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A B S T R A C T

Multiple sclerosis (MS) is a debilitating affliction of the central nervous system (CNS) that involves demyelination
of neuronal axons and neurodegeneration resulting in disability that becomes more pronounced in progressive
forms of the disease. The involvement of neurodegeneration in MS underscores the need for effective neuro-
protective approaches necessitating identification of new therapeutic targets. Herein, we applied an integrated
elemental analysis workflow to human MS-affected spinal cord tissue utilising multiple inductively coupled
plasma-mass spectrometry methodologies. These analyses revealed shifts in atomic copper as a notable aspect of
disease. Complementary gene expression and biochemical analyses demonstrated that changes in copper levels
coincided with altered expression of copper handling genes and downstream functionality of cuproenzymes.
Copper-related problems observed in the human MS spinal cord were largely reproduced in the experimental
autoimmune encephalomyelitis (EAE) mouse model during the acute phase of disease characterised by axonal
demyelination, lesion formation, and motor neuron loss. Treatment of EAE mice with the CNS-permeant copper
modulating compound CuII(atsm) resulted in recovery of cuproenzyme function, improved myelination and lesion
volume, and neuroprotection. These findings support targeting copper perturbations as a therapeutic strategy for
MS with CuII(atsm) showing initial promise.
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Introduction

Multiple sclerosis (MS) is a debilitating disease of the central nervous
system (CNS) with an unknown aetiology. Pathologically, it is charac-
terised by demyelinated lesions, axonopathy, inflammation and immune
involvement in the brain, spinal cord, and optic nerve [1,2]. Most in-
dividuals with MS develop a relapsing-remitting form of the disease
involving episodes of acute injury and associated disability interspersed
with periods of full or partial symptomatic recovery. These patients have
recourse to multiple treatment avenues which fall into symptomatic or
disease-modifying therapy categories. While the former attempts to
ameliorate the burden of symptoms, the latter aims to target immune
cells and the inflammatory profile of the disease [1]. Over time, most
relapsing-remitting cases transition into a secondary progressive phase of
disease where distinct relapse-recovery cycles are replaced by a gradual
increase in permanent neurological disability reflecting increasing neu-
rodegeneration. In addition to secondary progressive MS, approximately
10% of all MS patients experience an increase in permanent neurological
disability from symptom onset defined as primary progressive MS [2].

Although relapsing-remitting MS presents a significant burden, pro-
gressive forms of the disease have the greatest impact on people living
with MS and they also suffer from a dearth of available therapeutic op-
tions. Once the disease transitions into the secondary progressive stage,
the availability of viable therapies and their efficacy diminishes. Ocre-
lizumab which targets CD20þ B cells of the immune system is the only
approved treatment with any effectiveness for primary progressive MS.
Although partial mitigation of disability was demonstrated for ocrelizu-
mab in patients with primary progressive MS [3,4], addressing neuro-
protection and progression remains a significant unmet need in MS drug
development [5]. Importantly, as grey matter atrophy associated with
neurodegeneration is a principal correlator with disability in all forms of
MS [6–8], a neuroprotective approach also has immediate relevance
across the spectrum of the disease.

A role for biological metals in MS has been considered for some time,
with iron being a particular focus due to its amenability to detection via
MRI and histological approaches [9–11]. Besides iron, copper is
increasingly recognised as being a potential contributor to disease
although earlier studies have been confined to biofluids yielding con-
flicting findings [12,13]. The relevance of copper in MS is supported by
use of the copper-chelating agent cuprizone to model demyelination as
well as axonopathy [14,15], an early marker of neurodegeneration.
Additionally, a more direct role for copper in MS has recently been
proposed whereby aberrant copper trafficking in the white matter could
be involved in oligodendrocyte pathology [16]. However, a fuller un-
derstanding of how copper changes manifest in MS and whether this
represents a prospective therapeutic target in the context of neuro-
protection remains to be established.

Here, we applied an integrated elemental analysis approach to
quantify the atomic composition of spinal cord tissue from cases of MS.
These analyses revealed changes affecting copper as a prominent feature
of the disease and coincided with perturbed expression of copper genes
and cuproenzyme function. Pharmacological significance of these
changes was supported by preliminary assessment of the experimental
autoimmune encephalomyelitis (EAE) mouse model of MS in which we
show treatment with the CNS-permeant copper modulating compound
CuII(atsm) was neuroprotective and restored key pathological events
observed in MS.

Materials and Methods

Human tissue

Fresh-frozen post-mortem spinal cord tissue collected from human
MS cases and controls were obtained from the Victorian Brain Bank
(Australia) and theMS Society Tissue Bank (United Kingdom) then stored
at -80 �C. MS cases used in this study were clinically diagnosed as either
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primary progressive MS or secondary progressive MS (Additional file 1:
Table S1).

Experimental autoimmune encephalomyelitis (EAE) mouse model

The EAE protocol, utilising female C57BL/6 mice, was based on that
of Bittner et al. [17]. Briefly, on day 0 of the study (when the mice were 8
weeks old), mice were anaesthetised via isoflurane inhalation, injected
subcutaneously with 200 μL MOG35-55 peptide (Pepceuticals) prepared at
1 mg mL-1 in complete Freund's Adjuvant (Sigma), then intraperitoneally
injected with 400 ng pertussis toxin (Enzo Life Sciences). A second dose
of 400 ng pertussis toxin was injected two days later. Control mice were
anaesthetised, injected with complete Freund's Adjuvant, and received
two injections of pertussis toxin as per EAE mice, except the complete
Freund's Adjuvant did not contain any MOG35-55 peptide.

Prior to inducing the EAE phenotype, mice were randomly allocated
into one of three treatment groups: control, EAE, and EAE plus
CuII(atsm). Mice in the EAE plus CuII(atsm) group were treated with
CuII(atsm) by gavage at a dose of 30 mg kg-1 body weight, once daily.
CuII(atsm) was synthesised as described previously [18,19] and prior to
gavage a fine suspension at 7.5 mg mL-1 was prepared in standard sus-
pension vehicle (SSV; 0.9% w/v NaCl, 0.5% w/v
Na-carboxymethylcellulose, 0.5% v/v benzyl alcohol, 0.4% v/v Tween
80) each day via sonication. Mice in the control and EAE groups were
sham gavaged with an equivalent volume of SSV that did not contain
CuII(atsm). Gavage of all mice commenced 5 days after the MOG35-55
peptide injection. Signs of neurological symptoms were assessed using
the previously reported clinical scoring system [17], with researchers
monitoring symptom score being blinded to the treatments administered
by a separate researcher.

On day 15 of the study period mice were deeply anaesthetised by
intraperitoneal injection of saline solution supplemented with ketamine
and xylazine (120 and 16 mg kg-1 body weight respectively) then
transcardially perfused with PBS supplemented with phosphatase in-
hibitors (Phosphatase Inhibitor Cocktail 2; Sigma), protease inhibitors
(Complete EDTA-free Tablets (Roche), and heparin (20 U mL-1). After
perfusion, mice were dissected to remove spinal cords with collected
tissue either snap frozen and stored at -80 �C or fixed for subsequent
histological and electron microscope examination as described below.

Tissue processing for biochemical analyses

Fresh-frozen spinal cord tissue samples (human tissue and EAE
model) were homogenised using polypropylene pestles in tris-buffered
saline (TBS) supplemented with 0.5% (v/v) phosphatase inhibitor
cocktail 2 (Sigma), 2% (w/v) Complete EDTA-free protease inhibitor
(Roche), and 5% (v/v) DNase. Homogenates were then separated into
TBS-soluble fractions and TBS-insoluble pellets by centrifugation (21,000
RCF, 4 �C) for 30 min. Insoluble pellets were resuspended in the same
TBS-based homogenisation buffer and re-homogenised using poly-
propylene pestles to produce TBS-insoluble suspensions. Protein content
of TBS-soluble and -insoluble fractions was determined using the BCA
Assay (Thermo Fisher Scientific) then all samples normalised to a
consistent protein concentration using the TBS homogenising buffer
described above for TBS-soluble and TBS-insoluble fractions. As previ-
ously shown for mouse spinal cord samples [20], this protocol for sepa-
rating TBS-soluble and TBS-insoluble material enriches for cytosolic and
small organelle proteins in the TBS-soluble fraction and membrane, nu-
clear, and cytoskeletal proteins in the TBS-insoluble fraction (Additional
file 1: Fig. S1).

Inductively coupled plasma-mass spectrometry (ICP-MS)

Weighed spinal cord tissue samples were digested in 65% (v/v) nitric
acid prior to addition of an equivalent volume of 30% (v/v) H2O2 then
diluting in 1% (v/v) nitric acid. Quantitation of elemental constituents
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utilised an Agilent 7700 Series ICP-MS under routine multi-element ICP-
MS conditions and a helium reaction cell gas. The instrument was cali-
brated using certified multi-element ICP-MS calibration solutions and
yttrium (89Y) was used as an internal control. High abundance elements
measured in analysed samples (23Na, 24Mg, and 95Mo) were used as a
multi-element normalisation factor. Total protein content of the same
samples prepared in parallel enabled expression of results as μg
element g-1 protein.

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)

To measure levels of copper partitioned into different sample frac-
tions, 0.5 μL aliquots of TBS-soluble and insoluble fractions from spinal
cord tissue were loaded onto microscope slides then allowed to air-dry
[21]. Equivalent volumes of TBS homogenising buffer were loaded
onto the slides as a matrix control. Standards consisting of known copper
concentrations made up in TBS homogenising buffer or TBS were also
loaded onto slides for subsequent analyses. Quantitation of copper levels
across different anatomical regions was performed using fresh-frozen
spinal cord tissue. A cryostat was used to cut 30 μm thick transverse
tissue sections which were then mounted onto microscope slides.

All sample slides were air-dried overnight then imaged and analysed
using LA-ICP-MS as described previously [22]. In short, slides were
placed in a 10 � 10 cm ablation cell together with matrix-matched
elemental standards. Sample fractions were then ablated using a 40 μm
square laser spot size at a scanning speed of 160 μm s-1 using the NWR213
ablation system (Kennelec Scientific). The resultant ablated material was
transferred into the 8800 QQQ-ICP-MS (Agilent) using an argon gas flow
at 1.2 L min-1.

