue extracts were added
then reaction mixtures monitored at 325 nm. Reaction mixtures
supplemented with 10 mM KCN were used to determine the
KCN-sensitive activity attributable to SOD. SOD activity was
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determined by calculating the rate of change through the linear
phase of reaction and by comparison to a known range of
purified bovine holo SOD1 (Sigma) concentrations. Reactions
mixtures containing equivalent volumes of PBS homogenising
buffer £KCN were included as additional controls.

Inductively coupled plasma mass spectrometry (ICP-MS) bulk
metal analysis

Sections of frozen tissue were weighed then analysed for total
copper, zinc, magnesium, phosphorous, and potassium levels
following protocols described previously.'” Briefly, the samples
were digested using concentrated nitric acid then analysed for
metal content using an Agilent 7700 Series ICP-MS with a helium
reaction cell.

Statistical analyses

All data sets contained 5-7 replicate samples whereby each
replicate represents tissue from an individual mouse. Statistically
significant outliers were identified using the Grubb’s test (Extreme
Studentised Deviate). Statistical significance of differences
between SOD1%*’® and non-Tg mice was determined using
the non-parametric Mann-Whitney test. Statistically significant
P values (P < 0.05) are indicated in all figures and represent
two-tailed P values. All data are presented as box (median
+95% CI) and whisker (maximum and minimum) plots. All
statistical analyses were performed using GraphPad Prism
Version 6.

Results

SOD1 activity and protein levels vary across tissues and activity
is increased in the SOD1%*"® mice

Assessing SOD activity in CNS tissue (brain, spinal cord) and
non-CNS tissue (kidney, liver, quadriceps) from SOD1%*”® mice
and non-Tg controls revealed considerable tissue-specific varia-
bility in overall activity (Fig. 1A). Given the G37R mutation does
not prevent SOD1 dismutase activity,'® overall SOD activity was
higher in all tissues from the SOD1%*’® mice, as expected, due to
over-expression of the transgene. In other words, SOD activity in
the non-Tg mice is due to the endogenous mouse SOD1 whereas
SOD activity in the SOD1%*”® mice is the sum of the endogenous
mouse SOD1 plus the over-expressed human SOD1. When
expressed relative to the amount of SOD activity within each
tissue, the overall increase in SOD activity (A SOD activity) in
tissues from the SOD1%*”® ranged from a modest 1.5-fold increase
in the brain up to a 4.7-fold increase in the quadriceps (Fig. 1B).

As per SOD activity, abundance of the SOD1 protein was
consistently higher in the SOD1%*”® mice when compared to
the non-Tg controls (Fig. 2A and B). In contrast to antibodies
that specifically detect mouse or human forms of the SOD1
protein, the antibody we used to monitor changes to total
SOD1 in the SOD1%*’® mice detects both endogenous mouse
SOD1 and the over-expressed human SOD1 (Fig. 2C). Thus, as per
the SOD activity assay, our western blot methodology enabled a
comparison of total SOD1 in the non-Tg mice (endogenous mouse
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Fig. 1 Tissue-specific SOD activity in ALS model SOD1%*’R mice and
non-transgenic (non-Tg) controls. (A) SOD activity in soluble tissue extracts
expressed as the amount of pyrogallol oxidation prevented per minute per
mg protein in tissue extracts. (B) SOD activity in SOD1%*"? mouse tissues
from (A) expressed relative to SOD activity in corresponding tissues from
non-Tg control mice. All data are presented as box (median +£95% CI) and
whisker (maximum and minimum) plots. *P < 0.05, two-tailed Mann Whitney
test, n = 6-7.

SOD1 only) to total SOD1 in the SOD1%*’® mice (endogenous
mouse SOD1 plus the over-expressed human SOD1).

