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Longitudinal assessment of metal concentrations and copper isotope ratios in
the G93A SOD1 mouse model of amyotrophic lateral sclerosis

Abstract

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease, which involves progressive motor neuron
degeneration in the central nervous system (CNS). The G93A SOD1 mouse model simulates one of the
most common causes of familial ALS through the overexpression of a mutated form of the human gene
encoding copper/zinc superoxide dismutase (SOD1). Transition metals, particularly Cu and Zn, have been
shown to behave abnormally in the disease context and have been hypothesized to contribute to and
potentially trigger the disease. In this study, concentrations of Cu, Zn and Fe, as well as Cu isotope ratios
were assessed in keystone tissues of ALS, including the brain, spinal cord, muscle and whole blood, from

transgenic mutant SOD1 G93A mice and non-transgenic controls. While no consistent Cu isotope signal

was found to be related to the disease state, concentrations of Cu, Zn and Fe were significantly elevated
in muscle tissue of the transgenic mice, even at pre-symptomatic time points. In brain and muscle tissue,
in both animal groups, a time-dependent Cu isotope signal was observed. We hypothesize that the early
and significant elevation in metal concentration in muscle tissue from SOD1 transgenic mice could
facilitate the development of ALS, without affecting the overall signal from well-buffered CNS tissues.
Ageing may be recorded isotopically as a shift from a neonatal Cu pool as inherited from the mother,
through dietary Cu and recycling processes.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease, which involves
progressive motor neuron degeneration in the central nervous system (CNS). The
G93A SOD1 mouse model simulates one of the most common causes of familial ALS
through the overexpression of a mutated form of the human gene encoding
copper/zinc superoxide dismutase (SOD1). Transition metals, particularly Cu and Zn,
have been shown to behave abnormally in the disease context and have been
hypothesized to contribute to and potentially trigger the disease. In this study,
concentrations of Cu, Zn and Fe, as well as Cu isotope ratios were assessed in
keystone tissues of ALS, including the brain, spinal cord, muscle and whole blood,
from transgenic mutant SOD1%** mice and non-transgenic controls. While no
consistent Cu isotope signal was found to be related to the disease state,
concentrations of Cu, Zn and Fe were significantly elevated in muscle tissue of the
transgenic mice, even at pre-symptomatic time points. In brain and muscle tissue, in
both animal groups, a time-dependent Cu isotope signal was observed. We
hypothesize that the early and significant elevation in metal concentration in muscle
tissue from SOD1 transgenic mice could facilitate the development of ALS, without
affecting the overall signal from well-buffered CNS tissues. Ageing may be recorded
isotopically as a shift from a neonatal Cu pool as inherited from the mother, through
dietary Cu and recycling processes.

Significance to metallomics statement

Copper has been hypothesized to play an important role in the development of
amyotrophic lateral sclerosis, an adult onset neurodegenerative disease. Despite
knowledge that Cu may contribute significantly, and possibly even trigger the disease
phenotype in the central nervous system (CNS), the specific pathways remain
obscure. In the present study, we hypothesize that the assessment of transition metal
concentrations and Cu isotope ratios in the CNS, muscle and blood can facilitate a
better understanding of the ALS aetiology.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder, resulting in
the selective death of motor neurons (MNs)."” The degeneration of upper and lower
motor neurons causes progressive muscle paralysis and spasticity, affecting mobility,
speech, and respiration.” Less than 20% of patients survive more than 5 years from
diagnosis.* Out of all ALS cases, 90-95% are described to be sporadic; the remaining
5-10% familial.” These familial cases are predominantly associated with Mendelian-
inherited mutations in the genes encoding for Cu,Zn superoxide dismutase (SOD1),
TAR-DNA-binding protein 43 (TDP-43), fused in sarcoma/translocated in
liposarcoma (FUS/TLS), COORF72, and other genes.”

The first gene shown to be mutated in familial ALS encodes SOD1’ and since this
discovery, over 150 pathogenic mutations in SOD1 have been identified in ALS
patients.® While these mutations account for about 20% of the familial cases of ALS”,
the mechanisms behind the selective degeneration of MNs is still unclear; it has been
proposed that a variety of pathophysiological processes play a role, including
oxidative stress, glutamate-mediated excitotoxicity, protein aggregation and transition
metal-induced toxicity.” The toxicity induced by mutant SODI protein (mSOD1) is
proposed to be a toxic gain-of-function rather than a loss of its dismutase activity,*’
as a result of increased propensity to destabilize, aggregate and misfold without
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proper Zn and Cu coordination. To advance research into ALS, a transgenic mouse
model was developed (mutant SOD1-G93A, SOD1%*%), in which human SODI
harboring the G93A mutation is overexpressed (20-24 fold higher expression than
endogenous murine SOD1).® This mSOD1 mouse model replicates many features of
human ALS, including axonal and mitochondrial dysfunction, progressive
neuromuscular dysfunction, gliosis and MN loss.*'*'" While symptoms become
obvious in this mouse model at ~100 days, pathological changes have been observed
as early as 30 days of age.'” Results from experimental data suggest that the binding
of Cu and Zn by the mSOD1 may be defective.'* "

Transition metals such as Cu, Fe, and Zn, are essential trace elements that function as
catalytic cofactors in metalloenzymes (e.g. SOD1 and catalase). At high
concentrations, metals can be highly toxic.''® Therefore the concentrations of metals
are maintained within a tight concentration range by proteins that mediate their
uptake, distribution, storage and excretion.'”** A growing body of evidence suggests
the involvement of transition metals in the pathogenesis of neurodegenerative
disorders, for example Cu and Fe in Parkinson’s,'”*"* and Cu, Fe and Al in
Alzheimer’s disease.”*>’ However, the role of Cu and Zn homeostasis in the toxic
gain-of-function of mSODI1 associated with the development of ALS remains
unresolved.”®