Data were analysed using the Iolite analysis software package oper-
ating under the Igor Pro suite, with the carbon (13C) channel used for
signal normalisation. Images used for quantitation were constructed for
63Cu. The resultant values were then corrected to total copper levels
based on the combined abundance of physiologically relevant stable
isotopes (63Cu and 65Cu). Total protein content of the same samples
prepared in parallel enabled calculation of results in TBS-soluble and
-insoluble fractions as μg copper g-1 protein. Data for in situ quantitation
were calculated as μg copper g-1 tissue.

SDS-PAGE and western blotting

For detection of ceruloplasmin, hephaestin, dopamine β-hydroxylase
(DβH), lysyl oxidase (LOX), lysyl oxidase like-3 (LOXL3), and 20,30-cyclic-
nucleotide 30-phosphodiesterase (CNPase), TBS-insoluble fractions were
either used directly or supplemented with 1% (v/v) triton X-100 and
mixed before centrifugation (18,000 RCF, 4 �C) for 5 min to produce
triton X-100 soluble fractions. For detection of myelin oligodendrocyte
glycoprotein (MOG), histone H3, β-tubulin, CNPase, β-actin, citrate
synthase, lysosomal associated membrane protein 1 (LAMP1), and
GAPDH, TBS-soluble and TBS-insoluble fractions were used. TBS-soluble,
TBS-insoluble and triton X-100 soluble fractions were added to reducing
and denaturing sample buffer containing 62.2 mM Tris, 5% (v/v) glyc-
erol, 2% (w/v) SDS, and 0.0025% (w/v) bromophenol blue, then heated
at 95 �C for 5 min. Samples were then loaded onto 4–12% NuPAGE
Novex Bis-Tris Midi gels (Life Technologies) and resolved by electro-
phoresis at 200 V for 40 min in MES SDS running buffer (Life Technol-
ogies). Resolved proteins were transferred onto PVDF membranes using
iBlot gel transfer stacks (Life Technologies) as per manufacturer's in-
structions. Membranes were then incubated for 1 h in blocking buffer
consisting of phosphate buffered saline (PBS) supplemented with 0.05%
(v/v) Tween 20 (Chemsupply) and 4% (w/v) skim milk powder before
incubation with primary antibodies in blocking buffer overnight at 4 �C.

Membranes of resolved proteins were probed with primary antibodies
raised to detect ceruloplasmin (DAKO Q0121; 1:1000), hephaestin
(Santa Cruz sc-365365; 1:200), DβH (Abcam ab96615; 1:1000), LOX
(Abcam ab1743316; 1:1000), LOXL3 (Aviva Systems Biology ARP60280-
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P050; 1:500), CNPase (Abcam ab6319, 1:500), MOG (Abcam ab109746,
1:1000), histone-H3 (Cell Signaling Technology #9715, 1:1000),
β-tubulin (Cell Signaling Technology #2146; 1:3000), β-actin (Cell
Signaling Technology #3700; 1:2000), citrate synthase (Abcam
ab96600, 1:1000), LAMP1 (Sigma SAB3500285, 1:1000), or GAPDH
(Cell Signaling Technology #2118; 1:5000). Horseradish peroxidase
conjugated secondary antibodies for anti-rabbit IgG (Cell Signaling
Technology #7074; 1:5000) or anti-mouse IgG (Cell Signaling Technol-
ogy #7076; 1:5000) were made up in blocking buffer and used to incu-
bate relevant membranes. Membranes were incubated in Enhanced
Chemiluminescence (ECL Advance; GE Healthcare) to visualise immu-
noreactive protein bands, and images were taken using the FujiFilm LAS-
3000 imager. Densitometric quantitation of protein bands was performed
on ImageJ software using TIFF images.

Ferroxidase activity assay

Ferroxidase activity was measured in protein-normalised triton X-100
soluble fractions using the previously described ferroxidase assay [23,
24]. Prior to each assay, fresh aliquots of 250 μM human apotransferrin
(Sigma) and 1 mM FeSO4 were prepared with N2 gas-purged dH2O to
mitigate ferroxidase-independent oxidation of iron. Reaction mixtures
were loaded into a 96-well plate and consisted of triton X-100 soluble
sample, 25 mM HEPES, 75 mM NaCl, and 50 μM human apotransferrin
(pH 7.2), then the reaction was initiated by adding FeSO4 to a final
concentration of 100 μM.

Ferroxidase activity was determined via plate reader by calculating
the rate of change of absorbance at 460 nm through the reaction linear
phase. Activity levels were presented as amount of holo-diferric trans-
ferrin produced per minute per mg of sample protein (extinction coeffi-
cient, 4.56 mM-1 cm-1) using Beer's law. Wells containing equivalent
volumes of TBS supplemented with 1% (v/v) triton X-100 in the absence
of sample protein were used to control for non-specific activity.

DβH activity assay

DβH activity in human samples was measured from triton X-100
soluble fractions using liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) to monitor enzymatic production of the DβH product
norepinephrine. Triton X-100 soluble samples were added to individual
microfuge tubes then combined with a reaction mixture containing 200
mM sodium acetate (pH 5.0), 30 mM N-ethylmaleimide, 5 μM CuSO4, 50
μL mL-1 catalase (Sigma), 10 mM sodium fumarate, and 10 mM ascor-
bate. Following pre-incubation at 37 �C for 5 min, reactions were initi-
ated by adding 10 mM dopamine and then incubated at 37 �C for 45 min.

A known concentration of epinephrine was added to each sample tube
as an internal standard, followed by 2 mL 100 mM ammonium dihy-
drogen phosphate (pH 10) supplemented with 2% (v/v) stabiliser (0.5 M
EDTA, 317 mg mL-1 sodiummetabisulfite). Each sample was then subject
to solid phase extraction (SPE) using Bond Elut phenylboronic acid 100
mg, 3 mL cartridges (Agilent). Cartridges were equilibrated with 1 mL
acetonitrile followed by 1 mL 5% (v/v) formic acid made up in methanol
then 100 mM ammonium dihydrogen phosphate (pH 10.0). After sample
addition, the matrix was washed sequentially with 2 mL 1% (v/v)
ammonium hydroxide in 95% (v/v) methanol, 2 mL 1% (v/v) ammo-
nium hydroxide in 95% (v/v) acetonitrile, then 1% (v/v) ammonium
hydroxide in 30% (v/v) acetonitrile. Once the matrix was dried under
vacuum, analytes were eluted using 3 x 500 μL aliquots of 5% (v/v)
formic acid in methanol and then evaporated in a vacuum concentrator
before being reconstituted in 0.3% (v/v) formic acid made up in dH2O.

LC-MS/MS analyses were performed using a 1100 series HPLC system
(Agilent), and a 4000 QTRAP LC-MS/MS system (Sciex) equipped with a
TurboIonSpray ion source. The system was run in Micro mode using a
mix rate of 400 μL min-1, with the column compartment set to 50 �C and
samples kept at 20 �C. Catecholamine analytes were separated using a
Hypercarb column (150 mm � 1 mm, 5 μm particle size, Thermo Fisher
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Scientific) at a flow rate of 50 μL min-1. Initial run conditions used 99%
buffer A (0.3% (v/v) formic acid in dH2O) and 1% buffer B (100%
acetonitrile) for 1 min followed by a gradient to 25% buffer B within 20
min, then 80% buffer B within 2 min. Conditions were then held at 80%
buffer B for 2 min before a return to 1% buffer B within 2 min and
holding at 1% buffer B for 6 min.

The QTRAP was set to positive ion mode using the multiple reaction
monitoring (MRM) scan type, and conditions were spray voltage set to
4200 V, source temperature set to 425 �C, collision gas set to high, with
source gas 1 and source gas 2 set to 20. A time of 100 ms was applied to
each transition resulting in a duty cycle of 1.0501 s, with Q1 and Q3
resolutions set to Unit. Data were collected using the Analyst 1.5.1 Build
5218 (Sciex) operating in MRM mode. Compound-dependent MS pa-
rameters are specified in Additional file 1: Table S2. Catecholamine
analytes were quantified using the MultiQuant 2.1 (build 2.1.1296.02.1)
software package (Sciex) through integration of signal peaks for
norepinephrine, dopamine, and epinephrine. Activity levels were calcu-
lated with respect to norepinephrine levels following reactions and pre-
sented as amount of norepinephrine produced per minute of reaction
incubation per mg of sample protein.

DβH activity in EAE model spinal cord samples was determined as per
human samples with the following conditions for sample preparation and
analysis. SPE was performed using a Bond Elut phenylboronic acid 96
well plate with 100 mg bed mass, 2 mL well volume (Agilent). SPE
sample preparation was facilitated using the Waters Positive Pressure-96
Processor on a low pressure setting. Wells were equilibrated with 750 μL
acetonitrile followed by 750 μL 5% (v/v) formic acid in methanol and
then 1 mL 100 mM ammonium dihydrogen phosphate (pH 10.0). After
addition of samples, the wells were washed with 1.2 mL 1% (v/v)
ammonium hydroxide in 95% (v/v) methanol, followed by 1.2 mL 1%
(v/v) ammonium hydroxide in 95% (v/v) acetonitrile, then 1% (v/v)
ammonium hydroxide in 30% (v/v) acetonitrile. After drying the matrix
under vacuum, sample analytes were eluted with 1.5 mL 5% (v/v) formic
acid in 75% (v/v) acetonitrile to facilitate freeze drying. Samples were
then reconstituted in 0.05% (v/v) trifluoroacetic acid (TFA) containing
10 μM ascorbate to prevent oxidation.

LC/MS analyses were performed using a 1260 Infinity II HPLC system
(Agilent) and a 6120 single quadrupole LC/MS system (Agilent) with an
ElectroSpray Ionisation source. The HPLC system was set for an eject
speed of 400 μL min-1 with column oven set to 50 �C. Analytes were
separated using a ZORBAX Eclipse Plus Phenyl-Hexyl column (100 mm
� 4.6 mm, 5 μm particle size; Agilent) fitted with a ZORBAX Eclipse Plus
Phenyl-Hexyl guard column (12.5 mm � 4.6 mm, 5 μm particle size;
Agilent) at a flow rate of 0.4 mL min-1. Initial run conditions used 99%
mobile phase A (0.3% (v/v) formic acid in HPLC grade water) and 1%
mobile phase B (0.05% (v/v) TFA in acetonitrile) for 1 min, followed by a
gradient to 25%mobile phase B within 20 min, then 80%mobile phase B
within 2 min. These conditions were held for 2 min before returning
to 1%mobile phase B within 2 min and holding at 1%mobile phase B for
6 min.

