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Abstract 

Disrupted copper availability in the central nervous system (CNS) is implicated as a significant feature of the neurodegenerative dis- 
ease amyotrophic lateral sclerosis (ALS). Solute carrier family 31 member 1 (Slc31a1; Ctr1) governs copper uptake in mammalian cells 
and mutations affecting Slc31a1 are associated with severe neurological abnormalities. Here, we examined the impact of decreased 
CNS copper caused by ubiquitous heterozygosity for functional Slc31a1 on spinal cord motor neurons in Slc31a1+ / − mice. Congruent 
with the CNS being relatively susceptible to disrupted copper availability, brain and spinal cord tissue from Slc31a1+ / − mice contained 
significantly less copper than wild-type littermates, even though copper levels in other tissues were unaffected. Slc31a1+ / − mice had 
less spinal cord α-motor neurons compared to wild-type littermates, but they did not develop any overt physical signs of motor im- 
pairment. By contrast, ALS model SOD1G37R mice had fewer α-motor neurons than control mice and exhibited clear signs of motor 
function impairment. With the expression of Slc31a1 notwithstanding, spinal cord expression of genes related to copper handling 
revealed only minor differences between Slc31a1+ / − and wild-type mice. This contrasted with SOD1G37R mice where changes in the 
expression of copper handling genes were pronounced. Similarly, the expression of genes related to toxic glial activation was un- 
changed in spinal cords from Slc31a1+ / − mice but highly upregulated in SOD1G37R mice. Together, results from the Slc31a1+ / − mice 
and SOD1G37R mice indicate that although depleted CNS copper has a significant impact on spinal cord motor neuron numbers, the 
manifestation of overt ALS-like motor impairment requires additional factors. 

Keywords: solute carrier family 31 member 1 (Slc31a1 Ctr1), copper, motor neuron, amyotrophic lateral sclerosis (ALS), central nervous 
system (CNS), mouse model 

Graphical abstract 

Decreasing central nervous system copper in mice affects spinal cord motor neuron numbers but does not affect motor function. 

 

 

 

 

 

 

 

 

 

 

 

 

the first discovered genetic cause of ALS was attributed to muta- 
tions affecting the ubiquitous and highly abundant antioxidant 
cuproenzyme superoxide dismutase 1 (SOD1).4 Transgenic mice 
expressing mutant SOD1 have strong face and construct validity 
for ALS,5 and increasing spinal cord copper content in these mod- 
els through transgenic overexpression of solute carrier family 31 
member 1 ( Slc31a1 ; Ctr1) or through treatment with the copper 
compound CuII (atsm) is neuroprotective, mitigates the rate of de- 
cline of motor function impairment, and extends lifespan.6 , 7 Over- 
expressed SOD1 in mutant SOD1 transgenic mice is unsatiated for 
its stoichiometric requirement for copper in the CNS.7 , 8 By con- 
trast, overexpressed SOD1 in peripheral tissues of the same mice 
(kidney, liver, and skeletal muscle) displays an increase in copper- 
dependent activity that is more commensurate with increased ex- 
pression of the protein.8 Indicative of SOD1 not being the only 
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Introduction 

Amyotrophic lateral sclerosis (ALS) is the most common form of
the neurodegenerative condition of motor neuron disease. It is
characterized by the progressive demise of motor neurons in the
brain and spinal cord, resulting in adult onset weakening and
eventual paralysis of skeletal muscle throughout the body fol-
lowed by premature death.1 Although there are > 50 genes re-
ported to be involved in ALS as either causal or increasing risk,2

the cellular and biochemical pathways to neuronal death in ALS
still require elucidation. Additionally, the development of novel
therapeutic interventions capable of modifying disease progres-
sion also requires further exploration.3 

One therapeutic strategy that has gained attention is treatment
of ALS by manipulating copper availability in the affected central

nervous system (CNS). Copper is an essential micronutrient and 

Received: April 4, 2024. Accepted: August 3, 2024
© The Author(s) 2024. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License ( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
work is properly cited. 

http://www.oxfordjournals.org
https://doi.org/10.1093/mtomcs/mfae036
https://orcid.org/0000-0002-7777-4747
mailto:pjcrouch@unimelb.edu.au
https://creativecommons.org/licenses/by/4.0/


2 | Metallomics

c  

o  

u  

t  

p  

A  

g  

t
 

s  

p  

t  

t  

a  

i  

c  

c  

c  

c  

p  

m  

i  

m  

c  

i  

f
 

k  

r  

S  

o  

m  

h  

c  

t
T  

g  

S  

l  

o
 

b  

b  

m  

i  

e

M
M
A  

l  

a  

i  

A  

M  

s  

c  

b
 

f  

t  

t  

M  

w  

(  

m
 

e  

m  

o  

f  

b  

o  

m  

w  

w

M
M  

p  

t  

t  

f  

o  

p  

t

T
M
B  

c  

p  

h  

(  

p  

s  

a

T
F  

b  

p  

c  

s  

o  

t  

r  

b  

r  

f  

c  

s  

c  

a  

c  

c  

s  

s

M
F  

s  

p  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/9/m

fae036/7754161 by U
niversity of Technology Sydney user on 02 January 2025
uproenzyme unsatiated for its requirement for copper in the CNS
f mutant SOD1 mice, ceruloplasmin and hephaestin also appear
nsatiated for their copper-dependent ferroxidase activity in CNS
issue from mutant SOD1 mice.9 Notably, these cuproenzymes ap-
ear to accumulate in a copper-deficient state in human cases of
LS.10 This includes sporadic cases of the disease with no known
enetic history of the disease and is not known to be attributable
o mutations affecting SOD1.10 

These results indicate that disrupted availability of copper is a
ignificant, CNS-specific feature of ALS and that modulating cop-
er availability within the CNS may be a plausible therapeutic
arget for providing neuroprotection in ALS and improving mo-
or function and survival. However, it is pertinent to note that
lthough some cuproenzymes appear unsatiated for their phys-
ological copper requirement in mutant SOD1 mice and human
ases of ALS, total copper content of spinal cord tissue is not de-
reased, and some reports describe an overall increase in spinal
ord copper.9 –15 Furthermore, treatment with the copper ligating
ompound ammonium tetrathiomolybdate has also been re-
orted to protect motor neurons and slow the rate of decline in
otor function in ALS model mice.14 These reports on copper

n ALS span sporadic human cases and numerous SOD1 ani-
al models. Collectively, they indicate a complex role for spinal
ord copper availability in motor neuron survival in ALS that
s not restricted to specific SOD1 mutations and is yet to be
ully elucidated. 
The high-affinity copper transporter coded by Slc31a1 (also

nown as copper transporter 1, Ctr1) is the principal transporter
equired for copper uptake in mammalian cells. Functional
lc31a1 is essential for development, with homozygous deletion
f Slc31a1 being embryonically lethal in mice.16 , 17 By contrast,
ice heterozygous for functional Slc31a1 develop normally and
ave no obvious phenotype into middle adulthood.16 , 17 While
opper levels in liver, kidney, and intestines are unchanged in
hese mice, copper levels in the brain are diminished by ∼50%.16 , 17 

hus, the brain appears to be more sensitive to Slc31a1 heterozy-
osity than other organs. Selective sensitivity of the CNS to
lc31a1 heterozygosity indicates that Slc31a1+ / − mice can be uti-
ized to model disrupted copper metabolism in the CNS without
vert confounding factors introduced by peripheral effects. 
While motor neuron survival in ALS appears to be impacted

y the availability of copper, it is clear that the relationship
etween spinal cord copper content, motor neuron numbers, and
otor function requires further examination. Herein, we exam-

ned these factors in mice that are heterozygous for functional
ndogenous Slc31a1. 