Current research has not been able to attribute a single metal to be exclusively
responsible for MN deterioration in ALS. In the cerebrospinal fluid (CSF) of patients
with ALS, significantly elevated concentrations of Mn, Al, Cd, Co, Cu, Zn, Pb, V and
U.” as well as Mg, Fe, Cu and 7Zn’® have been observed, compared to healthy
controls, suggesting an accumulation process. However, combinations or synergistic
effects between metals may provide explanations to the neurodegeneration in ALS
that cannot be attributed to one single metal.*’

In the G93A mouse model of ALS, the diseased animals have been described to have
significantly elevated concentrations of Cu in the spinal cord,”™ and this
concentration may increase over time with the progression of the disease.*®>’ This
increase in Cu concentration was hypothesized to be the result of a mSODI-
dependent shift in intracellular Cu homeostasis toward Cu accumulation in the spinal
cord during disease progression: Cu influx increases, Cu chaperones are up-regulated,
and Cu efflux decreases.’’ This proposed dysregulation within spinal MNs was
proportionally associated with an age-dependent increase in Cu ion concentrations in
the spinal cord.”” When testing the hypothesis that Cu concentrations increase in an
age-dependent manner using mice expressing various SODI1 mutants (SOD%#,
SOD19*™ SOD19**} and SODID%A), it was found that the amount of Cu bound to
the SOD1 active site varied considerably between the mutants. Overall though Cu
concentrations were, in every case, significantly increased compared to healthy
controls.* In another in vivo study using mice overexpressing various SOD1 mutants
(SOD*Y, SOD1%7R SOD1"® and SOD1P'*"), it was found that the SOD1 present
in protein aggregates was metal deficient, irrespective of the ability of the mutant
SOD1 isoforms to bind Cu.*® These results suggest a misbalance between the
availability and demand for Cu in the cell. In the ventral horn of the spinal cord of the
SOD“*® mouse, Fe and Zn are increased in the gray matter, while there is no
difference in Cu concentration between white and gray matter.*> While no significant
difference between Cu concentrations in SOD19** and non-transgenic littermates
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(WT) brain samples were found,”'***"*" a subtle redistribution between the gray and

white matter of the spinal cord was observed, with areas of higher Cu concentration
correlating to areas of high SOD1 expression, relative to surrounding cells.*’

In an ALS context, there is currently no consensus concerning Zn concentrations in
the spinal cord and brain. When comparing spinal cord concentrations of Zn in tissue
from the G93A SOD1 mouse and WT mice, elevated®"¥, depleted35 and no
difference® in concentration have been reported. Tokuda et al. (2007)*® showed that
Zn concentrations decreased over time in the spinal cord of diseased mice but
remained constant in the brain. Contrastingly, Tokuda et al. (2013)*? found elevated
Zn concentrations in diseased spinal cord tissue compared to transgenic WT animals,
which overexpress wild type SODI1 rather than the mSODI1, while the concentrations
of Mg, Ca, Al, Mn and Fe were not elevated. Other work indicated a disease-specific
increase of Zn in the brain (white matter) of mice expressing mutant SODI
(SOD19%*4, SOD1%*7%, SOD1™*/SOD174¥9) * In a mTDP-43**""T mouse model of
frontotemporal lobar degeneration and ALS, elevated concentrations of Zn, Cu and
Mn were found in the spinal cord of diseased animals, while concentrations of these
metals in the brain remained unaffected.*!

Iron metabolism has been previously studied in ALS patients, resulting in
observations of elevated levels of serum ferritin** and reduced levels of serum
transferrin®, indicating high overall Fe concentrations in the body. Magnetic
resonance imaging of ALS patients indicates abnormal Fe accumulation in the motor
cortex,”*™* which could be responsible for inflammation and oxidative damage.
Further findings of elevated Fe concentrations in human CSF* and the presence of
elevated Fe capable to promote free-radical generation® contribute to the hypothesis
that a variety of disturbances in Fe metabolism may contribute to the aetiology of

ALS.>°

It has been hypothesized that Cu isotopic ratios in blood and various organs should
reflect the efficiency of overall body Cu metabolism,”' > but only recently have tools
to test this been available. The naturally occurring stable isotopes of Cu (*>Cu/®Cu)
are expected to distribute as a function of coordination and bond energy. Heavy
isotopes are anticipated to be enriched in the strongest bonds, since the vibrational
energy decreases at higher isotope mass.’®’ Hence, at the cellular level, it is likely
that the Cu isotopic ratio is influenced by Cu-specific cell ligands.”*’

Recent research has seen the application of medical isotope metallomics to a wide
variety of medical problems.’*® Important pilot studies were able to demonstrate the
potential of medical isotope metallomics as a medical diagnostic tool: bone loss was
traced via changes in Ca isotope ratios in blood and urine,®®* cancer disease
progression was traced via Cu and S isotopes in blood plasma,””® a correlation
between liver cirrhosis severity and blood serum Cu isotope ratios was discovered®
and breast cancer cells identified via Zn isotopes.®™®® The methodology was also
applied to Parkinson’s disease, a neurodegenerative disease, where it was shown that
patients appear to have abnormalities in their Cu metabolism.*

The potential of medical isotope metallomics as a diagnostic tool has been reviewed
for a variety of conditions.®’” In this study it was tested whether there is a detectable
longitudinal ALS-signal in metal (Cu, Zn, Fe) concentrations and Cu isotope ratios in
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keystone tissues (brain, spinal cord, muscle tissue and whole blood) involved in the
pathogenesis of ALS in the SOD1** mouse model. These longitudinal results were
collected to improve our understanding of the involvement of transition metals in the
development of ALS and the potential for Cu isotopes to serve as a
prognostic/diagnostic tool for the disease.