The LC/MS was set to positive ion mode with a mass range of
100–1000 m/z and gas temperature set to 250 �C, drying gas flow rate at
12 L min-1, nebuliser pressure at 1811 Torr, and capillary voltage at 4000
V. Data were collected using the ChemStation software package (Agilent)
with chromatograms confirmed as analyte of interest by corresponding
product ion mass spectra with individual samples quantified for levels of
norepinephrine, epinephrine, and dopamine by integration of signal
peaks. Human tissue samples quantified by LC-MS/MS were also ana-
lysed and used for standardisation where for all analyses norepinephrine
levels were normalised to the epinephrine internal standard.

LOX activity assay

Activity for LOX and LOXL3 proteins was measured based on a pre-
viously described fluorometric assay detecting the generation of resor-
ufin from the substrate Amplex UltraRed (Thermo Fisher Scientific) in
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response to LOX/LOXL-mediated H2O2 production [25]. Suspensions of
TBS-insoluble material from human and EAE model spinal cord samples
were centrifuged to isolate TBS-insoluble pellets. Pelleted material was
resuspended in a 50 mM borate buffer containing 6 M urea supplemented
with 0.5% (v/v) phosphatase inhibitor cocktail 2 (Sigma), 2% (w/v)
Complete EDTA-free protease inhibitor (Roche) made up in dH2O (pH
8.2). Samples were homogenised thoroughly and left at 4 �C overnight on
a rocker to maximise LOX and LOXL3 extraction before centrifugation to
retrieve a urea-soluble fraction.

Samples were aliquoted into tubes containing a reaction mixture with
final concentrations of 50 mM borate, 1.2 M urea, 10 mM 1,5-diamino-
pentane dihydrochloride, 1 U mL-1 horseradish peroxidase, and 20 μM
Amplex UltraRed (pH 8.2). Parallel sample tubes containing 500 μM
BAPN as an inhibitor were used to detect activity attributable directly to
LOX/LOXL proteins. All samples were vortexed and placed on a heat
block away from light at 37 �C for 30 min then placed on ice to stop the
reaction before loading onto 96-well plates containing wells with known
concentrations of H2O2 used as standards. Wells containing reaction
mixture without sample were also used as a negative control. End-point
fluorescence (Ex 563 nm/Em 587 nm) was used to calculate activity with
reference to H2O2 standards.

RNA extraction and transcript analyses

Transverse sections of human spinal cord were used to visually
separate grey and white matter using a scalpel and performed on dry ice.
Mouse spinal cord and spleen samples were processed whole. All reagents
were from Thermo Fisher Scientific unless otherwise indicated and used
in accordance with manufacturer's instructions. RNA was isolated from
tissue samples using TRI Reagent (Sigma). Contaminating DNA was
degraded by treatment of isolated RNAwith DNase (Turbo DNA-free Kit).
RNA quantity was determined by nanodrop or Qubit RNA HS Assay Kit.
cDNA was synthesised using High-Capacity cDNA Reverse Transcription
Kit.

cDNA (25 ng) was pre-amplified for all genes assessed using Taqman
PreAmp Master Mix and pooled Taqman Gene Expression Assays
(Additional file 1: Table S3). Pre-amplified cDNA was then diluted 20-
fold for subsequent analyses. Spleen cDNA was run directly for all
genes without pre-amplification using Taqman Gene Expression Assay
(Additional file 1: Table S4). All samples were run in triplicate per gene.
Quantitative RT-PCR was performed using Taqman Gene Expression
Assays and Taqman Fast Advanced Mastermix on a QuantStudio 6 Flex
system (Thermo Fisher Scientific). Relative gene expression was deter-
mined via the ΔΔ-ct method normalised to GAPDH (human tissue) or
Gapdh (mouse tissue) expression.

Microscopy

Fresh lumbar spinal cord samples collected frommice were post-fixed
in PBS containing 4% (v/v) paraformaldehyde (PFA) for at least 24 h.
PFA fixed spinal cord samples were then embedded in paraffin and cut to
produce 7 μm sections for Luxol fast blue staining of myelin. In brief,
sections were deparaffinised in xylene and hydrated in ethanol sequen-
tially before overnight incubation at 60 �C in Luxol fast blue solution
(0.1% (w/v) Luxol fast blue, 0.05% (v/v) glacial acetic acid, 95% (v/v)
ethanol). Slides were then washed briefly in ethanol and differentiated in
lithium carbonate solution containing 0.05% (w/v) lithium carbonate
before a wash in deionised water and counterstaining with 0.1% (w/v)
cresyl violet solution. Sequential dehydration in ethanol and clearing in
xylene was done before mounting slides and imaging using CaseViewer
(3DHISTECH, version 2.7).

Additional mouse spinal cord samples were cut transversely into 1
mm slices and fixed in glutaraldehyde buffer (2.5% (v/v) glutaraldehyde,
2% (w/v) PFA, 0.1 M cacodylate buffer) overnight at 4 �C. Tissues were
then rinsed 3 times with 0.1 M cacodylate buffer, incubated in 1% (w/v)
osmium tetroxide and 1.5% (w/v) potassium ferrocyanide in distilled
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water for 2 h, then rinsed with distilled water and stored overnight at 4
�C. Tissues were next dehydrated through a series of ethanol and acetone,
followed by infiltration and embedding in Spurr's resin and polymerised
overnight at 70 �C.

To quantify ventral motor neurons and white matter lesion volumes,
semi-thin sections (0.5 μm thick) were stained with toluidine blue and
digital images of light microscopy collected using a Mirax Digital Slide
Scanner. All images were examined using CaseViewer (3DHISTECH,
version 2.7) and analysis of exported images performed using ImageJ
(http://rsbweb.nih.gov/ij/). Motor neurons were determined by
measuring soma perimeters then calculating diameter based on assumed
circularity; only motor neurons with a calculated diameter >13 μm were
included in final analyses. An average of 121 neurons from 5-6 sections
per mouse were counted. White matter lesion volume was calculated as
the total lesion area expressed as a percentage of the total white matter
area.

To examine axonal diameter and myelin sheath thickness, ultra-
thin sections (90 nm) were stained with uranyl acetate and lead cit-
rate and examined by transmission electron microscopy (JEOL1101,
Inc., USA). Electron microscope images were taken with a Megaview
III FW (Olympus Soft Imaging Solutions, Münster, Germany) camera
equipped to the microscope. Images were quantified using ImageJ
(http://rsbweb.nih.gov/ij/) with myelin thickness and axonal diam-
eter determined by measuring total outer diameter (do; inclusive of
myelin sheath) and inner diameter (di; exclusive of myelin sheath),
with measurements performed on two perpendicular planes per axon
and the average per axon used in final analyses. An average of 115
axons was counted per animal.

Statistical analyses

All statistical analyses were performed using GraphPad Prism Version
9. Prior to performing statistical analyses to compare mean differences
between groups, data were assessed for outliers using ROUT [26] and
identified outliers excluded from further analysis. Data were then tested
for normal distribution and statistical significance of observed differ-
ences between group means was assessed using the two-tailed Student's
t-test, Mann-Whitney test, or ordinary one-way ANOVA with �Síd�ak's
multiple comparisons test. Statistical significance was determined as P <

0.05.

Results

Changes in the elemental composition of biological material provide
unique insights to subjects ranging from mobility of extinct megafauna
[27] to objective delineation of tumours from healthy tissue [28]. In this
study, we applied an integrated elemental analysis methodology to
human spinal cord tissue from MS cases (Fig. 1a; Additional file 1:
Table S1). For initial elemental analyses, frozen spinal cord samples were
digested in nitric acid and total tissue content of 13 endogenous elements
quantified using inductively coupled plasma-mass spectrometry
(ICP-MS). Eight of the elements measured were changed in MS cases
relative to controls (Fig. 1b; Additional file 1: Fig. S2a) where four dis-
played a fold-change �1.2 (zinc, manganese, iron and copper) with
copper showing the greatest change at 1.52-fold over controls (Fig. 1c).

To provide greater insight into potential alterations in elemental
distribution, frozen spinal cord samples from the same cases were
homogenised in a TBS-based extraction buffer. Partitioning of zinc,
manganese, iron, and copper into TBS-soluble and TBS-insoluble frac-
tions was then determined using a laser ablation ICP-MS (LA-ICP-MS)
microdroplet approach for quantifying endogenous elements in low
volumes of biological samples [21]. These analyses revealed that accu-
mulations in bulk metals content were driven by increased presence in
TBS-insoluble material (Fig. 1d; Additional file 1: Fig. S2b). Notably,
microdroplet analyses showed that the accumulation of copper in the
TBS-insoluble fractions was accompanied by a 28% decrease in the
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TBS-soluble fraction (Fig. 1e; Additional file 1: Fig. S2c). In addition, no
relationship was observed between copper levels and case age (Addi-
tional file 1: Fig. S3) demonstrating that these copper changes are related
to disease. None of the other elements that displayed a fold-change �1.2
in the TBS-insoluble fraction were changed in the TBS-soluble fraction.
Thus, copper was the only element to exhibit changes in MS cases across
both fractions.

To further examine these copper changes, we anatomically mapped
human spinal cord copper levels by applying LA-ICP-MS to cryo-
sectioned samples. These analyses uncovered that copper is naturally
enriched within the grey matter regions of the human spinal cord and
that MS cases are characterised by a diminution of copper in the ventral
grey matter but not other grey matter regions (Fig. 1f and g; Additional
file 1: Fig. 4a and b). Grey matter atrophy related to neurodegeneration is
strongly correlated with disability in MS [6–8] and the ventral grey
matter is the anatomical site of lower motor neuron loss in MS [29]. In
contrast to the ventral grey matter, MS spinal cord white matter regions
displayed a notable elevation in copper. Although overall copper levels in
these regions did not significantly differ from controls (Additional file 1:
Fig. S4c), a number of MS cases showed localised and distinctly demar-
cated areas of copper accumulation (Fig. 1f–h). The presence of lesions
was inferred from these areas of elevated copper based on analogous
findings of iron accumulation detected in MS lesions using LA-ICP-MS
[30] and supported by histological evidence for upregulation of the
copper transporters CTR1, ATP7A, and ATP7B in both active and chronic
inactive MS lesions [16]. Collectively, these elemental analyses show
perturbations to endogenous copper as a conspicuous feature of MS.