aterials and methods 

ice 

ll experiments conducted with mice were approved by a small
aboratory animal ethics committee (approval numbers 2015142
nd 1814531) at the University of Melbourne and were conducted
n accord with the Australian Code for the Care and Use of
nimals for Scientific Purposes as well as relevant University of
elbourne Animal Use and Care Standards. Mice were kept under
tandard housing conditions. which included ad libitum access to
how and water and a 12-h light/dark cycle as well as cardboard
oxes and rolls for enrichment and tissue paper for nesting. 
Mice heterozygous for functional Slc31a117 were purchased

rom the Jackson Laboratory (strain #025649) and a colony main-
ained by breeding with wild-type C57BL/6 J mice purchased from
he Australian Animal Resources Centre (OzGene, C57BL/6JOzarc).
ale and female Slc31a1+ / − mice and their wild-type littermates
ere assessed for motor function and killed for tissue collection
as described in detail below) when they were between 9 and 11
onths old. 
ALS model mice with hemizygous expression of a transgene

ncoding human SOD1 with a glycine to arginine substitution
utation ( SOD1G37R )18 were purchased from the Jackson Lab-
ratory (strain #008342). These mice were assessed for motor
unction and killed for tissue collection (as described in detail
elow) when they were 6 months old. Assessing these mice at an
lder age is not feasible due to the level of physical impairment
andating humane, ethical intervention. Age- and sex-matched
ild-type non-transgenic mice were used as controls. Both sexes
ere used in this study. 

otor function assessment 
otor function was assessed using the rotarod assay based on
rocedures previously described.9 In brief, mice were habituated
o the assay over a period of 5 days prior to recording motor func-
ion. Assessment of motor function involved recording latency to
ail in six independent trials on the rotarod. For each trial, speed
f the rotarod increased from 4 to 40 rpm linearly over a 180-s
eriod. The average latency to fail was calculated across the six
rials for each mouse. 

issue collection 

ice were killed for tissue collection as previously described.9 

riefly, the procedure involved deep anaesthetization using a
ocktail of ketamine and xylazine, followed by transcardial
erfusion using phosphate buffered saline supplemented with
eparin, protease inhibitors, and phosphatase inhibitors. A small
 ∼5 mm) section of lumbar spinal cord was post-fixed in 4% (w/v)
araformaldehyde and then the remainder was snap frozen and
tored at –80 °C. Quadriceps, liver, kidney, heart, and brain were
lso excised from the animals, snap frozen, and stored at –80 °C. 

issue copper content 
rozen tissue samples were homogenized in ice cold Tris-
uffered saline (TBS) solution supplemented with protease and
hosphatase inhibitors. TBS-soluble material was extracted by
entrifuging (15 min, 4 °C, 21 000 RCF), and then collecting the
upernatant. The remaining TBS-insoluble material was washed
nce by resuspending in the TBS homogenization buffer and
hen re-centrifuging and discarding the second supernatant. The
emaining pellet was resuspended in the TBS homogenization
uffer and designated TBS-insoluble material. This procedure
esults in enrichment of cytosolic material in the TBS-soluble
raction and enrichment of nuclear and plasma membrane
omponents in the TBS-insoluble fraction.19 Aliquots of the TBS-
oluble and TBS-insoluble samples were used to measure protein
ontent using the BCA Protein Assay Kit (Pierce). Additional 0.5 μl
liquots were transferred to microscope slides, air dried in a
ontamination-free chamber, and then assessed for tissue copper
ontent using the laser ablation inductively coupled plasma mass
pectrometry ‘micro-droplet’ method previously described.20 Tis-
ue copper content is expressed relative to protein content. 

otor neuron counting 

ixed spinal cord tissue was embedded in paraffin and transverse
ections were cut at 7 μm. An average of 17 sections was prepared
er animal, with 43 μm of spinal cord omitted between each
ection. By applying this procedure, motor neurons from an
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∼850 μm length of spinal cord were counted for each animal.
Sections mounted on microscope slides were stained with neutral
red, digitally scanned using a 3DHISTECH PANNORAMIC SCAN
II scanner, and then visualized using CaseViewer. Motor neurons
were counted as visually conspicuous cells lateral and ventral to
the central canal, and α-motor neurons were designated as those
with a soma diameter of 20 μm or more. Results are presented as
the average number of motor neurons counted on both sides of
the central canal for each animal. 

Gene expression 

Uptake, partitioning, and utilization of copper in mam-
malian cells involves numerous transporters, chaperones,
and cuproproteins.21 Frozen spinal cord samples were assessed
for expression of genes related to copper uptake and partitioning,
and also glial activation, using procedures previously described.22

In brief, RNA was extracted using TRI Reagent (Sigma), contam-
inating DNA degraded using the TURBO DNA-free Kit (Thermo
Fisher Scientific), and cDNA was synthesized using the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific). Then, 160 ng of cDNA was pre-amplified using TaqMan
PreAmp Master Mix and pooled TaqMan Gene Expression Assays
(Thermo Fisher Scientific) for 14 cycles. Quantitative reverse
transcriptase polymerase chain reaction was performed on
20-fold diluted pre-amplified cDNA using TaqMan Gene Ex-
pression Assays and TaqMan Fast Advanced Mastermix on a
QuantStudio 6 Flex system (Thermo Fisher Scientific). Relative
gene expression was determined via the �� CT method nor-
malized to Gapdh (Mm99999915_g1). TaqMan Gene Expression
Assays used in this study for genes relating to copper handling
were Slc31a1 (Mm00558247_m1), Atox1 (Mm00839626_m1),
Atp7a (Mm00437663_m1), Atp7b (Mm00599675_m1),
Ccs (Mm00444148_m1), Commd1 (Mm01239669_m1),
Cox11 (Mm01615963_g1), Cox17 (Mm01346225_m1), Mt1
(Mm00496660_g1), Mt2 (Mm00809556_s1), Mt3 (Mm00496661_g1),
Mtf1 (Mm00485274_m1), Mtf2 (Mm00489151_m1), Sco1
(Mm01329074_m1), Steap1 (Mm00459097_m1), Steap2
(Mm01320129_m1), Steap3 (Mm01287243_m1), Steap4
(Mm00475405_m1), and Xiap (Mm00776505_m1). For glial activa-
tion, TaqMan Gene Expression Assays were used for the follow-
ing genes: Alox5 (Mm01182747_m1), C1qa (Mm00432142_m1),
C3 (Mm01232779_m1), Cx3cr1 (Mm02620111_s1),
Gfap (Mm01253033_m1), Il1a (Mm00439620_m1), Lcn2
(Mm01324470_m1), and Tnf (Mm00443258_m1). All samples
were assessed in triplicate per gene. 

SOD1 protein and activity 

Levels of SOD1 and the enzyme’s dismutase activity in TBS-
soluble extracts of mouse spinal cord were both assessed as
previously reported.9 , 15 In brief, SOD1 protein levels were deter-
mined using western blot and a primary antibody that detects
both transgenic human SOD1 and the endogenous mouse pro-
tein (Abcam; ab16831). SOD1 protein levels were normalized
relative to the loading control β-actin (Cell Signaling Tech-
nology; 8H10D10 #3700) and expressed relative to levels in
wild-type/non-transgenic littermate control mice. Determination
of SOD1 activity utilized the pyrogallol assay.9 , 15 , 23 Calculation
of units of activity was based on cyanide-sensitive activity and
reference to purified bovine SOD1 (Sigma–Aldrich; S7571). 