Samples

Transgenic mice in this study expressed the G93A mutant form of human SODI
(B6SJL-Tg(SOD1*G93A)1Gur/J)® (Jackson Laboratory, ME, USA), from here on
referred to as ‘SOD197%. Healthy controls were non-transgenic littermates (WT).
The mice were bred under specific conditions in accordance with Australian animal
ethics laws at Australian Bioresources (Mossvale, NSW). The University of
Wollongong animal ethics committee approved all experimental procedures (Ethics
Number: AE14/28). All animals had free access to a uniform diet and water, and were
held on a regulated 12 hours day-night light cycle. Mice were euthanized by CO,
asphyxiation, immediately dissected to collect blood and various tissue samples,
which were snap frozen in liquid nitrogen. All mice were female to avoid gender
differences in the data. Mice were 30, 60, 90 or 120 days old (£2 days) to capture the
characteristic disease progression typical for this mouse model.®® Samples of the
uniform mouse food diet were randomly collected from various locations at the
breeding facility (Australian Bioresources). Samples of DORM-2 dogfish muscle,
certified reference material of the National Research Council Canada (CRM, NRCC),
were used to test the completeness of the sample digestion protocol.

Analytical techniques

Sample digestion

Mouse tissues, food and DORM-2 (~0.25 g) were weighed, and pre-digested in
MARSXpress 20 mL PFA vessels in 2.5:1 mixture of 15 M Ultrapur® HNO; (Merck)
and Ultrapur® 30% H,0, (Merck) for 30 minutes. These samples were further
digested using a MARS6 (CEM Corporation, North Carolina, USA) microwave
system at the University of Technology, Sydney. Temperature was ramped to 210 °C
over 15 min and then held constant for 150 min to ensure that all organic carbon was
oxidized to COyg). For quality control purposes, one blank (acid only) and two
DORM-2 aliquots were added to each digestion batch. Recovery of elements (Cu, Fe,
Zn) from the DORM-2 certified reference material was used to control that the
digestion of the biological samples was complete (Table 1).

Table 1 — Recoveries of select metals from DORM-2 (CRM, NRCC), in mg kg

(n=12)

Element Certified Value 2SD | Measured Value 2SD Recovery (%)
Cu 2.34 0.16 2.4 0.3 103

Fe 142 10 147 55 104

Zn 25.6 2.3 28 8 109

Elemental Concentrations

Copper, Fe and Zn concentrations were determined using a Thermo Scientific iCAP-
Q quadrupole-inductively coupled plasma-mass spectrometer (Q-ICP-MS) at the
Wollongong Isotope Geochronology Laboratory, University of Wollongong (WIGL,
UOW). The concentrations were quantified using a multi-element standard external
calibration curve; long-term instrument drift was corrected using a 50 ppb Ga solution
as internal standard. Accuracy of the measurements were assessed through the
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analysis of the DORM-2 CRM which yielded recoveries of 103% for Cu, 104% for Fe
and 109% for Zn (Table 1). Reproducibility assessed through the analysis of DORM-
2 samples with every digestion batch was 12% for Cu, 30% for Zn and 55% for Fe
(2RSTD). Total procedure blanks were assessed as <2 ng Cu, <4 ng Fe and <10 ng
Zn.

Copper Isotopic Measurement

Copper was purified via ion exchange chromatography following the protocol
described previously®” in a cleanroom (WIGL, UOW). The Cu eluates were
evaporated to dryness and refluxed in 0.3 M HNOs;. Stable Cu isotope analysis was
performed via multi collector-inductively coupled plasma-mass spectrometer (MC-
ICP-MS), using a Neptune Plus (Thermo Scientific) at WIGL, UOW. Standard
sample and skimmer cones, cyclonic spray chamber and PFA nebulizer with ~100 pL
min” flow rate (Elemental Scientific, Omaha, USA) were used throughout. Routine
instrument sensitivities of 20 V ppm™ were achieved. The measurements were
corrected for instrumental mass fractionation through a combination of internal
correction with admixed Ni” and applying Russell’s exponential law’'. External
normalization was achieved using a standard sample bracketing approach with the Cu
isotopic reference material ERM-AE633 (European Commission, Geel, Belgium), as
described previously elsewhere.”””> Typical measurement accuracy of a synthetic
standard solution (Cusgm976, National Institute of Standards and Technology,
Bethesda, MD, USA) was better than 0.01%o (2SE; n = 197). Due to the lack of a
certified biological isotopic reference material, the long-term measurement
reproducibility and accuracy was tested on repeat measurements of food sample
aliquots: 8°°Cu = 0.84 + 0.03%o (2SE, n=6). Therefore the external error for the
isotopic measurements is defined as 0.03%o (2SE). The isotopic composition of Cu is
expressed using the delta notation (8°°Cu, %o) (Eqn. 1). Total procedure blanks were
assessed to be <2 ng of Cu, therefore negligible compared to the usual 200-400 ng of
Cu found in the tissue samples.

565 Cu _ ( ® Cu/ 63(:’M)Sample

= —1{x1000
( ® C”/ © Cu) i aress

(1

Statistical Methods

In order to assess the results from the measured data set, statistical analysis was
performed. All statistical analyses were conducted using the statistical program R
v3.3.1.™ Prior to analysis, outliers were removed using the median average deviation
(3*mad). Any measurements outside 3*mad were considered to be measurement
artifacts or the result of contamination. Data were analyzed through a linear
regression model for each organ type with disease state and time used as independent
variables and the measurements of Cu, Fe and Zn, as well as Cu isotope ratios, as
dependent variables. Time was treated as a continuous variable. Likelihood ratio
tests’” were used to determine which independent variables were significant. The
assumptions of the linear regression model were checked, including normality tests
for residuals. A significance level of a = 0.05 was used.