Concordant with disrupted copper levels producing a biological
impact, 19 of 20 copper handling genes analysed in human spinal cord
tissue displayed altered expression in MS cases compared to controls
(Fig. 2; Additional file 1: Figs. S5a and b). Most of these genes involved
increased expression in both the MS white and grey matter, with only
MT3 and CCS displaying decreased expression specifically in the grey
matter. While MS white and grey matter transcript profiles displayed
evident similarities despite contrasting levels of copper, 8 genes showed
more pronounced expression in the grey matter compared to white
matter (Additional file 1: Fig. S5c).

These gene expression changes indicated perturbations to spinal cord
copper were associated with changes in the molecular machinery that
governs the distribution of cellular copper. To understand the downstream
functional impact of these alterations we next measured protein levels and
activity of copper-dependent cuproenzymes. Although the multi-copper
ferroxidases ceruloplasmin and hephaestin involved in cellular iron
efflux [31] were increased in the MS spinal cord (Fig. 3a and b), overall
ferroxidase activity was decreased (Fig. 3c), indicating a mismatch be-
tween levels and functional output. Analogous changes were observed for
the neurotransmitter synthesis cuproenzyme dopamine-β-hydroxylase
(DβH) with protein levels increased without a commensurate increase in
copper-dependent activity (Fig. 3d and e). Assessment of the lysyl oxidase
(LOX) family, involved in extracellular matrix remodelling in response to
tissue damage [32], revealed decreased protein levels for LOX and
increased levels for LOXL3 (Fig. 3f and g). These changes were found to
correspond to unchanged overall LOX activity (Fig. 3h)which accounts for
both LOX and LOXL3 family members. Taken together, these cuproen-
zyme analyses indicate an overall functional mismatch between protein
levels and copper-dependent activity concomitant with changes in copper
distribution and copper handling gene expression in the MS spinal cord.

To investigate whether copper-related changes in the MS spinal cord
may represent a potential therapeutic target we assessed the CNS-
permeant bis(thiosemicarbazone)-copper complex CuII(atsm) [33] in
the experimental autoimmune encephalomyelitis (EAE) model. Along-
side other proposed modes of action, CuII(atsm) acts as a copper modu-
lating compound which has been shown to be neuroprotective in diverse
mouse models of neurodegeneration [34–42]. Moreover, CuII(atsm) has
recently been shown to be beneficial in the cuprizonemouse model of MS
[20] lending support for copper perturbations in MS being a potential

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


Fig. 1. Integrated elemental analysis workflow applied to the human MS-affected spinal cord. (a) Illustration of workflow for quantifying: 1. Total tissue
element content (bulk analysis); 2. Elemental partitioning in fractions; 3. Anatomical distribution. Bulk analyses utilised direct injection via inductively coupled
plasma-mass spectrometry (ICP-MS). Elemental partitioning and anatomical distribution analyses utilised samples on microscope slides assessed via laser ablation-ICP-
MS (LA-ICP-MS). (b) Bulk tissue content of endogenous elements in the spinal cord of MS cases expressed relative to controls. (c) Volcano plot of data from (b) with
elements having a fold change �1.2 labelled and copper (>1.5-fold change) highlighted. (d, e) Fraction partitioning of endogenous zinc, manganese, iron, and copper
into TBS-soluble and -insoluble fractions for MS cases expressed relative to controls. (f) Representative LA-ICP-MS images for in situ quantitation of copper performed
on transverse sections of fresh-frozen spinal cord. Illustration highlights anatomical regions of interest for quantitation. (g, h) Copper levels in the spinal cord ventral
grey matter and white matter regions with or without inferred lesions (VWM: ventral white matter; VLWM: ventrolateral white matter; DLWM: dorsolateral white
matter; DWM: dorsal white matter). Circles in bar graphs represent individual MS and control cases. Bar graphs presented as mean values � SEM with labelled P values
indicating statistically significant differences.
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therapeutic target amenable to treatment with CuII(atsm). The EAE
model is utilised in MS research for its involvement of spinal cord pa-
thology and physical manifestation of neurological symptoms. By
exhibiting features of demyelination, neuronal damage and degenera-
tion, in addition to permanent neurological disability [29,43–45], EAE
mice represent a valuable tool for broadly modelling aspects of MS.

In line with the human MS spinal cord, levels of copper were found to
be decreased in the TBS-soluble fraction of the EAE spinal cord, but in
contrast with changes seen for the MS spinal cord, the EAE mice also
showed a decrease in TBS-insoluble copper levels (Fig. 4a). These copper
changes translated into gene expression differences with 14 of the 20
measured copper-handling genes displaying altered expression in the
EAE spinal cord (Fig. 4b and c; Additional file 1: Fig. S6). Whilst the EAE
copper-handling gene expression profile showed differences compared to
human MS, these analyses demonstrate that copper perturbations are
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observed in both human cases and the model of disease.
Consistent with the cuproenzyme changes observed in human MS,

ceruloplasmin levels were elevated despite a decrease in total ferroxidase
activity, while hephaestin levels were unchanged (Fig. 5a–c). Similarly,
DβH protein levels were elevated without a commensurate increase in
activity (Fig. 5d and e) while LOX and LOXL3 levels were decreased and
increased, respectively, translating into unchanged levels of overall LOX
activity (Fig. 5f–h). To assess whether this functional cuproenzyme output
could be restored pharmacologically, EAE mice were also treated with
CuII(atsm) resulting in a normalisation of protein and activity levels
(Fig. 5a–h) alongside augmented copper levels (Additional file 1:
Fig. S7a). Together, these results show broad commonalities across model
and disease in terms of functional copper-dependent changes associated
with spinal cord copper perturbations. Moreover, initial support is pro-
vided for being able to target these functional outputs pharmacologically



Fig. 2. Altered expression of copper handling genes in the human MS-affected spinal cord. (a) Cellular illustration of measured gene products involved in copper
handling. (b, c) Z-score heatmaps showing expression of genes encoding copper transporters and chaperones in spinal cord grey and white matter measured by
quantitative RT-PCR. Squares in transcript heatmaps represent z-scores for individual control and MS cases. Up and down arrowheads identify genes with significantly
increased or decreased expression in MS cases, respectively. Crosses in the heatmaps represent excluded values. (d) Volcano plot of data from (b, c) highlighting genes
that are significantly up- or down-regulated using a P < 0.05 threshold labelled as a dotted line.

Fig. 3. Altered functionality of cuproenzymes in the human MS-affected spinal cord. (a, b) Protein levels of the ferroxidases ceruloplasmin and hephaestin
determined by western blot and expressed relative to control cases. (c) Ferroxidase activity in control and MS spinal cord samples expressed as nmol holo-transferrin
produced min-1 mg-1 sample protein. (d) DβH protein levels determined by western blot and expressed relative to control cases. (e) Activity of DβH in control and MS
cases expressed as pmol norepinephrine produced min-1 mg-1 sample protein. (f, g) Protein levels of LOX and LOXL3 determined by western blot and expressed relative
to control cases. (h) Total lysyl oxidase activity in control and MS cases expressed as nmol H2O2 produced min-1 mg-1 sample protein. Circles in bar graphs represent
individual MS and control cases. Bar graphs presented as mean values � SEM with labelled P values indicating statistically significant differences.
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in an MS context using the copper-modulating compound CuII(atsm).
In parallel with biochemical changes related to cuproenzyme func-

tion, the EAE spinal cord showed clear manifestation of axonal demye-
lination evident in G ratio changes (Fig. 6a and b; Additional file 1:
Figs. S7b–f), white matter lesion volumes (Fig. 6c and d), and Luxol fast
blue staining (Additional file 1: Fig. S7g) in addition to a decrease in
levels of the myelin protein CNPase comparable to human MS (Addi-
tional file 1: Figs. S7h and i). Administering CuII(atsm) to the EAE mice
resulted in improvement of features of demyelination and lesion volume
(Fig. 6a–d; Additional file 1: Figs. S7b–i). Assessment of spinal cord
7

ventral grey matter revealed a 36% decrease in the number of motor
neurons in the EAE mice (Fig. 6e and f) as per previous findings [29],
indicating the pertinence of this model to neurodegeneration in MS. Of
the remaining motor neurons in the EAE mice soma area was unchanged
whilst the diameter of axons projecting into the white matter was
decreased (Additional file 1: Fig. S8). Treatment with CuII(atsm) abro-
gated motor neuron loss in EAE spinal cord (Fig. 6e and f) and displayed
an attenuation of EAE symptom score (Fig. 6g) up until tissue collection
for all analyses. Given that administration of CuII(atsm) commenced in
the EAE mice on day 5 (i.e., after immunisation but before development



Fig. 4. Copper and copper handling gene expression in the experimental autoimmune encephalomyelitis (EAE) mouse model. (a) Quantitation of copper
partitioning into TBS-soluble and -insoluble fractions from EAE spinal cord samples. (b) Z-score heatmap showing expression of genes encoding copper transporters
and chaperones in control and EAE mouse spinal cord measured by quantitative RT-PCR. Squares in transcript heatmaps represent z-scores for individual control and
EAE mice. Up and down arrowheads identify genes with significantly increased or decreased expression in EAE mice, respectively. Crosses in heatmaps represent
excluded values. (c) Volcano plot of data from (b) highlighting genes that are significantly up- or down-regulated using a P < 0.05 threshold labelled as a dotted line.
Circles in bar graphs represent individual mice. Bar graphs presented as mean values � SEM with labelled P values indicating statistically significant differences.

Fig. 5. Cuproenzyme functionality in the EAE mouse model. (a, b) Protein levels of the ferroxidases ceruloplasmin and hephaestin in spinal cord samples from
control and EAE mice, and EAE mice treated with CuII(atsm), determined by western blot and expressed relative to control mice. (c) Spinal cord ferroxidase activity
expressed as nmol holo-transferrin produced min-1 mg-1 sample protein. (d) DβH protein levels determined by western blot and expressed relative to control mice. (e)
Activity of DβH expressed as pmol norepinephrine produced min-1 mg-1 sample protein relative to control mice. (f, g) Protein levels of LOX and LOXL3 determined by
western blot and expressed relative to control mice. (h) Total lysyl oxidase activity expressed as nmol H2O2 produced min-1 mg-1 sample protein relative to control
mice. Circles in bar graphs represent individual mice. Bar graphs presented as mean values � SEM with labelled P values indicating statistically significant differences.
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of physical signs of disease) this raised the possibility that any observed
CuII(atsm)-mediated effects could be due to suppression of disease in-
duction via peripheral lymphoid organs, thereby providing indirect
beneficial effects for the CNS. To assess this possibility, we examined
expression of genes related to immune responses in spleen samples.
Consistent with MOG35-55 peptide immunisation inducing an immune
response in the spleen, expression of Il1a, Nos2, Tmem119, Il1b, and Mt1
were all elevated in EAE mouse spleen relative to control mouse spleen
(Additional file 1: Fig. S9). The absence of any effect of CuII(atsm) on
these gene expression changes in the spleen indicates the compound is
not mediating its protective effects through indirect actions in peripheral
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lymphoid organs. These findings provide initial support for the neuro-
protective capacity of CuII(atsm) in an MS context and a basis for further
examination of CuII(atsm) as a potential therapeutic option in MS.