G37R

Disparity between SOD1 protein and activity in SOD1 mice

A comparison of tissue-specific A SOD activity (Fig. 1B) to tissue-
specific A SOD1 protein (Fig. 2B) indicates a strong disparity
between the two; the A SOD1 protein results span a broader range
(Fig. 2B) when compared to the A SOD activity results (Fig. 1B).
Most obvious is that the relatively large A SOD1 protein in the
CNS tissues is not matched by a comparable A SOD activity. To
assess the nature of this disparity we calculated the ratio of SOD
activity to SOD1 protein in all tissues. This was achieved using
overall SOD activity data (from Fig. 1A) and expressing it relative
to overall SOD1 protein levels in each tissue (from Fig. 2B but also
accounting for differences in SOD1 protein across the different
tissues). These calculations revealed considerable differences in
the activity : protein ratio across the tissues examined, but more
noticeably, also revealed that while the activity : protein ratio is
sustained in the kidney and liver of SOD1%*"® mice it is signifi-
cantly decreased in quadriceps, brain and spinal cord, with the
greater decrease observed in the two CNS tissues (Fig. 3).

In order to take into account the native differences in the
activity : protein observed across the different tissue types, we

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Tissue-specific SOD1 protein levels in ALS model SOD1%*’R mice and non-transgenic (non-Tg) controls. (A) Representative western blots showing
total SOD1 protein in SOD1*® and non-Tg mouse tissues. Total SOD1 was detected using an anti-SOD1 antibody that reacts with human and mouse SOD1,
thus enabling detection of endogenous SOD1 in the non-Tg mice as well as endogenous SOD1 and the over-expressed mutant SOD1 in the SOD1R mice.
GAPDH immunoreactivity is used as a loading control. (B) Tissue-specific total SOD1 protein levels in SOD1%*R mice expressed relative to total SOD1 in
corresponding tissues from non-Tg control mice. SOD1 levels were normalised to the loading control GAPDH before expressing relative to SOD1 in non-Tg
mice. (C) Representative western blots showing selective immunoreactivity of different SOD1 antibodies to the endogenous mouse SOD1 (expressed in
non-Tg and SOD1%*"R mice) and the human SOD1 (expressed only in the SOD1%*"R mice) in spinal cord tissue. The antibody used for analyses presented in
this study (Abcam ab16831) detects mouse and human SOD1, enabling comparative assessment of total SOD1 in SOD1%*’R and non-Tg mice. All data are
presented as box (median £95% Cl) and whisker (maximum and minimum) plots. *P < 0.05, two-tailed Mann Whitney test, n = 5-7.

801 137% revealed the ratio of A SOD activity to A SOD1 protein is
E 2 approximately 0.7-0.8 for the non-CNS tissues compared to

2 604 184% 799 approximately 0.2 for the brain and spinal cord (Fig. 4).
= LA e = Non-Tg Given that our analysis of SOD1 protein utilised reducing
8 40 i ? L Bl soD1%R conditions in which all SOD1 is detected as monomeric SOD1,
‘E ? i and given that physiological SOD1 functions as a dimer, the
B 201 A SOD activity: A SOD1 protein ratio would be expected to be
8 !. - P 0.5 at most if all of the additional SOD1 produced in the
A il . . . . SOD1%*”® mice was converted to metal-replete, dimeric holo-
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© \@& é\o‘b every two unit increase in SOD1 monomer. The observed var-
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Fig. 3 Tissue-specific ratios for SOD activity to SOD1 protein in ALS
model SOD1%*”R mice and non-transgenic (non-Tg) controls. The activity :
protein ratio for each tissue represents overall SOD activity data (from
Fig. 1A) expressed relative to overall SOD1 protein levels in each tissue
(from Fig. 2B, but also accounting for differences in SOD1 protein across
the different tissues). All data are presented as box (median +95% CI) and
whisker (maximum and minimum) plots. *P < 0.05, two-tailed Mann
Whitney test, n = 5-7. % values above statistically different data sets
represent the difference in means for the SOD1%*’R mice compared to
the non-Tg controls.

further assessed the apparent disparity between SOD activity
and SOD1 protein in the SOD1%*”% mice by directly expressing
A SOD activity relative to A SOD1 protein. These calculations

This journal is © The Royal Society of Chemistry 2016

iance from the expected maximal 0.5 value is likely due to the
quantitative limitations of western blot. Alternatively, additional
factors may be involved, such as the formation of hetero-dimers
or the pre-existence of Cu-deficient SOD1 in the non-Tg mice.
Regardless, the salient outcome remains: A SOD activity and
A SOD1 protein both increase in all tissues of the SOD1%*"¥ mice
due to over-expression of the transgene, but in the CNS tissue
A SOD activity is substantially less than could be expected when
expressed relative to A SOD1 protein.