Results
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Metal concentrations

Spinal cord

In spinal cord tissues, Cu, Zn and Fe concentrations do not vary considerably between
SOD1%** and WT samples (Table 2, 3 and Fig. 1A). Temporal behaviors of all three
metals are similar in that they increase until 90 d and then decrease, with the
exception of Zn in the SOD19%** tissue, where concentrations keep increasing until
120 d (Fig. 1A-C). Zinc concentrations further show unexpectedly high values and
large variability at 90 d.

Brain

Similarly to the spinal cord tissues, brain tissues also do not display a significant
variation between SOD1%*# and WT tissues for any of the assessed metals (Tables 2
and 3). All three metals show similar trends with age, in both SOD1%%*A and WT,
where concentrations increase until 60 or 90 d and then decrease. These trends appear
to be more pronounced in Cu and Fe (Table 2 and Fig. 1D-F), but only reach
statistical significance for Cu (p = 0.004).

Muscle

Different to the other tissues, concentrations in muscle tissue do vary significantly
between SOD19”** and WT mice: Cu (p < 0.0005), Zn (p < 0.0005) and Fe (p =
0.004) (Table 2, 3 and Fig. 1G-I). The difference between the concentrations in
SOD1%** and WT mice appears to be a pre-symptomatic feature in Cu and trailing
the development of symptoms (i.e. 60 d) in Zn and Fe (Fig. 1G-I). The concentrations
of all three metals increase until 90 d in the SOD1 tissue and then slightly decrease. In
WT mice Cu, Zn and Fe concentrations are relatively constant over time (Fig. 1G-I),
while the concentrations of Zn show a larger variability at 60 d.

Whole Blood
In whole blood, none of the analyzed metals vary significantly between SOD
and WT mice (Table 2, Fig. 2). Iron concentrations demonstrated a significant trend

over time (p = 0.05), where concentrations from both populations decrease between
30-60 d and then increase until 120 d (Fig. 2C).

1G93A

Table 2 — Metal concentrations and Cu isotope ratios for spinal cord, brain and muscle
tissues, and whole blood.

State n 30d n 60d n 90d n 120d
Spinal cord
Cuugg") _SoDI?** 6 9£7 .6 2112 5 19£12 6. . l6£14
WT 7 12+12 6 15£10 6 18£8 6 12+11
Zn(ng g _SODI®™* "6 52%28 6 83£49 5 8760 6 . 8965
WT 7 56+43 6 53+31 6 97+59 5 45 + 46
Fe (ug g) _SODI®™* "6 56+55 6 100£80 5 10472 6. 9569
WT 7 90+ 110 6 80+54 6 109+58 5 64 +21
55Cu (%) SODI®"* "6 1.7+08 6 14x11 6 L7£12 6 . 1.6£0.7
WT 7 1.7+07 6 21+07 6 12+06 6 15+1.1
Brain
Cu(ug g _SODI?** 6 ] 142 6 2713 5 2914 6 . 257
WT 7 166 6 28+12 6 27+19 6 23+3
Zn(ng g _SODI®™* "6 8740 6 121£50 5 94+98 6 . 97+38
WT 7 716+47 6 11045 6 108+80 6 78 + 18
Fe (ug g) SODI®™* 6 7318 6 12234 6 | 110120 6 94+39
WT 7 80+£25 6 128446 6 12084 6 102 +24
3°Cu (%) SODI1%"* 6 1.8£04 6 1308 6 1.5+04 6 13+04
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WT 7 1.8+£0.8 6 1.6+0.8 6 09+22 6 14+£0.8
Muscle
Coquggh SODITT 6 7256 7286 24x15 6 13:5
WT 6 5+4 6 7+5 5 6+£3 6 4+1]
Inugghy SODITT 6 B0 6 97:64 5 1763 6 95447
WT 6 42+19 6 68+56 5 49+24 6 37+ 14
Feqagh SODIN 6 a7=I8 6 7426 5 146%23 6 12039
WT 6 50£26 6 74+£42 5 65+37 6 47+ 6
s"Cu e SODIZN 6 22:18 6 10220 6 07209 6 05+13
WT 6 20+£16 6 1.7£419 6 1.1£22 6 0.7+0.6
Blood
Coquggh) SODITT T 5307 35317 354 8 ax3
WT 8 4+2 8 3+3 7 3+4 8 3+1
Inugghy SODITT T IS0 7 3l=al 73527 8 33+19
WT 9 23+14 8 31+27 7 34+24 8 26+7
Fe (ug &) _SODI®* 7 21001800 7 17001900 7 16002500 8 29001700
WT 9 2200+1700 8 1800 £2300 8 1800 £2700 8 3000 + 500
s%Cu oy SODIZN 7 L1078 07+17 8 0812 8 _ 13+12
WT 9 1.1+£0.8 8 09+1.0 8 0.6+09 8 1.2+13

"Concentrations (g g') are presented for the diseased (SOD1%**) and healthy, non-transgenic (WT)
samples against time (in days; d). Errors shown are 2 standard deviations of the repeat measurements.

Table 3 — Maximum and minimum metal concentrations and Cu isotope ratios for
spinal cord, brain and muscle tissues, and whole blood.