Discussion

Perturbations to copper and copper-related processes have been
broadly implicated in pathological features and symptoms related to MS.
Insufficient copper availability in humans is documented in the form of
copper deficiency myelopathy, a disorder which manifests as neurolog-
ical symptoms associated with demyelination, white matter lesions, and



Fig. 6. Effects of CuII(atsm) on myelin integrity and motor neuron numbers in EAE mice. (a) Representative electron microscopy images for myelination of axons
in the spinal cord of control and EAE mice, and EAE mice treated with CuII(atsm). Yellow arrowheads highlight regions of demyelination. (b) Myelination of axons in
the spinal cord expressed as G-ratio with higher values corresponding to demyelination. (c) Representative toluidine blue microscopy images showing white matter
lesions (yellow arrows) in the spinal cord of control and EAE mice, and EAE mice treated with CuII(atsm). (d) Quantitation of white matter lesion volumes expressed %
of total white matter volume. (e) Representative toluidine blue microscopy images showing intensely stained motor neuron soma in the ventral grey matter of control
and EAE mice, and EAE mice treated with CuII(atsm). (f) Quantitation of motor neuron numbers. (g) Change in EAE symptom score up until the point of tissue
collection for control and EAE mice, and EAE mice treated with CuII(atsm). Vertical dotted line indicates initiation of CuII(atsm) treatment with statistical significance
highlighted by the dotted black line crossing below the horizontal red line. Circles in bar graphs represent individual mice. Bar graphs presented as mean values � SEM
with labelled P values indicating statistically significant differences.
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axonopathy in the CNS [46,47]. Without treatment, patients with copper
deficiency myelopathy suffer from a progressive worsening of symptoms
and pathology with similarities to MS [48]. These MS-like symptoms and
pathological features are remedied in copper deficiency myelopathy
through copper supplementation and modification of risk factors which
primarily relate to impairment of copper absorption in the upper
gastrointestinal tract. Congruent with this, hypomyelination in
copper-deficient rats is remedied by dietary copper replacement [49].
More recently, histological assessment of SLC31A1, ATP7A, and ATP7B
in post-mortem human tissue has indicated that copper-related abnor-
malities are present in MS-affected white matter, with lesions appearing
more affected than normal appearing white matter [16]. The relevance of
copper to MS pathology is further illustrated by administration of the
copper chelator cuprizone to rodents to model key features of the disease,
including demyelination in the CNS [50–55]. Although some reports
suggest formation of a toxic cuprizone-copper complex as driving
demyelination in the cuprizone model rather than copper depletion per se
[56], studies that measured copper report decreased copper levels in
affected brain regions of cuprizone treated animals [20,57]. But despite
these lines of evidence indicating a role for copper in MS and MS-related
pathologies, the relationship between copper and MS remains insuffi-
ciently examined and understood. Not least of which, reports describing
direct assessment of copper in human, MS-affected CNS tissue do not
exist, and the therapeutic potential of targeting copper perturbations in
MS has been largely unexplored. In this study, we show that human MS
cases display broad changes to copper-related factors spanning levels and
anatomical distribution, gene expression, and downstream functional
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consequences. We also provide evidence that features of these copper
perturbations are recapitulated in the EAE model and may represent
potential targets of interest for human MS.

The fundamental requirement for copper in neurological function is
exemplified by Menkes disease where mutations affecting the copper
transporter ATP7A result in systemic copper deficiency, cuproenzyme
dysfunction, neurodegeneration, and premature death [58]. Mutations
affecting ATP7A also cause occipital horn syndrome [59] and a rare form
of adult-onset motor neuropathy [60], further emphasising the need for
available copper in the CNS. A heightened sensitivity of the CNS to
copper perturbations is consistent with its naturally slow turnover rate
within the CNS compared to peripheral tissues [61]. This is particularly
evident in the context of the neurodegenerative disease amyotrophic
lateral sclerosis (ALS) where ubiquitous over-expression of mutant SOD1
in transgenic mice creates an elevated requirement for copper, and while
peripheral tissues are able to meet this demand, the CNS does not [62].
Consequently, mutant SOD1 accumulates in a copper-deficient state in
these mice over time selectively in the CNS [62,63]. Conversely, exces-
sive copper levels in the CNS are also pernicious as demonstrated in
Wilson's disease in which mutations to the copper transporter ATP7B
result in abnormal CNS copper deposition and neurodegeneration [64].
Ultimately, the CNS relies upon a fine balance of copper levels where
pathological alterations have the capacity to drive a wide range of
neurological problems.

In the context of MS, excess copper has been implicated in white
matter demyelination and oligodendrocyte loss due to an upregulation of
copper transporters CTR1, ATP7A, and ATP7B by activated astrocytes
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prompting copper uptake and release [16]. These localised changes to
disease-affected white matter regions were observed in both human MS
cases and mouse models of MS, including EAE and cuprizone-treated
mice. Here, we show that while bulk copper is elevated in the MS spi-
nal cord, further analyses reveal nuanced shifts in copper distribution. In
particular, while the white matter indicated an increase in copper levels
in support of previously reported changes to copper transporter expres-
sion [16], the ventral grey matter displayed a marked decrease. These
observations harbour similarities to those recently reported for the
ALS-affected spinal cord which also showed an elevation in white matter
copper coupled with a decrease in the ventral grey matter [65]. Why the
white and grey matter are differentially affected remains to be estab-
lished. Nonetheless, these results indicate a complexity of copper met-
allobiology beyond mere excess and deficiency in MS and broader
neurodegeneration. This is congruent with our observation of decreased
copper levels in TBS-soluble extracts of spinal cord tissue yet elevated
levels of copper in the TBS-insoluble fraction. The TBS-soluble fraction is
enriched for cytoplasmic proteins (Additional file 1: Fig. S1), and as
copper trafficking proteins responsible for metallation of cuproenzymes
reside in the cytoplasm, diminished levels of copper in this fraction could
support a decreased amount of bioavailable copper which is reflected in
the perturbed activities of cuproenzymes in MS. Conversely, it is
conceivable that in MS where lesions are formed that copper becomes
associated with insoluble components of these lesions. Analogous
sequestration of copper into biologically inaccessible pools is described
for the Alzheimer's disease-affected brain where copper accumulates in
extracellular amyloid plaques [66]. Sequestration into a biologically
inaccessible pool having an impact on copper-dependent processes
within the CNS is in line with the natural turnover of copper being
particularly slow in the CNS when compared to other tissues [61]. In
other words, accumulation of copper within the white matter and/or
TBS-insoluble fraction in MS would directly affect copper-dependent
processes in other regions or fractions because the CNS has limited ca-
pacity to respond to altered copper requirements. The factors that prompt
biochemical and spatial redistribution of copper in MS require further
exploration.

In parallel with observed copper changes, the MS spinal cord also
displayed broad perturbations to copper-related gene expression
including previously reported alterations in levels for copper transporters
CTR1, ATP7A, and ATP7B. Curiously, the gene expression profiles for the
white and grey matter showed a considerable amount of alignment
despite deviations in copper distribution and may represent a general
response to alterations in copper levels. Copper gene expression was also
perturbed in the EAE spinal cord, further indicating a copper problem in
this model alongside human MS. However, distinctions were observed
between human cases and the EAE model where insoluble copper levels
were elevated in the human tissue but decreased in the mice. This
discrepancy, as well as differences in gene expression profile, could be a
reflection of the model or the end-stage nature of the human tissue which
was not manifest in the EAE model. In particular, the EAE mice used in
this study involved a short timeframe for assessment in order to identify
copper perturbations during acute stage of pathology and symptom
progression. Comprehensive assessment of the EAE model throughout
evolution of MS-like signs of disease is needed, including assessment at
late stages of the model that will be more likely to align with outcomes
from post-mortem human tissue. Further studies could also help clarify
the respective contributions of white matter lesions and neuro-
degeneration to the neurological deficits that manifest in the EAE model,
potentially involving, for example, targeted manipulation of an impor-
tant copper transporter such as ATP7A prior to induction of the immune
response.

Following from alterations to copper and copper-related gene
expression, cuproenzyme functionality was found to be affected through
a mismatch in activity and protein levels for ferroxidases ceruloplasmin
and hephaestin, members of the lysyl oxidase family LOX and LOXL3, and
DβH. Each of these cuproenzymes were chosen based on their roles in
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iron trafficking, extracellular matrix remodelling, and neurotransmitter
metabolism, respectively, which have been implicated in MS pathology
[67–69]. These cuproenzyme changes were also observed in the EAE
spinal cord, supporting analogous disruptions to functional output as a
result of copper perturbations. Of note, this mismatch between
cuproenzyme levels and activity associated with copper changes has
previously been reported in the CNS of both ALS [63,65] and Parkinson's
disease [70,71] and may represent a common thread in neuro-
degeneration amenable to therapeutic intervention.

The copper modulating compound CuII(atsm) has undergone exten-
sive preclinical investigation in numerous mouse models of neurode-
generative disease [34–42], as well as the cuprizone model of MS [20],
having shown therapeutic benefit as a neuroprotective agent. Amongst
other mechanisms of action such as peroxynitrite detoxification [34,35]
and targeting ferroptosis [72,73], CuII(atsm) has been largely investi-
gated as a copper modulator with capacity to restore cuproenzyme
function in CNS tissues affected by copper perturbations [37–39]. As a
result of promising preclinical findings CuII(atsm) is currently under
investigation at therapeutic doses for the treatment of ALS and Parkin-
son's disease (NCT02870634; NCT4082832; NCT03204929).