Lipid peroxidation 

Assessment of lipid peroxidation was used to examine levels of
oxidative stress in Slc31a1+ / − mouse spinal cord samples utilizing
a procedure previously described.22 In brief, frozen spinal cord 
samples ( ∼15 mg) were homogenized in the TBS-based homog- 
enization buffer described above and then incubated with the 
lipid peroxidation sensor C11-BODIPY (Thermo Fisher Scientific; 
D3861). The ratio of oxidized to reduced C11-BODIPY was cal- 
culated and expressed relative to wild-type littermate controls.
Lipid peroxidation data from SOD1G37R mice (Fig. 5 C) are from 

a previous report22 and reproduced under a Creative Commons 
Attribution 4.0 International License. 

Data analyses 
All statistical analyses were performed using GraphPad Prism 

software. Statistical outliers were assessed using the ROUT 

method24 and data are presented as mean ± SEM. Significant 
differences between groups were determined using two-tailed 
t -tests or one-way ANOVA where multiple comparisons were cor- 
rected using Holm–Sidak’s test. Significance was determined as 
P < 0.05. 

Results 

Ubiquitous, heterozygosity for functional Slc31a1 in mice de- 
creases total copper content of the brain by 50% compared to wild-
type littermates while having no impact on total copper content 
in intestine, kidney, or liver.16 , 17 Our results support these original 
findings and additionally show a comparable impact on spinal 
cord copper (Fig. 1 A and B). In both the brain and spinal cord, the
TBS-soluble pool of copper was most affected in Slc31a1+ / − mice 
when compared to the TBS-insoluble pool (Fig. 1 C). In contrast to
strong changes in spinal cord levels of copper in the TBS-soluble 
and TBS-insoluble fractions, neither iron nor zinc was affected 
(Fig. 1 D), supporting copper specificity of the transporter and 
indicating that heterozygosity for functional Slc31a1 in vivo is 
not sufficient for induction of secondary effects involving related 
biometals. 

The TBS-soluble fraction contains cytosolic material, whereas 
the latter includes nuclear and plasma membrane components.19 

Thus, in Slc31a1+ / − mice, decreased copper levels were more pro- 
nounced in cytosol than in other cellular compartments. These 
large changes detected in spinal cord copper were associated 
with significantly fewer ventral α-motor neurons in Slc31a1+ / −

mice (Fig. 2 A and B). Additionally, average soma area of the
α-motor neurons present in the Slc31a1+ / − mice was 9% smaller 
than in wild-type littermates (Fig. 2 C). Despite these conspicuous 
and significant differences in α-motor neurons, Slc31a1+ / − mice 
displayed no deficit on the rotarod assay for motor function 
relative to wild-type controls (Fig. 2 D). This contrasted with ALS
model SOD1G37R mice that displayed a 48% deficit on the rotarod 
assay. Notably, SOD1G37R mice had more pronounced decreases 
in α-motor neuron numbers and soma size when compared to 
Slc31a1+ / − mice (Fig. 2 A–C). 

Subsequent to uptake by Slc31a1, cellular handling of copper 
and delivery to cuproenzymes involves a coordinated network 
of transporters and chaperones.21 Gene expression analysis of 
spinal cord extracts confirmed that Slc31a1 transcript levels were 
decreased by ∼50% in Slc31a1+ / − mice compared to wild-type 
controls (Fig. 3 A and B). However, despite this decrease in Slc31a1 ,
and despite the large resultant decrease in spinal cord copper 
levels (Fig. 1 ), expression levels for most of the other genes
related to copper handling were unchanged in the Slc31a1± mice 
(Fig. 3 A and B). Expression of Atp7b and Mtf2 provided the only
exceptions, being moderately elevated in the Slc31a1± mouse 
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extracts from Slc31a1+ / − mice expressed as a percentage change relative to control mice. (D) Zinc and iron content in TBS-soluble and TBS-insoluble 
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pinal cords at 12% ( P = 0.024) and 8% ( P = 0.049), respectively,
bove wild-type controls. By contrast, expression of 11 out of
9 copper-handling genes analysed was significantly changed
n spinal cords of SOD1G37R mice compared to non-transgenic
ontrols (Fig. 3 C and D). Expression of Slc31a1 was not changed in
he SOD1G37R mice. Similar to results observed for expression of
enes related to copper handling, the expression of genes related
o toxic glial activation25 was highly upregulated in SOD1G37R 

ice but relatively unchanged in Slc31a1+ / − mice (Fig. 4 ). 
Consistent with the SOD1G37R mouse model of ALS involving

verexpression of a transgene,18 SOD1 protein levels were ele-
ated in TBS-soluble extracts from spinal cords of these mice
Fig. 5 A). By contrast, only endogenous SOD1 protein was present
n spinal cord extracts from Slc31a1+ / − mice. As the G37R mu-
ation does not directly affect SOD1 activity, dismutase activity
n spinal cord extracts from SOD1G37R mice was significantly
levated compared to non-transgenic controls (Fig. 5 B). SOD1
ctivity in spinal cord extracts from Slc31a1+ / − mice was mod-
stly ( < 5%) but significantly decreased. To associate these SOD1
elated changes with oxidative stress, we assessed spinal cord ho-
ogenates for levels of lipid peroxidation as previously reported
or SOD1G37R mice.22 In contrast to the ALS model, elevated lipid
eroxidation was not evident in the Slc31a1+ / − mice (Fig. 5 C). 

iscussion 

erein, we show that a decrease in spinal cord copper of ∼50%
aused by heterozygosity for functional Slc31a1 in mice (Fig. 1 )
s associated with a near-proportional decrease in the number
f spinal cord α-motor neurons (Fig. 2 ). Given that ubiquitous
eterozygosity for functional Slc31a1 is from conception in
lc31a1+ / − mice, it is not possible to determine from the current
ssessment of these animals whether the observed decrease in
otor neurons reveals a requirement for copper in motor neuron
evelopment, a requirement for copper in survival of mature
otor neurons, or, potentially, a combination of both these possi-
ilities. Regardless, retained motor function in the rotarod assay
Fig. 2 D) indicates that despite the clear deficit in motor neuron
umbers, Slc31a1+ / − mice were not overtly physically impaired.
t is possible that relatively subtle physical impairment may have
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(A) (C)(B)B) (D)

Fig. 2. Spinal cord neurons in Slc31a1+ / − mice compared to wild-type controls and ALS model SOD1G37R mice. (A, B) Average number of α-motor 
neurons per cross-sectional area in mouse spinal cords with accompanying representative histology images. (C) Average area of α-motor neuron soma 
in mouse spinal cords. (D) Motor function of mice assessed using rotarod assay and expressed as latency to fail. Data are presented as mean ± SEM. 
Circles represent values from individual mice, with n = 6 controls, n = 5 Slc31a1+ / − and n = 6 SOD1G37R in A and C, and n = 9 controls, n = 10 Slc31a1+ / −, 
and n = 14 SOD1G37R in D. P values illustrate significant differences between the groups indicated. 
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heads in A and C indicate significantly ( P < 0.05) up- and downregulated genes in Slc31a1+ / − and SOD1G37R mice relative to respective controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/9/m

fae036/7754161 by U
niversity of Technology Sydney user on 02 January 2025
been detectable in other assessments of motor function and/or
coordination such as the grip strength, foot fall, or balance beam
assays. 