SOD1%%4 WT
Spinal cord min max min max
_Cu(ugg) 4o 24| . 4 24
L Zn(nggl) 27 . 1221 . 20 . 142
_Fe(uge ) . R 183 ) . 46 . 195_.
3% Cu (%) 0.8 24 0.8 25
Brain
_Cu(uggh 13 38 . LA 38
_Zn(ngg) 15 140 34 156
_Fe(ugg) 18 216 | . 4. 169_.
3% Cu (%) 0.9 22| -1.3 22
Muscle
_Cu(ugg) 4o 393 1
Zn(uggl) 15 140 34 156
Fe(ugg) . 37 ] 205 ) . 38 . 102_
8% Cu (%o) -0.2 3.9 0.4 3.3
Blood
Cu(uge) 1 8 1. 6.
Zn(nggl) 18 60| 16 53..
_Fe(uegh) 514008 | 48 ___4l66
_..8%Cu(%o) - 03 . 241 .01 . 2.2
Feces
Cu(pggh 36 104 50 115

3% Cu (%) 0.6 1.9 0.5 1.4

Food and Feces

Mouse food samples show Cu, Zn and Fe concentrations of 13.7 + 0.5, 76 + 5 and 340
+ 30 pg g-1, respectively (2SE, n = 6). In feces, there is no significant difference in

metal concentrations between SOD19%°4

of the mice (Table 3 and 4).

and WT samples, and no trends over the age
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Copper isotope ratios

Spinal cord

In the spinal cord, Cu isotope ratios vary between 0.83 and 2.44%o for SOD1%** mice,
and between 0.65 and 2.46%0 for WT mice (Fig. 3A, Table 3), with the difference
only being significant at 60 d (p = 0.0328) as a result of unusually positive Cu isotope
ratios in the WT tissue. Over time, no systematic variation was observed in either
population.

Brain

In brain tissue, the Cu isotope ratios vary between 0.9 and 2.2%o for SOD19**, and
between -1.3 to 2.2%o for WT mice (Fig. 3B, Table 3) with the difference not reaching
statistical significance. Across time, in both groups the isotope ratios decrease from
1.8%o at 30 d, to 1.3-1.4%o at 120 d (Table 2; p=0.011).

Muscle

In muscle tissue, the Cu isotope composition varies between -0.2 and 2.4%o for
SOD1%** mice, and between -0.4 to 3.3%o for WT animals (Fig. 3C). Similar to the
trends observed in brain tissue, the isotope ratios decrease between 30-120 d, but this
trend is more pronounced, from ~2%o0 at 30 d to 0.5-0.7%0 at 120 d (Table 2; p
<0.0005).

Whole Blood

In whole blood the Cu isotope ratios vary between 0.6 and 1.9%o for SOD19**, and
between 0.5 and 1.4%o for WT mice. These Cu isotope ratios fluctuate around 0.83 %o,
which is the isotope ratio of food (Fig. 4A). Overall there is no significant difference
between SOD1%** and WT mice.

Food and Feces

Mouse food samples have a Cu isotope ratio of 0.84 + 0.03%o (2SE, n=5), which is at
the lower end of the observed values and similar to those observed in blood (Fig. 4A).
The average Cu isotope ratio of all mouse feces samples is also 0.84 + 0.59%o (2SD,
n=24), while SOD1%** mouse feces average at 0.92 = 0.66%o (2SD, n=12) and WT
mouse feces at 0.77 £ 0.48%0 (2SD, n=12) (Fig. 4B). There is no significant
difference between the two populations or changes with time (Table 4).

Table 4 — Metal concentrations (Cu, Fe, Zn) (ug g + 2SD) and Cu isotope ratio (%o
2SD) in mouse feces

time | State ] 0% Cu Cu Fe Zn n
30 SODI1%%%A | 0.89 +0.42 53 +34 1210 + 540 350+ 170 | 3
WT 0.67 +0.09 57 £10 1270 +310 357+ 8 3
60 SOD1%%*A | 0.85+0.29 85 + 33 1470 + 160 400 + 51 3
WT 0.94 +0.87 60 +£21 1280 210 320 + 85 3
90 SOD1%%%A 1.19+1.16 88+ 18 1600 + 530 410+ 62 3
WT 0.66 +0.33 90 +51 1600 % 400 450 + 33 3
120 | SOD19** | 0.73 £0.35 90+39 | 2000+ 1500 | 400+ 76 3
WT 0.77 £0.24 61+11 1620 + 230 500+£570 |3
Discussion

Accumulation of metals
It has been previously hypothesized that changes in Cu and Zn concentrations play an
important role in the gain-of-toxic function associated with mSODI.”*"" This has
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been supported by findings that (1) Cu chelators, such as D-penicillamine and
Trientine, can prolong survival of SODI1** mice,”®” by reducing the overall
available Cu, (2) the ATPase ATP7B, a Cu transporter, is down regulated in the spinal
cord of SODI transgenic mice (G93A),*® (3) delivery of Cu via the blood-brain-
barrier permeable complex Diacetylbis(N(4)-methylthiosemicarbazonato) Copper(Il)
(Cu"(atsm)) to Cu-deficient SODI1 converted it to stable holo-SOD]1 in the SOD1%7}
mouse model, prolonging survival,® suggesting a therapeutic target for increased Cu
concentrations, and (4) Zn deficient mSODI can induce motor neuron apoptosis via
peroxynitrite-mediated tyrosine nitration.** Apart from these findings, Cu and Zn have
an antagonistic interaction,”’ meaning that dyshomeostasis of one could prevent the
proper utilization of the other.* Overexpression of mSOD1 (e.g. the SOD1%** mouse
model of ALS used in this work) was proposed to lead to increased Cu concentrations
in spinal cord tissue, due to a proposed increased affinity of mSODI1 for Cu, making it
an effective Cu sink.*> However, a recent review’’ concluded that partially metalated
intermediate SOD1 species may account for the observed SODI toxic-gain of
function. Taking this into account with an overall increased concentration of the
mSOD1 in the SOD19"*# model, Cu concentrations in ALS affected tissues are
therefore expected to increase, compared to healthy controls.