The increased requirement for copper in the central nervous
system of SOD1%*"® mice is not satiated

Given that SOD1 requires Cu for its catalytic activity, and based
on evidence for Cu-deficient SOD1 in CNS tissue from transgenic

Metallomics, 2016, 8, 1002-1011 | 1005
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Fig. 4 Tissue-specific disparity between SOD1 protein and activity in
SOD1%"R mice. The tissue-specific change in SOD activity in SOD1&37R
mice (A SOD activity from Fig. 1B) is expressed relative to the tissue-
specific change in SOD1 protein in the SOD1%*"R mice (A SOD1 protein
from Fig. 2B). A value of 1 (grey dotted line) represents a proportional
increase in SOD activity and SOD1 protein in the SOD1%*"% mice. Values
below 1 indicate the increase in SOD activity in the SOD1%*"R mice is
disproportionate to (less than) the increase in SOD1 protein in the
SOD1%*"R mice. All data are presented as box (median +£95% Cl) and
whisker (maximum and minimum) plots, n = 7.

12-14

mutant SOD1 mice, we hypothesised that the disparity
between A SOD activity and A SOD1 protein in CNS tissue of
the SOD1%*’® mice may be related to limited Cu availability.
An assessment of Cu in all tissues confirmed that in response to
SOD1 over-expression Cu levels increased substantially in all non-
CNS tissues from the SOD1%*”® mice (Fig. 5A). By contrast, there
was only a marginal increase in Cu in the brain, and Cu levels in
the spinal cord were unchanged (Fig. 5A). Consistent with the
additional requirement for Zn in SOD1, Zn levels were signifi-
cantly increased in all CNS and non-CNS tissues (Fig. 5B). Others
elements examined (Mg, P, and K) were not increased (Fig. 5C
and D) indicating the observed changes to Cu and Zn were
primarily occurring in response to over-expression of the Cu
and Zn binding SOD1.

Considering that physiological SOD1 binds Cu and Zn in a
molar ratio of 1: 1, we assessed the changes to Cu and Zn in the
SOD1%*’R mice from the perspective of a molar increase above
non-Tg levels (A pmol Cu and A pmol Zn). These data again
show that Zn is increased in all tissues in response to over-
expression of SOD1 in the SOD1%*’® mice but that changes to
Cu in the CNS tissue are either marginal (brain) or not significant
(spinal cord) (Fig. 6A and B). Moreover, when A pmol Cu in the
SOD1%*"® mouse tissues is expressed relative to A pmol Zn, it
becomes evident that a 1:1 molar increase predicted to ensure
the increased expression of SOD1 is satiated for its Cu and Zn
requirement, the 1:1 requirement is not met in the CNS tissue
(Fig. 6C) due to a limited increase in Cu. The same A pumol
Cu: A umol Zn analysis indicates the increased requirement for
Cu is also unmet in the quadriceps of SOD1%*"® mice (Fig. 6C),
but this appears driven by a disproportionate increase in Zn in
the quadriceps (Fig. 5B), and not limited availability of Cu. Data
to support A SOD1 protein in the quadriceps is satiated for its
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increased Cu requirement is also supported by a relatively
proportionate increase in A SOD activity in the quadriceps in
SOD1%*"® mice (Fig. 1B and 4). The alternate calculation for
overall SOD1 activity : protein in each tissue however, indicates
activity in the quadriceps may be impaired to some extent
(Fig. 3).