The sustained motor function observed in Slc31a1+ / − mice
despite motor neuron loss could be a product of compensatory
adaptations among premotor circuits. Directly innervating
α-motor neurons are V0c interneurons.26 These interneurons
have large cholinergic inputs onto α-motor neurons, known as
C-boutons, through which they modulate neuronal excitability
and coordination in a task-dependent manner.26 , 27 In mutant
SOD1 mice, genetic silencing of V0c interneurons appears to both
worsen28 and improve29 motor function during the early stage
of ALS-like phenotype progression. These seemingly opposing
results were obtained from different motor function assays
(treadmill and rotarod, respectively), suggesting differential im-
pact of V0c interneurons depending on the motor circuit involved.
Hence, any histological assessment of C-bouton density and size
must be undertaken systematically, focusing on specific motor
neuron pools relevant to motor function assays.30 Such analyses
require inclusion in the initial study design and were thus not
possible in the present study. 
Oxidative stress is a commonly examined mechanism for its 
potential role in neurodegeneration in ALS. Mutations affecting 
the frontline antioxidant SOD1 were the first discovered genetic 
cause of ALS4 and oxidative stress is a prominent feature of the 
disease.31 However, not all cases of ALS involve SOD1 mutations 
and not all ALS-associated SOD1 mutations are associated with 
loss of dismutase function.32 However, because SOD1 requires 
copper for its catalytic antioxidant activity,33 we examined levels 
of endogenous SOD1 in spinal cord tissue from Slc31a1+ / − mice,
copper-dependent dismutase activity of the enzyme, and lipid 
peroxidation levels as an indicator of oxidative stress. The ob- 
served marginal ( < 5%) decrease in SOD1 activity in the Slc31a1+ / −

mice despite no change in SOD1 protein levels (Fig. 5 A and B) in-
dicates a loss of SOD1 activity potentially due to decreased spinal
cord copper levels. However, the absence of any detectable change 
in lipid peroxidation (Fig. 5 C) indicates that the small decrease in
SOD1 activity observed in the Slc31a1+ / − mice was not sufficient to 
induce any readily detectable oxidative stress consequence. This 
contrasts with the SOD1G37R mice where, although overall SOD1 
activity was increased due to transgenic overexpression, lipid per- 
oxidation is elevated. These data indicate that sustained motor 
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unction in the Slc31a1+ / − mice may be related to the absence of
ignificant oxidative stress. Moreover, although significant levels
f oxidative stress may be associated with manifestation of an
LS-like deterioration of motor function in mice, a restricted
upply of copper to SOD1 and diminished SOD1 activity may not
e a key feature. Perturbations affecting copper availability con-
ributing to motor neuron death and diminished motor function
n ALS may involve toxic events not restricted to SOD1 activity. 
An additional consideration for sustained motor function

bserved in the Slc31a1+ / − mice is the involvement of toxic glial
ctivation in ALS. The conversion of microglia and astrocytes that
re physiologically essential for healthy neuronal function into
 pathologically activated state that negatively impacts motor
euron function and survival is well recognized as an important
eature of ALS.34 Here, we show that in contrast to the ALS model
OD1G37R mice that show a gene expression signature for delete-
ious activation of microglia and astrocytes in the affected spinal
ord, Slc31a1+ / − mice do not provide clear evidence for aberrant
lial activation (Fig. 4 ). Thus, the lack of damaging glial activation
oinciding with sustained motor function despite decreased
otor neuron numbers in Slc31a1+ / − mice suggests that motor
unction is determined not only by the number of motor neurons,
ut also by the physiological or pathological milieu in which they
eside. 
A homozygous missense variant in SLC31A1 in humans

c.284G > A; p.R95H) has been identified as the cause of infan-
ile seizures and profound neurodegeneration in monozygotic
wins.35 These twins were reported to have survived past the age
f 3 years. By contrast, a different homozygous missense variant
c.236T > C) that caused death at 1 month of age involved multi-
ystem failure.36 Moreover, repeated miscarriages from the same
onsanguineous parents were speculated to have involved the
ame c.236T > C homozygosity.36 Homozygous knockout of Slc31a1
n mice causes embryonic lethality.16 , 17 These findings collectively
ndicate that if mutations or deletions affecting SLC31A1 / Slc31a1
n humans/mice do not cause embryonic lethality, the functional
mpact on surviving individuals is characterized by neurological
nomalies. This is in line with the canonical copper-related
onditions of Menkes and Wilson diseases that arise due to mu-
ations affecting the ATP-driven copper pumps ATP7A and ATP7B,
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respectively, and involve significant neurological complications.37

Furthermore, mutations affecting ATP7A are also associated with
the neurological conditions of occipital horn syndrome and X-
linked distal spinal muscular atrophy type 3.38 , 39 The propensity
for mutations affecting copper handling mechanisms to result in
neurological deficits is congruent with the requirement for copper
in synaptic transmission and neuronal proteostasis,40 the natural
slow turnover rate for copper within the CNS,41 the limited capac-
ity of the CNS to respond to altered copper requirement,8 , 9 and
selective sensitivity of the CNS to heterozygosity for functional
Slc31a116 , 17 (Fig. 1 ). It is also congruent with a study that showed
the interactome of ATP7A immunopurified from neuroblastoma
cells is enriched for gene products associated with nervous
system diseases and mental disorders.42 

In addition to neurological conditions in which abnormalities
can be attributed to mutations affecting copper uptake and
distribution pathways, evidence also exists to implicate altered
copper availability in conditions not immediately associated
with related mutations. For example, altered levels of copper are
reported in affected brain regions from cases of schizophrenia,43

progressive supranuclear palsy,44 , 45 multiple sclerosis,46 Parkin-
son’s disease,45 , 47 , 48 and Alzheimer’s disease.49 –51 Notably, these
conditions are not necessarily characterized as diametrically
opposed copper deficiency or accumulation. In Alzheimer’s
disease, for example, evidence for the accumulation of copper in
extracellular amyloid plaques co-exists with evidence for intra-
cellular copper deficiencies.52 Results such as these indicate that
increased acquisition of copper in some anatomical and/or bio-
chemical compartments of the CNS may occur at the expense of
others, and that rather than supporting relatively simplistic cop-
per delivery or copper chelation treatment strategies, promoting
physiological redistribution of copper may be more beneficial.53 

Herein, we compare Slc31a1+ / − mice to SOD1G37R mice.
Slc31a1+ / − mice exhibit decreased spinal cord copper levels
accompanied by a roughly proportional decrease in the number
of α-motor neurons in the spinal cord but developed no overt
molecular of physical disruptions. In contrast, although total
spinal cord copper levels are reportedly unchanged or elevated
in SOD1G37R mice,7 –9 , 54 these mice exhibit a functional deficit in
the activity of cuproenzymes, including SOD1, ceruloplasmin,
and hephaestin.7 –9 These changes are also apparent in the spinal
cords of human ALS cases.10 Thus, there appears to be a discon-
nect between copper levels and copper-dependent processes in
ALS. That pharmacologically or genetically enhancing spinal cord
copper levels ameliorates the phenotype of these mice supports
the notion that expression of mutant SOD1 induces a functional
deficit in copper availability.7 –9 