Spinal cord

Overall, all metals (Cu, Zn, Fe), show a similar behavior: after a marked increase of
Cu concentration from 30-60 d, the concentrations peak at 90 d, and decrease towards
120 d, without significant differences between healthy and diseased tissues (Fig. 1A-
C). Lelie et al.*® found a redistribution of Cu between the gray and white spinal cord
matter of SOD1** mice, which may not be reflected in bulk analyses as performed
in this study. Zinc concentrations are an exception as in the SOD1%** mouse they
were found to keep increasing until 120 d. Furthermore, the WT tissue shows a
marked rise from 60-90 d with unexpected high concentration of Zn at 90 d and then a
decrease at 120 d. Recent findings® suggest that the interaction between the Cu
chaperone (CCS) and SODI is perturbed, such that, during the metalation and
maturation of SODI, the Zn atom is not incorporated properly into its structure. This
would negatively impact disulphide formation and Cu activation of SOD1.

Previous work®>>"*! has found significantly elevated Cu concentrations in spinal cord
tissue of several mouse models of ALS, which was suggested to be the result of
mSODI in the SOD1%** mouse having a higher affinity to bind Cu ions, leading to
increased Cu in spinal cord tissue compared to WT mice.” However, recent work™*
did not find a significant difference between non transgenic WT and SOD1%™ spinal
cord tissue, similar to findings presented here (Fig. 1A). The previous observations of
increased Cu concentrations, particularly in mouse models of ALS that involve over-
expression of SOD1, may therefore be reflective of the increased amount of SODI
expressed in these mice. It is further possible that this signal indicates the presence of
free, but not bio-available, Cu, rather than a side effect of an increased binding
affinity,* as previously proposed. A recent review highlighted the increasing
evidence for the involvement of partially metalated SODI1 in ALS development,’’
which is supported by work with SOD1%°"® mice whereby Cu was delivered directly
to spinal cord mSOD]1 via Cu'(atsm).”*** This direct delivery decreased the amount
of metal deficient SOD1, while it improved the amount of fully metalated-SODI1
present,”® as well as the phenotype of ALS. Previous work has found mixed results of

. 3536 . 40 . 31,3284
reduced Zn concentrations, no difference™ and increased concentrations, in
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various mSOD1 mouse model compared to controls. A lack of variation in Fe
concentrations in the spinal cord in SOD19*** and WT over time and against one
another is in agreement with prior findings.”'

Brain

The SOD1%%** and WT tissues had similar trends in all three metals, without there
being a significant difference between the animal groups (Fig. 1D-F). A dramatic
increase from 30 to 60 d, was followed by a slow decrease in Cu, Zn and Fe. The lack
of difference between the SOD19”** and WT tissues suggests that these trends may be
the result of ageing, which is only significant for Cu concentrations. While higher
concentrations of Cu and Zn in brain tissue were previously found in the SOD1%7}
mouse model,* our findings are in accordance with other work using mSOD1 mouse
models (G37R, G93A, H46R/H48Q), where no differences were observed.®'*** This
lack of increased concentrations, could be the result of a lack of an ALS-related up-
regulation of Cu trafficking to the cerebellum,’’ and that only a small area of the brain
is affected which may be difficult to detect when measuring the metal concentration
in the whole brain.

Muscle

Muscle tissue from diseased mice consistently demonstrated higher metal
concentrations than WT samples in accordance with previous findings,** with
increases in Cu and Zn concentrations preceding the establishment of symptoms (Fig.
1G-H) and Fe trailing them (Fig. 1I). Skeletal muscle is one of the largest organs in
the human body, comprising ~40% of the whole body lean mass; muscles and bones
together contain ~50% of total body Cu.*® Muscle tissue provides a source for amino
acids during stress and forms a crucial part of whole body metabolism and
homeostasis,”” while also being suggested to contain a surplus of SOD.*® In ALS,
muscle tissue,” ' and other (neighboring) cell types’® may play a significant role in
pathology development. Distinct and rapid muscle atrophy caused by MN death is a
pathologic hallmark of ALS.

The accumulation of excess Cu and Zn in muscle observed in this study could be the
consequence of the over expression of the mSODI protein in the SOD1%** mouse,
whereby the increased concentrations reflect an increased requirement for Cu and Zn
by the partially metalated protein, similar to previous findings in the SOD1%"® mouse
model™. However, if the increases are not a consequence of the over-expression of
SOD1 in this mouse model, they may indicate a causal pathologic feature of ALS,
whereby accumulation of Cu and Zn in muscle could be toxic, resulting in MN death.
This would support the dying-back-hypothesis”: ALS may be a dying back motor
neuropathy whereby distal axonal degeneration occurs and this precedes neuronal
degeneration.”*” The axon and neuromuscular junction are affected at an earlier stage
prior to the onset of symptoms and neurodegeneration, which may indicate that
intrinsic defects in the muscle occur early, promoting or contributing to withdrawal of
the motor axon.”® Signaling between the muscle and the neuron is important for
axonal growth and management of the neuromuscular junction,”” while the loss of
signal from the neuron to the muscle leads to atrophy. It is also possible that muscle
defects may be independent of axonal withdrawal,” leading to the assumption that
skeletal muscle is likely to be one of the primary targets of ALS-associated mutations.
While the origin of the here-observed accumulating metals remains unknown, Cu
isotope analyses (see below) suggest that the Cu could originate from a dietary,



©CoO~NOUTA,WNPE

Metallomics

exogenic Cu source, however, the direction of and magnitude of changes (increase of
influx vs decrease of efflux vs changes to recycling processes) are unclear.