Results for MS cases and the EAE model being comparable to those
observed in human ALS [65] and ALS mouse models [37–39,63]
prompted us to investigate whether copper perturbations in this context
could be a pharmacological target for CuII(atsm). Herein, our preliminary
assessment of CuII(atsm) in EAE mice showed a restoration of cuproen-
zyme functionality compared to sham-treated mice. Administration of
CuII(atsm) was also protective against spinal cord demyelination as well
as motor neuron loss in EAE mice, highlighting its potential utility as a
neuroprotective agent in MS. Whilst these outcomes show early promise,
the treatment paradigm implemented in this study means that peripheral
activity of CuII(atsm), such as mitigation of disease induction occurring in
peripheral lymphoid organs, could not be excluded as a possible expla-
nation for observed improvements. To this end, we provide results that
indicate the protective activity of CuII(atsm) was not due to peripheral
suppression of the autoimmune response necessary for induction of the
MS-like phenotype (Additional file 1: Fig. S9). Nonetheless, treating EAE
mice after the onset of signs of disease will further expand our under-
standing of the potential therapeutic utility of this compound in the
context of MS, as established for ALS where the compound is neuro-
protective within the CNS in mouse models of ALS when administered
after the onset of signs of neurodegeneration [39,73]. Thus, subsequent
investigation of CuII(atsm) efficacy in the EAE model would need to
entail post-symptomatic initiation of treatment and assessment
throughout different phases of disease. Moreover, alternative model
systems could also be considered such as the Biozzi or NOD mice [74,75]
that seek to reproduce chronic progressive aspects of MS for which
neuroprotection remains a significant unmet need.

A salient consideration for the use of copper modulating compounds
as a therapeutic strategy that merits caution is the prospect of toxicity
arising from excess copper levels. In MS, this concept has been investi-
gated showing that white matter pathology involves increased expression
of copper transporters associated with activated astrocytes and that
copper released by astrocytes is harmful to oligodendrocytes [16].
Additionally, excess copper has been found to drive aggregation of lip-
oylated mitochondrial proteins through direct interaction with the lipoyl
moiety with toxic repercussions [76]. Taking these factors into account,
ensuring prospective copper modulating therapies avoid unintended
toxic consequences resulting from excess will be of paramount impor-
tance. An advantage of CuII(atsm) lies in its chemistry where its copper
modulating properties are dictated by conditions related to a perturbed
intracellular redox environment [77]. In the clinic, isotopically labelled
CuII(atsm) has been used to image affected CNS regions of patients with
neurodegenerative disease including ALS and Parkinson's disease
[78–81]. Selective retention of the CuII(atsm)-delivered, PET-detectable
copper signal in affected regions of the CNS is attributed to alterations
to the cellular redox environment associated with pathology in these
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diseases [77–83]. Although copper associated with CuII(atsm) is detect-
able in peripheral tissue [39,84], preferential retention and copper
modulating actions where it is required is supported by the ability to
restore cuproenzyme functionality in disease-affected regions [37–39].
These properties are likely to provide benefit in contrast to other copper
related agents that are characterised by a higher propensity towards
copper release under physiological conditions [77].

The involvement of neurodegeneration in the worsening of perma-
nent neurological disability in MS underscores the necessity for neuro-
protection in therapeutic regimens. Progress on this front, however, has
been limited to date with new approaches required through an expanded
understanding of potential therapeutic targets amenable to pharmaco-
logical intervention. Here, we describe copper perturbations as a broad
disease feature of MS and provide initial preclinical outcomes in the EAE
model supporting a neuroprotective role for CuII(atsm). These findings
highlight a role for altered copper biology in MS and suggest that further
investigation of CuII(atsm) is warranted as a potential therapeutic treat-
ment for neurodegeneration in MS.

Ethics approvals

All research involving mice was approved by a University of Mel-
bourne Animal Experimentation Committee (approval numbers 1513554
and 1613995) and conformed with guidelines of the Australian National
Health andMedical Research Council. All procedures involving the use of
post-mortem human tissue were approved by a University of Melbourne
Human Research Ethics Committee (Project ID 1238124) and adhered to
guidelines of the Australian National Health and Medical Research
Council.

Consent for publication

Human tissues were donated to the respective tissue banks with
informed consent.

Availability of data and materials

All data supporting the conclusions of this article are included within
the article and in the additional file provided.

Funding

The research was supported by funds from Multiple Sclerosis
Research Australia, The Trish Multiple Sclerosis Research Foundation,
The National Health and Medical Research Council, The Michael Hirs-
horn Medical Research Commercialisation Fund, and Perpetual Trustees
(Margaret Dawn Marks Trust). JBWH was a recipient of an Australian
Postgraduate Award and the Nancy Frances Curry Scholarship. JRL was a
recipient of an NHMRC Early Career Fellowship. PSD was a recipient of
an Australian Research Council Future Fellowship (FT3). DJH was a
recipient of an NHMRC Industry Career Development Fellowship (CDF1)
in partnership with Agilent Technologies. ARW was a recipient of an
NHMRC Senior Research Fellowship. PJC was a recipient of an NHMRC
Career Development Fellowship (CDF2, 1084927).

Author Contributions

JBWH, KK and JRL designed experiments, performed experiments,
and analysed data. SWM, CR, DJH and BP performed experiments and
analysed data. CAM collected and performed neuropathological assess-
ment of human tissue samples. GB and PSD synthesised CuII(atsm). TJK,
SSM, JSB, SA, AIB, PSD, ARW and BRR interpreted results and provided
important experimental guidance. PJC conceived the project, coordi-
nated the study, designed experiments, performed experiments, and
analysed data. JBWH and PJC wrote the draft of the manuscript; all au-
thors edited and approved the final version.
11
Declaration of competing interest

Collaborative Medicinal Development has licensed intellectual
property pertaining to CuII(atsm) from the University of Melbourne
where the inventors include ARW and PSD. AIB is a paid consultant for
Collaborative Medicinal Development LLC and has a profit share interest
in Collaborative Medicinal Development Pty Ltd. PJC and JSB are unpaid
consultants for Collaborative Medicinal Development LLC. DJH received
research and material support from Agilent Technologies and ESI Ltd.

Acknowledgements

We thank Drs Bruce Wong and James Duce for advice on the fer-
roxidase assays. Human tissue samples were obtained from the Victorian
Brain Bank (Australia) with assistance from Ms Fairlie Hinton and Mr
Geoff Pavey; and from the MS Society Tissue Bank (United Kingdom)
with assistance from Dr Djordje Gveric; we thank the organ donors and
their families. Electron microscopy was performed at the Centre for
Advanced Histology and Microscopy, Peter MacCallum Cancer Centre.
All other sample preparation and slide scanning for histological analyses
was performed at the Melbourne Histology Platform, the University of
Melbourne. Schematics in Figs. 1 and 2 were produced using BioRender.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https
://doi.org/10.1016/j.neurot.2024.e00432.

References

[1] Gajofatto A, Benedetti MD. Treatment strategies for multiple sclerosis: when to
start, when to change, when to stop? World J Clin Cases 2015;3(7):545–55.

[2] Goldenberg MM. Multiple sclerosis review. P T 2012;37(3):175–84.
[3] Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al. Ocrelizumab

versus placebo in primary progressive multiple sclerosis. N Engl J Med 2017;
376(3):209–20.

[4] Lin M, Zhang J, Zhang Y, Luo J, Shi S. Ocrelizumab for multiple sclerosis. Cochrane
Database Syst Rev 2022;5(5):CD013247.

[5] Wolinsky JS, Arnold DL, Brochet B, Hartung HP, Montalban X, Naismith RT, et al.
Long-term follow-up from the ORATORIO trial of ocrelizumab for primary
progressive multiple sclerosis: a post-hoc analysis from the ongoing open-label
extension of the randomised, placebo-controlled, phase 3 trial. Lancet Neurol 2020;
19(12):998–1009.

[6] Eshaghi A, Marinescu RV, Young AL, Firth NC, Prados F, Jorge Cardoso M, et al.
Progression of regional grey matter atrophy in multiple sclerosis. Brain 2018;
141(6):1665–77.

[7] Schlaeger R, Papinutto N, Panara V, Bevan C, Lobach IV, Bucci M, et al. Spinal cord
gray matter atrophy correlates with multiple sclerosis disability. Ann Neurol 2014;
76(4):568–80.

[8] Rocca MA, Valsasina P, Meani A, Gobbi C, Zecca C, Rovira A, et al. Association of
gray matter atrophy patterns with clinical phenotype and progression in multiple
sclerosis. Neurology 2021;96(11):e1561–73.

[9] Bagnato F, Hametner S, Yao B, van Gelderen P, Merkle H, Cantor FK, et al. Tracking
iron in multiple sclerosis: a combined imaging and histopathological study at 7
Tesla. Brain 2011;134(Pt 12):3602–15.

[10] Ge Y, Jensen JH, Lu H, Helpern JA, Miles L, Inglese M, et al. Quantitative
assessment of iron accumulation in the deep gray matter of multiple sclerosis by
magnetic field correlation imaging. AJNR Am J Neuroradiol 2007;28(9):1639–44.

[11] Haacke EM, Makki M, Ge Y, Maheshwari M, Sehgal V, Hu J, et al. Characterizing
iron deposition in multiple sclerosis lesions using susceptibility weighted imaging.
J Magn Reson Imag 2009;29(3):537–44.

[12] Sarmadi M, Bidel Z, Najafi F, Ramakrishnan R, Teymoori F, Zarmehri HA, et al.
Copper concentration in multiple sclerosis: a systematic review and meta-analysis.
Mult Scler Relat Disord 2020;45:102426.

[13] Sheykhansari S, Kozielski K, Bill J, Sitti M, Gemmati D, Zamboni P, et al. Redox
metals homeostasis in multiple sclerosis and amyotrophic lateral sclerosis: a review.
Cell Death Dis 2018;9(3):348.

[14] Xie M, Tobin JE, Budde MD, Chen CI, Trinkaus K, Cross AH, et al. Rostrocaudal
analysis of corpus callosum demyelination and axon damage across disease stages
refines diffusion tensor imaging correlations with pathological features.
J Neuropathol Exp Neurol 2010;69(7):704–16.

[15] Steelman AJ, Thompson JP, Li J. Demyelination and remyelination in anatomically
distinct regions of the corpus callosum following cuprizone intoxication. Neurosci
Res 2012;72(1):32–42.