The brain and spinal cord were the only tissues examined
in the current study that exhibited altered copper levels in
Slc31a1+ / − mice, with no change observed in skeletal muscle,
kidney, or liver (Fig. 1 ). This is consistent with previous findings for
these mice.16 , 17 Functional Slc31a1 is required for copper acqui-
sition by other tissues, as demonstrated by targeted deletion of
Slc31a1 from liver, resulting in hepatic copper depletion, albeit to
an extent far less than commensurate with the ∼90% decrease in
functional Slc31a1, indicating partial compensation.55 Cuproen-
zymes in the CNS, but not other tissues, are unsatiated for their
requisite supply of copper in ALS model mice that overexpress
transgenic SOD1, indicating that the CNS has a limited capacity
to respond to increased demand for copper.8 , 9 Here, we show that
this is associated with altered expression of numerous genes as-
sociated with copper handling (Fig. 3 C and D). Based on these data
collectively, it appears that in contrast to other tissues, the CNS is
uniquely affected by disease-related changes in copper availabil- 
ity. However, results presented herein from the Slc31a1+ / − mice 
show that a large decrease in CNS tissue copper content alone 
does not drive substantial functional changes that are present in 
mutant SOD1 models of ALS and human disease-affected tissue.
This is evinced in the Slc31a1+ / − mice by no change in motor func-
tion (Fig. 2 D), limited changes in copper-related gene expression 
(Fig. 3 A and B), and only a moderate decrease in SOD1 activity
(Fig. 5 B), despite the large decrease in tissue copper content 
(Fig. 1 ). This suggests that disturbances affecting intracellular 
distribution of copper and/or its accessibility to cuproenzymes 
may be a more important factor in neurodegenerative diseases 
such as ALS than tissue copper content alone. Phenotypic 
improvements achieved in mutant SOD1 mice through pharma- 
cologically or genetically increasing spinal cord copper content7 –9 

may be effective by rectifying or bypassing these disturbances. 
Overall, results presented herein support a clear relationship 

between tissue copper levels and motor neuron numbers in the 
spinal cord of Slc31a1+ / − mice. The absence of overt signs of 
motor function impairment in Slc31a1+ / − mice, however, suggests 
that the development of significant physical impairments in 
conditions such as ALS in which perturbations involving copper 
are implicated is not restricted to tissue copper content alone.
Bioavailability of the copper is likely a more important consider- 
ation. Understanding how and why CNS copper bioavailability is 
affected will be essential to the development of associated thera- 
peutic interventions. Importantly, delineating biochemical and/or 
anatomical sites of disrupted copper availability could likely be 
critical, with copper-related changes potentially affecting specific 
anatomical sites such as the synaptic cleft56 , 57 likely requiring 
distinct management relative to copper-related changes at other 
sites. 

Acknowledgements 

Histological analyses were performed by utilizing services of 
the Melbourne Histology Platform and Phenomics Australia 
Histopathology and Slide Scanning Service at the University of 
Melbourne, with assistance from Ms Laura Leone, Ms Lisa Foster,
and Ms Tina Cardamone. Animals used in this study were housed 
at the Melbourne Bioresources Platform at the University of Mel- 
bourne with assistance from Ms Marica Kesar and Ms Damaris 
Delgado. 

Funding 

This research was supported by funding from the National Health 
and Medical Research Council and Perpetual IMPACT Philan- 
thropy (Margaret Dawn Marks Charitable Trust). 

Conflicts of interest 
The authors declare no conflicts of interest. 

Data availability 

The data underlying this article are available in the article. 

References 

1. D. S. Younger and R. H. Brown, Jr, Amyotrophic lateral sclero- 
sis, Handb Clin Neurol , 2023, 196, 203–229. https://doi.org/10.1016/
B978-0-323-98817-9.00031-4

https://doi.org/10.1016/B978-0-323-98817-9.00031-4


8 | Metallomics

2  

 

3  

 

4  

 

 

 

 

 

 

 

 

5  

 

6  

 

 

 

7  

 

 

 

 

 

 

 

 

8  

 

 

9  

 

 

 

1  

 

 

 

 

1  

 

 

 

1  

 

1  

 

 

 

1  

 

 

 

1  

 

 

 

1  

 

 

1  

 

 

1  

 

 

 

1  

 

 

 

2  

 

 

2  

 

2  

 

 

 

 

2  

 

2  

 

 

2  

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/9/m

fae036/7754161 by U
niversity of Technology Sydney user on 02 January 2025
. W. Zhou and R. Xu, Current insights in the molecular ge-
netic pathogenesis of amyotrophic lateral sclerosis, Front.
Neurosci., 2023, 17, 1189470. https://doi.org/10.3389/fnins.2023.
1189470

. Z. Sun, B. Zhang and Y. Peng, Development of novel treatments
for amyotrophic lateral sclerosis, Metab. Brain Dis., 2024, 39 (3),
467–482. https://doi.org/10.1007/s11011-023-01334-z

. D. R. Rosen, T. Siddique, D. Patterson, D. A. Figlewicz, P. Sapp,
A. Hentati, D. Donaldson, J. Goto, J. P. O’Regan, H.-X. Deng,
Z. Rahmani, A. Krizus, D. McKenna-Yasek, A. Cayabyab, S. M. Gas-
ton, R. Berger, R. E. Tanzi, J. J. Halperin, B. Herzfeldt, R. Van den
Bergh, W.-Y. Hung, T. Bird, G. Deng, D. W. Mulder, C. Smyth, N. G.
Laing, E. Soriano, M. A. Pericak-Vance, J. Haines, G. A. Rouleau,
J. S. Gusella, H. R. Horvitz and R. H. Brown, Jr, Mutations in
Cu/Zn superoxide dismutase gene are associated with famil-
ial amyotrophic lateral sclerosis, Nature , 1993, 362 (6415), 59–62.
https://doi.org/10.1038/362059a0

. T. Philips and J. D. Rothstein, Rodent models of amyotrophic
lateral sclerosis, Curr. Protoc. Pharmacol., 2015, 69, 5.67.1–5.67.21.
https://doi.org/10.1002/0471141755.ph0567s69

. E. J. McAllum, N. K. H. Lim, J. L. Hickey, B. M. Paterson, P. S.
Donnelly, Q. X. Li, J. R. Liddell, K. J. Barnham, A. R. White and
P. J. Crouch, Therapeutic effects of CuII (atsm) in the SOD1G37R
mouse model of amyotrophic lateral sclerosis, Amyotroph. Lateral
Scler. Frontotemporal Degener., 2013, 14 (7–8), 586–590. https://doi.
org/10.3109/21678421.2013.824000

. B. R. Roberts, N. K. Lim, E. J. McAllum, P. S. Donnelly, D. J. Hare,
P. A. Doble, B. J. Turner, K. A. Price, S. C. Lim, B. M. Paterson, J. L.
Hickey, T. W. Rhoads, J. R. Williams, K. M. Kanninen, L. W. Hung,
J. R. Liddell, A. Grubman, J. F. Monty, R. M. Llanos, D. R. Kramer,
J. F. Mercer, A. I. Bush, C. L. Masters, J. A. Duce, Q. X. Li, J. S. Beck-
man, K. J. Barnham, A. R. White and P. J. Crouch, Oral treatment
with CuII (atsm) increases mutant SOD1 in vivo but protects mo-
tor neurons and improves the phenotype of a transgenic mouse
model of amyotrophic lateral sclerosis, J. Neurosci., 2014, 34 (23),
8021–8031. https://doi.org/10.1523/JNEUROSCI.4196-13.2014

. J. B. Hilton, A. R. White and P. J. Crouch, Endogenous Cu in the
central nervous system fails to satiate the elevated requirement
for Cu in a mutant SOD1 mouse model of ALS, Metallomics , 2016,
8 (9), 1002–1011. https://doi.org/10.1039/C6MT00099A