Whole blood

There were no significant trends in metal concentrations of Cu and Zn in whole blood
over time or between the SOD19"** and WT samples. Iron concentrations are an
exception, as they follow a trend over time such that the concentration decreases
between 30-60 d and then increases until 120 d (Fig. 2A-C). Mixed results have been
documented for Cu concentrations in blood serum and ceruloplasmin: concentrations
have been reported to be decreased in ALS patients, compared to healthy controls,”*
or to not be significantly different'®, similar to the here presented data. This may be a
side effect of the short residence time of these metals in blood (e.g. 7-14 d for Cu in
miceml), robust excretion mechanisms,'®' and low Cu concentration compared to
humans.'”"'%% These may therefore account for the lack of positive association with
disease progression. One study on human blood reported a positive association
between Cu concentrations and ALS, while Zn was inversely associated.'®

Feces

Feces samples did not demonstrate a difference between SOD and WT samples,
for any of the assessed metals. For Fe and Cu, a time dependent increase in
concentration was found, which is most likely the result of the higher dietary
requirement of the larger mice. Overall, no disease dependent anomalies of metal
uptake or excretion were detected.

93A
lG

Copper isotope ALS signal

The Cu isotopes display a scattered pattern for spinal cord tissue without any clear
trends (Fig. 3A). Brain (Fig. 3B) and muscle tissue (Fig. 3C) follow a similar time-
dependent trend, whereby isotope ratios start at a more positive value at 30 d and then
shift towards less positive values. The same trend was observed in SOD1** and WT
tissues. In blood (Fig. 4A), no significant difference was detected between SOD19%4
and WT. It was observed, however, that the blood and feces isotope ratios (Fig. 4)
fluctuate around 0.84%o, i.e. the value of food, indicating that the isotope signal is
more a reflection of the diet than the disease. Overall, the isotope ratios from tissues
from the SOD19** mouse model of ALS presented here indicate that there is no
presence of a clear ALS-associated Cu isotope signal.

It has been postulated that stable isotope ratios can inform about past oxidation
conditions in geological and biological systems.'® Isotope ratios of Cu’”**'% and
Zn®% change in association with cancer development and Cu isotope ratios with liver
cirrhosis.* In the example of cancer, hypoxic (reducing) conditions within the
tumor’s environment can impair the metabolism of Cu and change the metal’s redox
state. This is the consequence of the binding ability of specific molecules, inducing
isotopic fractionation, which is measurable.”

A variety of neurodegenerative diseases have been associated with excessive
oxidative stress'®"''? including ALS where oxidative stress has been identified to be
of great importance,''' in both humans and rodent models.'"> Two mechanisms have
been identified to induce oxidative stress in cells in relation to Cu: (1) a Fenton-like
reaction that can directly catalyze reactive oxygen species (ROS) generation,113 2)

exposure to elevated concentrations of Cu, which significantly decreases the levels of

Page 18 of 38



Page 19 of 38

©CoO~NOUTA,WNPE

Metallomics

glutathione (GSH).M’115 A decrease in GSH limits the cell’s antioxidant ability,
contributing to shifting the redox balance towards more oxidizing conditions.'®*® This
may also enhance the cytotoxicity of ROS and allow Cu to be more catalytically
active, resulting in the production of even more ROS."® In ALS, mitochondrial
dysfunction was reportedly responsible for increases in the free radical
generation,log’m’118 followed by oxidative stress and associated calcium toxicity
following glutamate receptor activation."® As a result, it was expected that there
should be a direct correlation between disease progression and the development of
oxidative stress,''”'? leading to Cu isotope fractionation, and an ALS-associated Cu
isotope signal.

The observed lack of a Cu isotope signal in the SOD1%** mouse model of ALS may
be the result of several factors. First, ROS production does increase as a function of
time (ageing-effect) in SODI transgenic mice,'”' which would require ROS to be
relatively more increased to be able to be traced as a deviation of the signal that arises
from ageing alone. Second, in the spinal cord of the SOD1°”** mice two
metallothionein-I/Il (MT-I/Il) isoforms were previously found to be significantly
elevated, which act as Cu chaperones, sequestering free Cu'** as a compensatory
reaction to Cu-mediated oxidative stress, even at pre-symptomatic stages.’® It was
later found that overexpression of MT-I in the SOD1%”** mouse model prolongs
survival and restores Cu dyshomeostasis,” which suggests that ROS production could
be regulated and a resulting Cu isotope signal dampened.

Finally, it is widely accepted that it is not the loss of antioxidant function of mSOD1
that leads to the development of pathology, but rather a separate toxic gain-of-
function.” While this toxic gain-of-function was confirmed by transgenic mice
overexpressing mSOD1, where the level of mSOD1-expression was proportional to
the onset and severity of symptoms,*'**'** it has proved difficult to elucidate the
specific mechanisms of mSOD]1 toxicity.”” Given that the ALS-like phenotype of the
SOD1** mice used in this study is driven by the expression of the mSODI1 and to a
lesser extend its over expression, it is reasonable to assume that the inferred oxidative
stress would not be reflected in a changed isotope signature in the target tissues.
When taking into account that in brain and spinal cord tissue there is little to no
difference in Cu concentrations between SOD1%** and WT tissue (Fig. 1A, D), this
suggests that, in addition to the tight control of Cu influx through the blood-brain-
barrier,*'** the binding of Cu to various proteins/binding sites not does alter as a
result of the disease. The alteration may further be too subtle to be detected using
stable isotope techniques at the currently available resolution. Changes in Cu
concentration in tissues may be attributable to the overall higher concentration of
mSODI in the transgenic mice or the up-regulation of cupro-proteins as a side effect
of mSODI overexpression, possibly leading to cell specific deficiencies of Cu,
resulting in no change to the isotope ratio in the tissue.