Our calculations for A pumol Cu: A pmol Zn and the deviation
from a predicted 1:1 change in response to the over-expression
of SOD1 in the SOD1%*’® mice places considerable emphasis on
the assumption that the observed changes to Cu and Zn reflect
metal bound to SOD1. To partly address the veracity of this, we
calculated the overall concentrations for Cu and Zn in the spinal
cord tissue and related these to the overall concentration of
spinal cord SOD1. These calculations are summarised in Table 1.
The SOD1 concentration in the spinal cords of SOD1%*"® mice
was determined in a previous study via mass spectrometry and
calculated to be 130 uM for monomeric SOD1."* Western blot
data (Fig. 2B) indicate the concentration of SOD1 in the non-Tg
spinal cord is 16-fold lower than in the SOD1%*”® mouse spinal
cord, an extrapolated difference of 122 pM. Calculating the
concentrations for Cu and Zn in the spinal cord tissue revealed
the difference between SOD1%*’® and non-Tg mice was 14 uM for
Cu and 139 uM for Zn (Table 1). These indicate that the increase
in Zn detected in the spinal cords of SOD1%*’® mice essentially
matches the calculated increase in SOD1 protein whereas the
increase in Cu falls short. However, using the western blot data
to extrapolate the SOD1 concentration in the non-Tg spinal
cord is a persistent limitation of these calculations and greater
accuracy would be obtained when using a more quantitative
method for determining the concentration of SOD1 in the
non-Tg spinal.

Discussion

Outcomes from the present study indicate that due to ubiquitous
transgenic over-expression of SOD1 the requirement for Cu and
Zn is elevated in all CNS and non-CNS tissues in SOD1%°7®
The elevated requirement for Zn appears satiated across all
tissues, but the elevated requirement for Cu appears to be
limited, particularly in the CNS tissue. We propose that these
outcomes are in part related to the relatively slow natural
turnover of Cu in CNS tissue causing Cu bioavailability in the
CNS to become a rate-limiting factor in the formation of metal
replete holo-SOD1. This possibility is supported by data that
indicate the natural turnover rates for copper are 20 to 2000
times slower in the CNS compared to other tissues.'® Thus, if
the requirement for copper increases, the CNS will be one of the
slowest tissues to respond.

Limited Cu bioavailability within specific tissues may explain
why more direct measures of the metal state of SOD1 have already
shown a large proportion of SOD1 in the CNS of mutant SOD1 mice
accumulates in a Cu-deficient form."*™* But further to this, it may
also explain why improving Cu bioavailability via treatment with
Cu"(atsm) is effective in mutant SOD1 mice; treating mutant SOD1
mice with Cu'(atsm) improves the animals’ ALS-like phenotype,

mice.

This journal is © The Royal Society of Chemistry 2016
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mice and non-transgenic (non-Tg) controls. The amount of copper (A), zinc (B), magnesium (C),

phosphorous (D) and potassium (E) per g tissue wet weight in kidney, liver, quadriceps, brain and spinal cord tissue collected from SOD1%*"R mice and
non-Tg controls. All data are presented as box (median £95% Cl) and whisker (maximum and minimum) plots. *P < 0.05, two-tailed Mann Whitney test,

n=6-7.

protects motor neurons and increases overall survival of the
mice.">"***?*! Two of these studies have shown that treating with
Cu"(atsm) decreases the pool of Cu-deficient SOD1"*'* and one has
shown that Cu from orally administered Cu(atsm) is recovered in
SOD1 extracted from the spinal cord tissue of the treated mice."
These outcomes all indicate that improving Cu bioavailability in
the CNS of mutant SOD1 mice is therefore at least part of the
protective mechanism of action of Cu"(atsm), and this possibility is
supported by an additional study which has shown improving Cu
bioavailability in the CNS of mutant SOD1 mice via over-expression
of the Cu-uptake transporter CTR1 is also protective.'®
Insufficient Cu bioavailability leading to the accumulation
of Cu-deficient SOD1 could explain some toxic mechanisms in
ALS attributed to SOD1. Specifically, the metal state of SOD1 is