. J. B. Hilton, K. Kysenius, A. R. White and P. J. Crouch, The accumu-
lation of enzymatically inactive cuproenzymes is a CNS-specific
phenomenon of the SOD1(G37R) mouse model of ALS and can
be restored by overexpressing the human copper transporter
hCTR1, Exp. Neurol., 2018, 307, 118–128. https://doi.org/10.1016/
j.expneurol.2018.06.006

0. J. B. W. Hilton, K. Kysenius, J. R. Liddell, S. W. Mercer, B. Paul,
J. S. Beckman, C. A. Mclean, A. R. White, P. S. Donnelly, A. I. Bush,
D. J. Hare, B. R. Roberts and P. J. Crouch, Evidence for disrupted
copper availability in human spinal cord supports Cu(II)(atsm)
as a treatment option for sporadic cases of ALS, Sci. Rep., 2024,
14 (1), 5929. https://doi.org/10.1038/s41598-024-55832-w

1. T. Ahtoniemi, G. Goldsteins, V. Keksa-Goldsteine, T. Malm,
K. Kanninen, A. Salminen and J. Koistinaho, Pyrrolidine dithio-
carbamate inhibits induction of immunoproteasome and de-
creases survival in a rat model of amyotrophic lateral sclerosis,
Mol. Pharmacol., 2007, 71 (1), 30–37. https://doi.org/10.1124/mol.
106.028415

2. E. Tokuda, E. Okawa and S. Ono, Dysregulation of intracellular
copper trafficking pathway in a mouse model of mutant cop-
per/zinc superoxide dismutase-linked familial amyotrophic lat- 
eral sclerosis, J. Neurochem., 2009, 111 (1), 181–191. https://doi.
org/10.1111/j.1471-4159.2009.06310.x
3. E. Tokuda, E. Okawa, S. Watanabe, S. Ono and S. L. Mark-
lund, Dysregulation of intracellular copper homeostasis is com-
mon to transgenic mice expressing human mutant superoxide
dismutase-1s regardless of their copper-binding abilities, Neu-
robiol. Dis., 2013, 54, 308–319. https://doi.org/10.1016/j.nbd.2013.
01.001

4. E. Tokuda, S. Ono, K. Ishige, S. Watanabe, E. Okawa, Y. Ito and T.
Suzuki, Ammonium tetrathiomolybdate delays onset, prolongs
survival, and slows progression of disease in a mouse model for
amyotrophic lateral sclerosis, Exp. Neurol., 2008, 213 (1), 122–128.
https://doi.org/10.1016/j.expneurol.2008.05.011

5. J. B. Hilton, S. W. Mercer, N. K. H. Lim, N. G. Faux, G. Buncic, J. S.
Beckman, B. R. Roberts, P. S. Donnelly, A. R. White and P. J. Crouch,
CuII (atsm) improves the neurological phenotype and survival of
SOD1G93A mice and selectively increases enzymatically active
SOD1 in the spinal cord, Sci. Rep., 2017, 7 (1), 42292.

6. Y. M. Kuo, B. Zhou, D. Cosco and J. Gitschier, The copper trans-
porter CTR1 provides an essential function in mammalian em-
bryonic development, Proc. Natl. Acad. Sci. USA , 2001, 98 (12),
6836–6841. https://doi.org/10.1073/pnas.111057298

7. J. Lee, J. R. Prohaska and D. J. Thiele, Essential role for mammalian
copper transporter Ctr1 in copper homeostasis and embryonic
development, Proc. Natl. Acad. Sci. USA , 2001, 98 (12), 6842–6847.
https://doi.org/10.1073/pnas.111058698

8. P. C. Wong, C. A. Pardo, D. R. Borchelt, M. K. Lee, N. G. Copeland,
N. A. Jenkins, S. S. Sisodia, D. W. Cleveland and D. L. Price, An
adverse property of a familial ALS-linked SOD1 mutation causes
motor neuron disease characterized by vacuolar degeneration
of mitochondria, Neuron , 1995, 14 (6), 1105–1116. https://doi.org/
10.1016/0896-6273(95)90259-7

9. J. B. W. Hilton, K. Kysenius, J. R. Liddell, S. W. Mercer, D. J. Hare,
G. Buncic, B. Paul, Y. Wang, S. S. Murray, T. J. Kilpatrick, A. R.
White, P. S. Donnelly and P. J. Crouch, Evidence for decreased
copper associated with demyelination in the corpus callosum
of cuprizone-treated mice, Metallomics , 2024, 16 (1). https://doi.
org/10.1093/mtomcs/mfad072

0. K. Kysenius, B. Paul, J. B. Hilton, J. R. Liddell, D. J. Hare and P. J.
Crouch, A versatile quantitative microdroplet elemental imag-
ing method optimised for integration in biochemical workflows
for low-volume samples, Anal. Bioanal. Chem., 2019, 411 (3), 603–
616. https://doi.org/10.1007/s00216-018-1362-6

1. S. Lutsenko, Dynamic and cell-specific transport networks for
intracellular copper ions, J. Cell Sci., 2021, 134 (21), jcs240523.
https://doi.org/10.1242/jcs.240523

2. J. R. Liddell, J. B. Hilton, K. Kysenius, J. L. Billings, S. Nikseresht,
L. E. McInnes, D. J. Hare, B. Paul, S. W. Mercer, A. A. Belaidi, S.
Ayton, B. R. Roberts, J. S. Beckman, C. A. McLean, A. R. White, P. S.
Donnelly, A. I. Bush and P. J. Crouch, Microglial ferroptotic stress
causes non-cell autonomous neuronal death, Mol. Neurodegen.,
2024, 19 (1), 14. https://doi.org/10.1186/s13024-023-00691-8

3. S. Marklund and G. Marklund, Involvement of the superoxide an-
ion radical in the autoxidation of pyrogallol and a convenient
assay for superoxide dismutase, Eur. J. Biochem., 1974, 47 (3), 469–
474. https://doi.org/10.1111/j.1432-1033.1974.tb03714.x

4. H. J. Motulsky and R E. Brown, Detecting outliers when fitting
data with nonlinear regression—a new method based on robust
nonlinear regression and the false discovery rate, BMC Bioinf.,
2006, 7, 123. https://doi.org/10.1186/1471-2105-7-123

5. S. A. Liddelow, K. A. Guttenplan, L. E. Clarke, F. C. Bennett, C. J.
Bohlen, L. Schirmer, M. L. Bennett, A. E. Münch, W. S. Chung, T. C.
Peterson, D. K. Wilton, A. Frouin, B. A. Napier, N. Panicker, M. Ku-
mar, M. S. Buckwalter, D. H. Rowitch, V. L. Dawson, T. M. Dawson,
B. Stevens and B. A. Barres, Neurotoxic reactive astrocytes are

https://doi.org/10.3389/fnins.2023.1189470
https://doi.org/10.1007/s11011-023-01334-z
https://doi.org/10.1038/362059a0
https://doi.org/10.1002/0471141755.ph0567s69
https://doi.org/10.3109/21678421.2013.824000
https://doi.org/10.1523/JNEUROSCI.4196-13.2014
https://doi.org/10.1039/C6MT00099A
https://doi.org/10.1016/j.expneurol.2018.06.006
https://doi.org/10.1038/s41598-024-55832-w
https://doi.org/10.1124/mol.106.028415
https://doi.org/10.1111/j.1471-4159.2009.06310.x
https://doi.org/10.1016/j.nbd.2013.01.001
https://doi.org/10.1016/j.expneurol.2008.05.011
https://doi.org/10.1073/pnas.111057298
https://doi.org/10.1073/pnas.111058698
https://doi.org/10.1016/0896-6273(95)90259-7
https://doi.org/10.1093/mtomcs/mfad072
https://doi.org/10.1007/s00216-018-1362-6
https://doi.org/10.1242/jcs.240523
https://doi.org/10.1186/s13024-023-00691-8
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.1186/1471-2105-7-123