[16] Colombo E, Triolo D, Bassani C, Bedogni F, Di Dario M, Dina G, et al. Dysregulated
copper transport in multiple sclerosis may cause demyelination via astrocytes. Proc
Natl Acad Sci U S A 2021;118(27).

https://doi.org/10.1016/j.neurot.2024.e00432
https://doi.org/10.1016/j.neurot.2024.e00432
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref1
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref1
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref1
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref2
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref2
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref3
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref3
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref3
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref3
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref4
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref4
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref5
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref6
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref6
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref6
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref6
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref7
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref7
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref7
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref7
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref8
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref8
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref8
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref8
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref9
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref9
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref9
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref9
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref10
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref10
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref10
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref10
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref11
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref11
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref11
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref11
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref12
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref12
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref12
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref13
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref13
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref13
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref14
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref14
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref14
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref14
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref14
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref15
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref15
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref15
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref15
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref16
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref16
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref16


J.B.W. Hilton et al. Neurotherapeutics 21 (2024) e00432
[17] Bittner S, Afzali AM, Wiendl H, Meuth SG. Myelin oligodendrocyte glycoprotein
(MOG35-55) induced experimental autoimmune encephalomyelitis (EAE) in
C57BL/6 mice. J Vis Exp 2014;(86).

[18] Blower PJ, Castle TC, Cowley AR, Dilworth JR, Donnelly PS, Labisbal E, et al.
Structural trends in copper(II) bis(thiosemicarbazone) radiopharmaceuticals.
Dalton T 2003;(23):4416–25.

[19] Gingras BA, Bayley CH, Suprunch T. Preparation of some thiosemicarbazones and
their copper complexes .3. Can J Chem 1962;40(6):1053–&.

[20] Hilton JBW, Kysenius K, Liddell JR, Mercer SW, Hare DJ, Buncic G, et al. Evidence
for decreased copper associated with demyelination in the corpus callosum of
cuprizone-treated mice. Metallomics 2024;16(1).

[21] Kysenius K, Paul B, Hilton JB, Liddell JR, Hare DJ, Crouch PJ. A versatile
quantitative microdroplet elemental imaging method optimised for integration in
biochemical workflows for low-volume samples. Anal Bioanal Chem 2019;411(3):
603–16.

[22] Hare DJ, Raven EP, Roberts BR, Bogeski M, Portbury SD, McLean CA, et al. Laser
ablation-inductively coupled plasma-mass spectrometry imaging of white and gray
matter iron distribution in Alzheimer's disease frontal cortex. Neuroimage 2016;
137:124–31.

[23] Ayton S, Zhang M, Roberts BR, Lam LQ, Lind M, McLean C, et al. Ceruloplasmin and
beta-amyloid precursor protein confer neuroprotection in traumatic brain injury
and lower neuronal iron. Free Radic Biol Med 2014;69:331–7.

[24] Wong BX, Ayton S, Lam LQ, Lei P, Adlard PA, Bush AI, et al. A comparison of
ceruloplasmin to biological polyanions in promoting the oxidation of Fe(2þ) under
physiologically relevant conditions. Biochim Biophys Acta 2014;1840(12):
3299–310.

[25] Trackman PC, Bais MV. Measurement of lysyl oxidase activity from small tissue
samples and cell cultures. Methods Cell Biol 2018;143:147–56.

[26] Motulsky HJ, Brown RE. 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.

[27] Wooller MJ, Bataille C, Druckenmiller P, Erickson GM, Groves P, Haubenstock N,
et al. Lifetime mobility of an Arctic woolly mammoth. Science 2021;373(6556):
806–8.

[28] Paul B, Kysenius K, Hilton JB, Jones MWM, Hutchinson RW, Buchanan DD, et al. An
integrated mass spectrometry imaging and digital pathology workflow for objective
detection of colorectal tumours by unique atomic signatures. Chem Sci 2021;
12(30):10321–33.

[29] Vogt J, Paul F, Aktas O, Muller-Wielsch K, Dorr J, Dorr S, et al. Lower motor neuron
loss in multiple sclerosis and experimental autoimmune encephalomyelitis. Ann
Neurol 2009;66(3):310–22.

[30] Wisnieff C, Ramanan S, Olesik J, Gauthier S, Wang Y, Pitt D. Quantitative
susceptibility mapping (QSM) of white matter multiple sclerosis lesions:
interpreting positive susceptibility and the presence of iron. Magn Reson Med 2015;
74(2):564–70.

[31] Jiang R, Hua C, Wan Y, Jiang B, Hu H, Zheng J, et al. Hephaestin and ceruloplasmin
play distinct but interrelated roles in iron homeostasis in mouse brain. J Nutr 2015;
145(5):1003–9.

[32] Cai L, Xiong X, Kong X, Xie J. The role of the lysyl oxidases in tissue repair and
remodeling: a concise review. Tissue Eng Regen Med 2017;14(1):15–30.

[33] Fodero-Tavoletti MT, Villemagne VL, Paterson BM, White AR, Li QX, Camakaris J,
et al. Bis(thiosemicarbazonato) Cu-64 complexes for positron emission tomography
imaging of Alzheimer's disease. J Alzheimers Dis 2010;20(1):49–55.

[34] Soon CPW, Donnelly PS, Turner BJ, Hung LW, Crouch PJ, Sherratt NA, et al.
Diacetylbis(N(4)-methylthiosemicarbazonato) copper(II) (CuII(atsm)) protects
against peroxynitrite-induced nitrosative damage and prolongs survival in
amyotrophic lateral sclerosis mouse model. J Biol Chem 2011;286(51):44035–44.

[35] Hung LW, Villemagne VL, Cheng L, Sherratt NA, Ayton S, White AR, et al. The
hypoxia imaging agent CuII(atsm) is neuroprotective and improves motor and
cognitive functions in multiple animal models of Parkinson's disease. J Experi Med
2012;209(4):837–54.

[36] McAllum EJ, Lim NK, Hickey JL, Paterson BM, Donnelly PS, Li QX, et al.
Therapeutic effects of CuII(atsm) in the SOD1-G37R mouse model of amyotrophic
lateral sclerosis. Amyotro Lat Scler Front Deg 2013;14(7-8):586–90.

[37] Roberts BR, Lim NK, McAllum EJ, Donnelly PS, Hare DJ, Doble PA, et al. Oral
treatment with Cu(II)(atsm) increases mutant SOD1 in vivo but protects motor
neurons and improves the phenotype of a transgenic mouse model of amyotrophic
lateral sclerosis. J Neurosci 2014;34(23):8021–31.

[38] Williams JR, Trias E, Beilby PR, Lopez NI, Labut EM, Bradford CS, et al. Copper
delivery to the CNS by CuATSM effectively treats motor neuron disease in
SOD(G93A) mice co-expressing the Copper-Chaperone-for-SOD. Neurobiol Dis
2016;89:1–9.

[39] Hilton JB, Mercer SW, Lim NK, Faux NG, Buncic G, Beckman JS, et al. Cu(II)(atsm)
improves the neurological phenotype and survival of SOD1(G93A) mice and
selectively increases enzymatically active SOD1 in the spinal cord. Sci Rep 2017;7:
42292.

[40] Vieira FG, Hatzipetros T, Thompson K, Moreno AJ, Kidd JD, Tassinari VR, et al.
CuATSM efficacy is independently replicated in a SOD1 mouse model of ALS while
unmetallated ATSM therapy fails to reveal benefits. IBRO Rep 2017;2:47–53.

[41] Huuskonen MT, Tuo QZ, Loppi S, Dhungana H, Korhonen P, McInnes LE, et al. The
copper bis(thiosemicarbazone) complex Cu(II)(atsm) is protective against cerebral
ischemia through modulation of the inflammatory milieu. Neurotherapeutics 2017;
14(2):519–32.

[42] Kuo MTH, Beckman JS, Shaw CA. Neuroprotective effect of CuATSM on neurotoxin-
induced motor neuron loss in an ALS mouse model. Neurobiol Dis 2019;130:
104495.
12
[43] Stanojlovic M, Pang X, Lin Y, Stone S, Cvetanovic M, Lin W. Inhibition of vascular
endothelial growth factor receptor 2 exacerbates loss of lower motor neurons and
axons during experimental autoimmune encephalomyelitis. PLoS One 2016;11(7):
e0160158.

[44] Pryor WM, Freeman KG, Larson RD, Edwards GL, White LJ. Chronic exercise confers
neuroprotection in experimental autoimmune encephalomyelitis. J Neurosci Res
2015;93(5):697–706.

[45] Mao P, Manczak M, UP Shirendeb, Reddy PH. MitoQ, a mitochondria-targeted
antioxidant, delays disease progression and alleviates pathogenesis in an
experimental autoimmune encephalomyelitis mouse model of multiple sclerosis.
Biochim Biophys Acta 2013;1832(12):2322–31.

[46] Kumar N. Copper deficiency myelopathy (human swayback). Mayo Clin Proc 2006;
81(10):1371–84.

[47] Jaiser SR, Winston GP. Copper deficiency myelopathy. J Neurol 2010;257(6):
869–81.

[48] Spain RI, Leist TP, De Sousa EA. When metals compete: a case of copper-deficiency
myeloneuropathy and anemia. Nat Clin Pract Neurol 2009;5(2):106–11.

[49] Zimmerman AW, Matthieu JM, Quarles RH, Brady RO, Hsu JM. Hypomyelination in
copper-deficient rats. Prenatal and postnatal copper replacement. Arch Neurol
1976;33(2):111–9.

[50] Carlton WW. Studies on the induction of hydrocephalus and spongy degeneration
by cuprizone feeding and attempts to antidote the toxicity. Life Sci 1967;6(1):
11–9.

[51] Suzuki K, Kikkawa Y. Status spongiosus of CNS and hepatic changes induced by
cuprizone (biscyclohexanone oxalyldihydrazone). Am J Pathol 1969;54(2):307–25.

[52] Blakemore WF. Demyelination of the superior cerebellar peduncle in the mouse
induced by cuprizone. J Neurol Sci 1973;20(1):63–72.

[53] Ludwin SK. Central nervous system demyelination and remyelination in the mouse:
an ultrastructural study of cuprizone toxicity. Lab Invest 1978;39(6):597–612.

[54] Torkildsen O, Brunborg LA, Myhr KM, Bo L. The cuprizone model for
demyelination. Acta Neurol Scand Suppl 2008;188:72–6.

[55] Praet J, Guglielmetti C, Berneman Z, Van der Linden A, Ponsaerts P. Cellular and
molecular neuropathology of the cuprizone mouse model: clinical relevance for
multiple sclerosis. Neurosci Biobehav Rev 2014;47:485–505.

[56] Morgan ML, Teo W, Hernandez Y, Brideau C, Cummins K, Kuipers HF, et al.
Cuprizone-induced demyelination in mouse brain is not due to depletion of copper.
Asn Neuro 2022;14.