This journal is © The Royal Society of Chemistry 2016

a key determinant of the protein’s stability and structure*>*

and insufficient presentation of Cu to SOD1 could therefore
contribute to the SOD1 mis-folding and aggregation that is a
pathological hallmark of sporadic and familial cases of ALS.
Evidence for this exists through the reported susceptibility of both
mutant and wild-type SOD1 to fibril formation or seed aggregation
from its nascent polypeptide stage until dimeric maturity, whereby
full metallation and disulphide bond formation is required to
overcome this pathological propensity.”® Moreover, a model has
been proposed whereby Cu-deficient (Zn-containing) SOD1 contri-
butes differentially to the distinct processes of initiation of SOD1
aggregation and seeded growth of SOD1 amyloid fibrils depending
on whether or not the Cu-deficient SOD1 is also disulphide-
reduced.”®
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Fig. 6 Disproportionate changes to Cu and Zn in tissues from SOD1%*’R mice relative to non-transgenic (Non-Tg) controls. (A) The increase in Cu in

various tissues from SOD1%%"% mice above the mean for Cu in each tissue from non-Tg controls. (B) The increase in Zn in various tissues from SOD1%3"R
mice above the mean for Zn in each tissue from non-Tg controls. Data in (A) and (B) are calculated from raw data presented in Fig. 5A and B, respectively.
(C) Ratio of the increase in Cu in different tissues of SOD1%*"® mice to the increase in Zn in the same tissues. A value of 1 (grey dotted line) represents
a proportional molar increase in Cu and Zn in the SOD1%%’R mice. Values below 1 indicate the increase in Cu in the SOD1%*"R mice is disproportionate

to (less than) the increase in Zn in the SOD1%*"R
*P < 0.05, two-tailed Mann Whitney test, n = 6-7.

Table 1 Calculated concentrations of SOD1, Cu and Zn in spinal cord
tissue from ALS model SOD1%*’R mice and non-transgenic (non-Tg)
controls

% Cu bound

uM SOD1 uM Cu UM Zn to SOD1
Non-Tg 8.2¢ 56.2° 150.3% 14.6%
SOD1%*7R 130.6' 70.1% 288.87 N/A
Difference 122.4 13.9 138.3

¢ Calculated from direct measurement of SOD1 concentration in spinal
cords of SOD1G37R mice™ and the difference between SOD1%*”F and non-
Tg mice presented in Fig. 2B. * Calculated from data presented in Fig. 5A
and B with the assumption that 1 g tissue = 1 mL. N/A: concentration of
SOD1 exceeds the concentration of Cu in these mice.

However, some data already exist to suggest excessive Cu
accumulation, not insufficient Cu bioavailability, is problematic
in mutant SOD1 mice and that chelating excess Cu is protective.
Treating with the Cu-chelating compound tetrathiomolybdate
decreased Cu levels and SOD1 activity in the spinal cords of
SOD1%%** mice, improved the animals’ ALS-like symptoms and
increased their overall survival.>” But these data appear at odds
with a more recent study which has demonstrated the obligate
requirement for Cu in motor neurons and the direct relationship

1008 | Metallomics, 2016, 8, 1002-1011

mice. All data are presented as box (median £95% Cl) and whisker (maximum and minimum) plots.

between limited Cu bioavailability in motor neurons and the
development of an ALS-like phenotype; targeted deletion of the
copper transporter ATP7A from motor neurons in mice caused a
significant decrease in Cu in the spinal cord, decreased innerva-
tion of neuromuscular junctions, loss of motor neurons, and a
progressive decrease in locomotive function.”® Furthermore, the
need to delineate between the chelation activity of compounds
such as tetrathiomolybdate and their potential biometal redis-
tribution activity has been articulated.>® However, decreased
SOD1 activity in the tetrathiomolybdate treated SOD1%%** mice
does suggest the treatment is working via a true chelation
mechanism of action in these mice.