Paper | 9

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/9/m

fae036/7754161 by U
niversity of Technology Sydney user on 02 January 2025
induced by activated microglia, Nature , 2017, 541 (7638), 481–487.
https://doi.org/10.1038/nature21029

26. G. B. Miles, R. Hartley, A. J. Todd and R. M. Brownstone, Spinal
cholinergic interneurons regulate the excitability of motoneu-
rons during locomotion, Proc. Natl. Acad. Sci. USA , 2007, 104 (7),
2448–2453. https://doi.org/10.1073/pnas.0611134104

27. L. Zagoraiou, T. Akay, J. F. Martin, R. M. Brownstone, T. M. Jessell
and G. B. Miles, A cluster of cholinergic premotor interneurons
modulates mouse locomotor activity, Neuron , 2009, 64 (5), 645–
662. https://doi.org/10.1016/j.neuron.2009.10.017

28. L. M. Landoni, J. R. Myles, T. L. Wells, W. P. Mayer and T.
Akay, Cholinergic modulation of motor neurons through the
C-boutons are necessary for the locomotor compensation for
severe motor neuron loss during amyotrophic lateral sclerosis
disease progression, Behav. Brain Res., 2019, 369, 111914. https:
//doi.org/10.1016/j.bbr.2019.111914

29. E. Konsolaki, E. Koropouli, E. Tsape, K. Pothakos and L. Zago-
raiou, Genetic inactivation of cholinergic C bouton output im-
proves motor performance but not survival in a mouse model
of amyotrophic lateral sclerosis, Neuroscience , 2020, 450, 71–80.
https://doi.org/10.1016/j.neuroscience.2020.07.047

30. S. S. Dukkipati, A. Chihi, Y. Wang and S M. Elbasiouny, Experi-
mental design and data analysis issues contribute to inconsis-
tent results of C-bouton changes in amyotrophic lateral sclero-
sis, eNeuro , 2017, 4 (1), ENEURO.0281-16.2016. https://doi.org/10.
1523/ENEURO.0281-16.2016

31. S. C. Barber and P. J. Shaw, Oxidative stress in ALS: key role in mo-
tor neuron injury and therapeutic target, Free Radic. Biol. Med.,
2010, 48 (5), 629–641. https://doi.org/10.1016/j.freeradbiomed.
2009.11.018

32. B. Trist, J. B. Hilton, P. J. Crouch, D.J Hare and K. L. Double, Super-
oxide dismutase 1 in health and disease: how a front-line an-
tioxidant becomes neurotoxic, Angew. Chem. Int. Ed Engl., 2020,
60 (17), 9215–9246.

33. H. J. Forman and I. Fridovich, On the stability of bovine superox-
ide dismutase. The effects of metals, J. Biol. Chem., 1973, 248 (8),
2645–2649. https://doi.org/10.1016/S0021-9258(19)44055-6

34. S. Boillee, C. Vande Velde and D. W. Cleveland, ALS: a disease of
motor neurons and their nonneuronal neighbors, Neuron , 2006,
52 (1), 39–59. https://doi.org/10.1016/j.neuron.2006.09.018

35. S. Batzios, G. Tal, A. T. DiStasio, Y. Peng, C. Charalambous, P. Nico-
laides, E. J. Kamsteeg, S. H. Korman, H. Mandel, P. J. Steinbach, L.
Yi, S. R. Fair, M. E. Hester, A. Drousiotou and S. G. Kaler, Newly
identified disorder of copper metabolism caused by variants in
CTR1, a high-affinity copper transporter, Hum. Mol. Genet., 2022,
31 (24), 4121–4130. https://doi.org/10.1093/hmg/ddac156

36. C. Dame, D. Horn, L. Schomburg, J. Grunhagen, T. S. Chillon, A.
Tietze, A. Vogt and C. Bührer, Fatal congenital copper trans-
port defect caused by a homozygous likely pathogenic variant
of SLC31A1, Clin. Genet., 2023, 103 (5), 585–589. https://doi.org/10.
1111/cge.14289

37. M. T. Lorincz, Wilson disease and related copper disorders,
Handb. Clin. Neurol., 2018, 147, 279–292. https://doi.org/10.1016/
B978-0-444-63233-3.00018-X

38. M. L. Kennerson, G. A. Nicholson, S. G. Kaler, B. Kowalski, J. F.
Mercer, J. Tang, R. M. Llanos, S. Chu, R. I. Takata, C. E. Speck-
Martins, J. Baets, L. Almeida-Souza, D. Fischer, V. Timmerman,
P. E. Taylor, S. S. Scherer, T. A. Ferguson, T. D. Bird, P. De Jonghe,
S. M. Feely, M. E. Shy and J. Y. Garbern, Missense mutations in
the copper transporter gene ATP7A cause X-linked distal hered-
itary motor neuropathy, Am. J. Hum. Genet., 2010, 86 (3), 343–352.
https://doi.org/10.1016/j.ajhg.2010.01.027

39. S. G. Kaler, L. K. Gallo, V. K. Proud, A. K. Percy, Y. Mark, N. A. Se-
gal, D. S. Goldstein, C. S. Holmes and W. A. Gahl, Occipital horn
syndrome and a mild Menkes phenotype associated with splice 
site mutations at the MNK locus, Nat. Genet., 1994, 8 (2), 195–202.
https://doi.org/10.1038/ng1094-195

40. C. M. Opazo, M. A. Greenough and A. I. Bush, Copper: from neu-
rotransmission to neuroproteostasis, Front. Aging Neurosci., 2014,
6, 143. https://doi.org/10.3389/fnagi.2014.00143

41. C. W. Levenson and M. Janghorbani, Long-term measurement of 
organ copper turnover in rats by continuous feeding of a stable 
isotope, Anal. Biochem., 1994, 221 (2), 243–249. https://doi.org/10.
1006/abio.1994.1408

42. H. S. Comstra, J. McArthy, S. Rudin-Rush, C. Hartwig, A.
Gokhale, S. A. Zlatic, J. B. Blackburn, E. Werner, M. Petris,
P. D’Souza, P. Panuwet, D. B. Barr, V. Lupashin, A. Vrailas-
Mortimer and V. Faundez, The interactome of the copper trans- 
porter ATP7A belongs to a network of neurodevelopmental and 
neurodegeneration factors, eLife , 2017, 6, e24722. https://doi.org/
10.7554/eLife.24722

43. K. E. Schoonover, S. L. Queern, S. E. Lapi and R. C. Roberts, Im-
paired copper transport in schizophrenia results in a copper- 
deficient brain state: a new side to the dysbindin story, World 
J. Biol. Psychiatry , 2020, 21 (1), 13–28. https://doi.org/10.1080/
15622975.2018.1523562

44. D. A. Loeffler, P. A. LeWitt, P. L. Juneau, A. A. Sima, H. U. Nguyen,
A. J. DeMaggio, C. M. Brickman, G. J. Brewer, R. D. Dick, M. D. Troyer
and L. Kanaley, Increased regional brain concentrations of 
ceruloplasmin in neurodegenerative disorders, Brain Res., 1996,
738 (2), 265–274. https://doi.org/10.1016/S0006-8993(96)00782-2