[57] Venturini G. Enzymic activities and sodium, potassium and copper concentrations
in mouse brain and liver after cuprizone treatment in vivo. J Neurochem 1973;
21(5):1147–51.

[58] Tumer Z, Moller LB. Menkes disease. Eur J Hum Genet 2010;18(5):511–8.
[59] Kaler SG, Gallo LK, Proud VK, Percy AK, Mark Y, Segal NA, et al. Occipital horn

syndrome and a mild Menkes phenotype associated with splice site mutations at the
MNK locus. Nat Genet 1994;8(2):195–202.

[60] Kennerson ML, Nicholson GA, Kaler SG, Kowalski B, Mercer JF, Tang J, et al.
Missense mutations in the copper transporter gene ATP7A cause X-linked distal
hereditary motor neuropathy. Am J Hum Genet 2010;86(3):343–52.

[61] Levenson CW, Janghorbani M. Long-term measurement of organ copper turnover in
rats by continuous feeding of a stable isotope. Anal Biochem 1994;221(2):243–9.

[62] Hilton JB, White AR, Crouch PJ. 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):1002–11.

[63] Hilton JB, Kysenius K, White AR, Crouch PJ. The accumulation 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;307:118–28.

[64] Bandmann O, Weiss KH, Kaler SG. Wilson's disease and other neurological copper
disorders. Lancet Neurol 2015;14(1):103–13.

[65] Hilton JBW, Kysenius K, Liddell JR, Mercer SW, Paul B, Beckman JS, et al. 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.

[66] Lovell MA, Robertson JD, Teesdale WJ, Campbell JL, Markesbery WR. Copper, iron
and zinc in Alzheimer's disease senile plaques. J Neurol Sci 1998;158(1):47–52.

[67] Stephenson E, Nathoo N, Mahjoub Y, Dunn JF, Yong VW. Iron in multiple sclerosis:
roles in neurodegeneration and repair. Nat Rev Neurol 2014;10(8):459–68.

[68] Ghorbani S, Yong VW. The extracellular matrix as modifier of neuroinflammation
and remyelination in multiple sclerosis. Brain 2021;144(7):1958–73.

[69] Carandini T, Cercignani M, Galimberti D, Scarpini E, Bozzali M. The distinct roles of
monoamines in multiple sclerosis: a bridge between the immune and nervous
systems? Brain Behav Immun 2021;94:381–91.

[70] Ayton S, Lei P, Duce JA, Wong BX, Sedjahtera A, Adlard PA, et al. Ceruloplasmin
dysfunction and therapeutic potential for Parkinson disease. Ann Neurol 2013;
73(4):554–9.

[71] Trist BG, Davies KM, Cottam V, Genoud S, Ortega R, Roudeau S, et al. Amyotrophic
lateral sclerosis-like superoxide dismutase 1 proteinopathy is associated with
neuronal loss in Parkinson's disease brain. Acta Neuropathol 2017;134(1):113–27.

[72] Southon A, Szostak K, Acevedo KM, Dent KA, Volitakis I, Belaidi AA, et al. Cu(II)
(atsm) inhibits ferroptosis: implications for treatment of neurodegenerative disease.
Br J Pharmacol 2020;177(3):656–67.

[73] Liddell JR, Hilton JBW, Kysenius K, Billings JL, Nikseresht S, McInnes LE, et al.
Microglial ferroptotic stress causes non-cell autonomous neuronal death. Mol
Neurodegener 2024;19(1):14.

[74] Al-Izki S, Pryce G, O'Neill JK, Butter C, Giovannoni G, Amor S, et al. Practical guide
to the induction of relapsing progressive experimental autoimmune
encephalomyelitis in the Biozzi ABH mouse. Mult Scler Relat Disord 2012;1(1):
29–38.

http://refhub.elsevier.com/S1878-7479(24)00118-1/sref17
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref17
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref17
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref18
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref18
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref18
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref18
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref19
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref19
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref20
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref20
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref20
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref21
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref21
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref21
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref21
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref21
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref22
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref22
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref22
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref22
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref22
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref23
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref23
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref23
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref23
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref24
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref25
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref25
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref25
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref26
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref26
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref26
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref27
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref27
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref27
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref27
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref28
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref28
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref28
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref28
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref28
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref29
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref29
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref29
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref29
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref30
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref30
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref30
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref30
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref30
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref31
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref31
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref31
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref31
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref32
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref32
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref32
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref33
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref33
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref33
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref33
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref34
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref34
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref34
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref34
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref34
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref35
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref36
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref36
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref36
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref36
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref37
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref37
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref37
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref37
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref37
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref38
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref38
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref38
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref38
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref38
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref39
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref39
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref39
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref39
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref40
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref40
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref40
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref40
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref41
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref41
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref41
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref41
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref41
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref42
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref42
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref42
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref43
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref43
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref43
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref43
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref44
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref44
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref44
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref44
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref45
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref45
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref45
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref45
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref45
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref46
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref46
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref46
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref47
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref47
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref47
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref48
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref48
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref48
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref49
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref49
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref49
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref49
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref50
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref50
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref50
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref50
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref51
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref51
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref51
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref52
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref52
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref52
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref53
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref53
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref53
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref54
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref54
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref54
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref55
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref55
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref55
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref55
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref56
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref56
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref56
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref57
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref57
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref57
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref57
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref58
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref58
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref59
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref59
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref59
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref59
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref60
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref60
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref60
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref60
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref61
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref61
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref61
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref62
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref62
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref62
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref62
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref63
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref63
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref63
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref63
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref63
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref64
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref64
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref64
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref65
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref65
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref65
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref66
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref66
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref66
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref67
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref67
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref67
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref68
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref68
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref68
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref69
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref69
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref69
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref69
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref70
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref70
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref70
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref70
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref71
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref71
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref71
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref71
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref72
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref72
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref72
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref72
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref73
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref73
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref73
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref74
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref74
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref74
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref74
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref74


J.B.W. Hilton et al. Neurotherapeutics 21 (2024) e00432
[75] Basso AS, Frenkel D, Quintana FJ, Costa-Pinto FA, Petrovic-Stojkovic S, Puckett L,
et al. Reversal of axonal loss and disability in a mouse model of progressive multiple
sclerosis. J Clin Invest 2008;118(4):1532–43.

[76] Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M, et al. Copper
induces cell death by targeting lipoylated TCA cycle proteins. Science 2022;
375(6586):1254–61.

[77] Donnelly PS, Liddell JR, Lim S, Paterson BM, Cater MA, Savva MS, et al. An
impaired mitochondrial electron transport chain increases retention of the hypoxia
imaging agent diacetylbis(4-methylthiosemicarbazonato)copperII. Proc Natl Acad
Sci U S A. 2012;109(1):47–52.

[78] Ikawa M, Okazawa H, Arakawa K, Kudo T, Kimura H, Fujibayashi Y, et al. PET
imaging of redox and energy states in stroke-like episodes of MELAS.
Mitochondrion 2009;9(2):144–8.

[79] Ikawa M, Okazawa H, Kudo T, Kuriyama M, Fujibayashi Y, Yoneda M. Evaluation of
striatal oxidative stress in patients with Parkinson's disease using [62Cu]ATSM PET.
Nucl Med Biol 2011;38(7):945–51.
13
[80] Ikawa M, Okazawa H, Tsujikawa T, Matsunaga A, Yamamura O, Mori T, et al.
Increased oxidative stress is related to disease severity in the ALS motor cortex: a
PET study. Neurology 2015;84(20):2033–9.

[81] Okazawa H, Ikawa M, Tsujikawa T, Mori T, Makino A, Kiyono Y, et al. Cerebral
oxidative stress in early alzheimer's disease evaluated by (64)Cu-atsm PET/MRI: a
preliminary study. Antioxidants 2022;11(5).

[82] Yoshii Y, Yoneda M, Ikawa M, Furukawa T, Kiyono Y, Mori T, et al. Radiolabeled Cu-
ATSM as a novel indicator of over reduced intracellular state due to mitochondrial
dysfunction: studies with mitochondrial DNA-less rho0 cells and cybrids carrying
MELAS mitochondrial DNA mutation. Nucl Med Biol 2012;39(2):177–85.

[83] Holland JP, Lewis JS, Dehdashti F. Assessing tumor hypoxia by positron emission
tomography with Cu-ATSM. Q J Nucl Med Mol Imag 2009;53(2):193–200.

[84] Nikseresht S, Hilton JBW, Liddell JR, Kysenius K, Bush AI, Ayton S, et al.
Transdermal application of soluble Cu(II)(atsm) increases brain and spinal cord
uptake compared to gavage with an insoluble suspension. Neuroscience 2023;509:
125–31.

http://refhub.elsevier.com/S1878-7479(24)00118-1/sref75
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref75
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref75
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref75
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref76
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref76
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref76
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref76
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref77
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref77
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref77
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref77
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref77
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref78
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref78
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref78
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref78
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref79
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref79
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref79
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref79
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref80
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref80
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref80
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref80
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref81
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref81
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref81
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref82
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref82
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref82
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref82
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref82
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref83
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref83
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref83
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref84
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref84
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref84
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref84
http://refhub.elsevier.com/S1878-7479(24)00118-1/sref84

	Integrated elemental analysis supports targeting copper perturbations as a therapeutic strategy in multiple sclerosis
	Introduction
	Materials and Methods
	Human tissue
	Experimental autoimmune encephalomyelitis (EAE) mouse model
	Tissue processing for biochemical analyses
	Inductively coupled plasma-mass spectrometry (ICP-MS)
	Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
	SDS-PAGE and western blotting
	Ferroxidase activity assay
	DβH activity assay
	LOX activity assay
	RNA extraction and transcript analyses
	Microscopy
	Statistical analyses

	Results
	Discussion
	Ethics approvals
	Consent for publication
	Availability of data and materials
	Funding
	Author Contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