It is therefore apparent that a better understanding of the role
that Cu plays in the ALS-like phenotype of mutant SOD1 mice is
needed to help reconcile these apparent conflicting results;
ATP7A deletion decreases total Cu levels and induces an ALS-like
phenotype®® and treating with Cu"(atsm) or over-expressing CTR1
increases Cu levels and is protective,>*****! yet treating with
tetrathiomolybdate decreases Cu levels and is also protective.””
We propose adequate bioavailability of Cu within a given tissue is
more important than bulk changes in Cu content within the
tissue. Furthermore, we propose that an overall change in the
requirement for Cu is also an insufficient singular factor to

This journal is © The Royal Society of Chemistry 2016
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consider when attempting to elucidate the role for Cu in ALS.
Indeed, over-expression of SOD1 in the mutant SOD1 transgenic
mice may explain why the overall requirement for Cu increases,
but an increased biological demand for Cu in the CNS does not
appear to be the sole reason why mutant SOD1 over-expressing
mice develop an ALS-like phenotype. Transgenic mice that
over-express wild-type SOD1 protein at levels comparable to
SOD1 protein in the mutant SOD1 mice do not develop an
ALS-like phenotype,” indicating that the additional impact that
mutant SOD1 has on the expression of Cu chaperones and
transporters®*>" may be a significant additional factor. However,
homozygous expression of wild-type human SOD1 (at approxi-
mately 50 times the level of the endogenous murine SOD1) does
induce motor neuron pathology and phenotypic symptoms
comparable to those that present in mutant SOD1 expressing
mice.** Only 15% of total SOD1 in the spinal cord of mice
homozygous for wild-type human SOD1 was reported to be
catalytically active (lower than the brain and substantially lower
than the non-disease affected liver tissue), and the addition of
exogenous Cu restored SOD activity to extracts from spinal cords
of the homozygous wild-type SOD1 over-expressors.>> Thus, a bulk
increase in the requirement for Cu driven solely by SOD1 over-
expression does appear to cause ALS-like pathology in these mice.
But this requires considerably higher expression levels when
compared to the mutant protein, suggesting the mutations intro-
duce an additive factor that exacerbates the limited bioavailability
of Cu in the CNS. Indeed, further subtlety in the relationship
between mutation state and expression levels in the context of
pathology is highlighted by the low penetrance L117V SOD1
mutation in ALS.** Comparable stability and activity levels for
the L117V SOD1 and wild-type SOD1 suggest the L117V mutation
does not contribute to ALS via a mechanism that can be attributed
solely to the SOD1 protein itself, thereby suggesting the mutation
causes ALS via other mechanisms. However, these measurements
were derived from erythrocytes,® leaving the possibility that an
investigation of disease-affected regions of the CNS may generate
alternate outcomes, as proposed here based on the CNS and
non-CNS tissue-specific changes observed in the SOD1%*7%

Overall, we propose that limited Cu bioavailability is a signifi-
cant feature of the development of ALS-like symptoms in transgenic
mice that ubiquitously over-express mutant SOD1. An elevated
requirement for Cu, mutant SOD1-mediated changes to Cu
handling processes, and a natural slow turnover of Cu in the
CNS all appear to combine to lead to selective degeneration
within the CNS.

mice.

Conclusions

SOD1 mutations are an unequivocal cause of familial ALS and
transgenic mice over-expressing mutant SOD1 are a robust
animal model of the disease. But the mechanisms by which
mutant SOD1 cause motor neuron degeneration in the CNS
remain to be fully elucidated. Better understanding of these
mechanisms is needed to expedite development of new ther-
apeutic options. Evidence that improving Cu bioavailability in

This journal is © The Royal Society of Chemistry 2016
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the CNS is protective in mutant SOD1 mice'>'* indicates a role
for Cu. Moreover, new data presented here indicate the role
that Cu plays in this disease could partly explain why the CNS is
selectively affected, particularly in those cases where the selective
degeneration of motor neurons in the CNS is caused by ubiquitous
expression of mutant SOD1.
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