45. D. T. Dexter, A. Carayon, F. Javoy-Agid, Y. Agid, F. R. Wells,
S. E. Daniel, A. J. Lees, P. Jenner and C. D. Marsden, Alterations
in the levels of iron, ferritin and other trace metals in Parkin-
son’s disease and other neurodegenerative diseases affecting 
the basal ganglia, Brain , 1991, 114 (Pt 4), 1953–1975. https://doi.
org/10.1093/brain/114.4.1953

46. E. Colombo, D. Triolo, C. Bassani, F. Bedogni, M. Di Dario, G. Dina,
E. Fredrickx, I. Fermo, V. Martinelli, J. Newcombe, C. Taveggia, A.
Quattrini, G. Comi and C. Farina, Dysregulated copper transport 
in multiple sclerosis may cause demyelination via astrocytes,
Proc. Natl. Acad. Sci. USA , 2021, 118 (27), e2025804118. https://doi.
org/10.1073/pnas.2025804118

47. B. F. Popescu, M. J. George, U. Bergmann, A. V. Garachtchenko,
M. E. Kelly, R. P. McCrea, K. Lüning, R. M. Devon, G. N. George,
A. D. Hanson, S. M. Harder, L. D. Chapman, I. J. Pickering and H.
Nichol, Mapping metals in Parkinson’s and normal brain using 
rapid-scanning X-ray fluorescence, Phys. Med. Biol., 2009, 54 (3),
651–663. https://doi.org/10.1088/0031-9155/54/3/012

48. A. Carmona, E. Carboni, L. C. Gomes, S. Roudeau, F. Maass, C.
Lenz, R. Ortega and P. Lingor, Metal dyshomeostasis in the sub-
stantia nigra of patients with Parkinson’s disease or multiple 
sclerosis, J. Neurochem., 2024, 168 (2), 128–141. https://doi.org/10.
1111/jnc.16040

49. M. A. Lovell, J. D. Robertson, W. J. Teesdale, J. L. Campbell and
W. R. Markesbery, Copper, iron and zinc in Alzheimer’s disease 
senile plaques, J. Neurol. Sci., 1998, 158 (1), 47–52. https://doi.org/
10.1016/S0022-510X(98)00092-6

50. M. Schrag, C. Mueller, U. Oyoyo, M. A. Smith and W. M. Kirsch,
Iron, zinc and copper in the Alzheimer’s disease brain: a quan- 
titative meta-analysis. Some insight on the influence of citation 
bias on scientific opinion, Prog. Neurobiol., 2011, 94 (3), 296–306.
https://doi.org/10.1016/j.pneurobio.2011.05.001

51. P. Agarwal, S. Ayton, S. Agrawal, K. Dhana, D. A. Bennett, L. L.
Barnes, S. E. Leurgans, A. I. Bush and J. A. Schneider, Brain cop-
per may protect from cognitive decline and Alzheimer’s dis- 
ease pathology: a community-based study, Mol. Psychiatry , 2022,
27 (10), 4307–4313. https://doi.org/10.1038/s41380-022-01802-5

https://doi.org/10.1038/nature21029
https://doi.org/10.1073/pnas.0611134104
https://doi.org/10.1016/j.neuron.2009.10.017
https://doi.org/10.1016/j.bbr.2019.111914
https://doi.org/10.1016/j.neuroscience.2020.07.047
https://doi.org/10.1523/ENEURO.0281-16.2016
https://doi.org/10.1016/j.freeradbiomed.2009.11.018
https://doi.org/10.1016/S0021-9258(19)44055-6
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1093/hmg/ddac156
https://doi.org/10.1111/cge.14289
https://doi.org/10.1016/B978-0-444-63233-3.00018-X
https://doi.org/10.1016/j.ajhg.2010.01.027
https://doi.org/10.1038/ng1094-195
https://doi.org/10.3389/fnagi.2014.00143
https://doi.org/10.1006/abio.1994.1408
https://doi.org/10.7554/eLife.24722
https://doi.org/10.1080/15622975.2018.1523562
https://doi.org/10.1016/S0006-8993(96)00782-2
https://doi.org/10.1093/brain/114.4.1953
https://doi.org/10.1073/pnas.2025804118
https://doi.org/10.1088/0031-9155/54/3/012
https://doi.org/10.1111/jnc.16040
https://doi.org/10.1016/S0022-510X(98)00092-6
https://doi.org/10.1016/j.pneurobio.2011.05.001
https://doi.org/10.1038/s41380-022-01802-5


10 | Metallomics

5  

5  

 

5  

 

 

 

5  

 

 

5  

 

5  

 

 

R
©
L
w

D
ow

nloaded from
 http
2. P. Lei, S. Ayton and A. I. Bush, The essential elements of
Alzheimer’s disease, J. Biol. Chem., 2021, 296, 100105. https://doi.
org/10.1074/jbc.REV120.008207

3. P. J. Crouch and K. J. Barnham, Therapeutic redistribution of
metal ions to treat Alzheimer’s disease, ACC. Chem. Res., 2012,
45 (9), 1604–1611. https://doi.org/10.1021/ar300074t

4. H. L. Lelie, A. Liba, M. W. Bourassa, M. Chattopadhyay, P. K. Chan,
E. B. Gralla, L. M. Miller, D. R. Borchelt, J. S. Valentine and J. P.
Whitelegge, Copper and zinc metallation status of copper-zinc
superoxide dismutase from amyotrophic lateral sclerosis trans-
genic mice, J. Biol. Chem., 2011, 286 (4), 2795–2806. https://doi.org/
10.1074/jbc.M110.186999

5. H. Kim, H. Y. Son, S. M. Bailey and J. Lee, Deletion of hepatic Ctr1
reveals its function in copper acquisition and compensatory
eceived: April 4, 2024. Accepted: August 3, 2024 
The Author(s) 2024. Published by Oxford University Press. This is an Open Access

icense ( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
ork is properly cited. 

s://academ
ic.oup.com

/m
etallom

ics/article/16/9/m
fae036/7754161 by U

niversity of Technology Sydney user on 02 January 2025
mechanisms for copper homeostasis, Am. J. Physiol. Gastrointest.
Liver Physiol., 2009, 296 (2), G356–G364. https://doi.org/10.1152/
ajpgi.90632.2008

6. M. L. Schlief, A. M. Craig and J. D. Gitlin, NMDA receptor activation
mediates copper homeostasis in hippocampal neurons, J. Neu-
rosci., 2005, 25 (1), 239–246. https://doi.org/10.1523/JNEUROSCI.
3699-04.2005

7. M. L. Schlief, T. West, A. M. Craig, D. M. Holtzman and
J. D. Gitlin, Role of the Menkes copper-transporting ATPase in
NMDA receptor-mediated neuronal toxicity, Proc. Natl. Acad. Sci.
U S A , 2006, 103 (40), 14919–14924. https://doi.org/10.1073/pnas.
0605390103

 article distributed under the terms of the Creative Commons Attribution 

 reuse, distribution, and reproduction in any medium, provided the original 

https://doi.org/10.1074/jbc.REV120.008207
https://doi.org/10.1021/ar300074t
https://doi.org/10.1074/jbc.M110.186999
https://doi.org/10.1152/ajpgi.90632.2008
https://doi.org/10.1523/JNEUROSCI.3699-04.2005
https://doi.org/10.1073/pnas.0605390103
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Mice
	Motor function assessment
	Tissue collection
	Tissue copper content
	Motor neuron counting
	Gene expression
	SOD1 protein and activity
	Lipid peroxidation
	Data analyses

	Results
	Discussion
	Acknowledgements
	Funding
	Conflicts of interest
	Data availability
	References