The significantly elevated Cu concentrations in SOD19”** muscle tissue (Fig. 1G)
offer a slightly different picture: muscle tissue, compared to central nervous system
tissues, is subject to less stringent regulation of Cu transport.*® Muscle tissue in
general was noted to be a major repository of metals, and contains a surplus of
SOD1.*®¥ A tracer study using ®*Cu observed that young (neonates, 10-12 d) mice
retained significantly more Cu than adult counterparts in muscle tissue.'** We
hypothesize that muscle tissue may, at least in part, serve as a reservoir for exogenic,
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dietary Cu, and its natural Cu isotope signature may, therefore, alter to become more
similar to that of the food source over time (30 — 90 d) (Fig. 3C). Further to the
assimilation, it is plausible to assume that recycling processes can further enhance the
preferential uptake and retention of the lighter Cu isotope over time, indicating that
Cu may accumulate in the weaker bonds’**”. While there is overall more Cu in the
SOD1°%** muscle tissue (Fig. 1D), it binds to the same protein binding sites as in the
WT controls. This is supported by the Cu isotope ratios measured in this work (Fig.
3C) whereby the ratios move in the same direction in SOD19*# and WT mice.
However, SOD1%** tissue appears to follow a steeper decline towards the isotope
ratio of food (0.84%o), suggesting that cupro-proteins, using weaker bonds, may be
up-regulated and accumulate Cu, as previously suggested for several other tissues.”’
This accumulation of Cu could then lead to a dying backward process, in the form of
a distal motor neuropathy.''?’

Cu isotope ageing signal

The Cu isotope ratios for muscle and brain tissue in this study demonstrate a similar
age-dependent trend, which is independent of disease state. The Cu isotope
compositions are positive at 30 d (~2%o) and then decrease over time (Fig. 3B and C).
It is well known that organisms accumulate certain metals in various tissues and fluids
over the course of their lifespan.'”'**'* As the oldest mice tested in this study were
120 d old (still comparatively young, equivalent to ~ 20-30 y in humans'"), it is
surprising that a Cu isotope ageing-signal may already be present. The downward
trends are more pronounced in muscle than in the brain, which could be a result of the
different rates of metabolism in these different organs, as observed in humans, where
female breast tissue ages faster than other organs.””' A precise assessment of ageing in
individual organs remains difficult.

In order to determine whether the signal observed here is indicative of ageing, it is
important to control for any potential age-related changes in Cu absorption that may
affect the signal. In men and women between 20 and 83 vy, there is no significant
change in Cu absorption over time'** and Cu absorption is tightly regulated as a
function of available dietary Cu.'*> As the mice used in this study (and their parents
before them) were given a uniform and standardized diet, it is reasonable to assume
that trends over time are a true expression of ageing, rather than the result of
variability in diet with age.

It is well known that during mammal pregnancy, metals (nutrients) are transported
from the mother across the placenta to the fetus, where they cross the fetal
endothelium and enter circulation (Fig. 5).1** These metals (e.g. Fe and Cu) are then
stored in the fetal liver and are rapidly liberated to facilitate growth after birth.*!?>13
Copper transport to the fetus increases in the last trimester and is chaperone
specific.””” The Cu accumulates in the placenta in the form of ceruloplasmin, CuHis,,
or other low molecular complexes."*® In absence of ceruloplasmin, Cu transport is not
inhibited, highlighting the potential importance of the CuHis, pathway in the
transport.”** Based on ab initio calculations, histidine containing compounds, such as
ceruloplasmin and CuHis, [Cu?’(His),] have previously been hypothesized to
concentrate the heavier isotope of Cu.”® In this study, more positive Cu isotope ratios
(accumulation of heavier isotopes) in brain and muscle samples (Fig. 3B and C) were
found at 30 d. These results suggest the presence of a ‘starting pool’ of ‘heavy’ Cu
received from the mother, which is then diluted, recycled or changed over time
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through exogenic, dietary Cu and endogenic metabolic Cu recycling processes (Fig.
6),$5-130.140

Conclusion

The assessment of metal concentrations in tissues from healthy and ALS mice yielded
contrasting results. Brain and blood samples showed no definitive trends between
diseased and healthy tissues, while Zn concentrations in spinal cord and muscle tissue,
and Cu concentrations in muscle tissue were elevated at pre-symptomatic stages in the
diseased tissues. An increase in Fe concentrations in muscle trailed the development
of symptoms. Observed pre-symptomatic changes in metal concentrations in the
results from muscle tissue may support the dying-back hypothesis as a function of
toxicity induced by the accumulation. This warrants further investigation into the
potential applicability of metal concentrations as biomarkers for ALS. Copper isotope
ratios revealed no clear disease-based signal in any of the tissues. When considering
the higher Cu concentrations and changes in isotope ratios in the SOD1 mouse
muscle, it could suggest that either the association of Cu with specific binding sites
does not change or that possible changes in the association of Cu with other binding
sites is below the detection limit of the applied method. Future studies should consider
overcoming the limitations of the mSOD1 over expression models by using transgenic
mice, which over express wild type SOD1. This way effects induced by the increased
expression of SOD1 can be accounted for.

In muscle and brain tissue, changes in isotope composition over time were observed,
suggesting the presence of an ageing signal. This potentially presents a new way of
looking at the concept of metabolic ageing, whereby the speed of ageing can be
determined by turn-over rates of recycling and accumulation processes of Cu in
certain tissues, as a deviation from the fetal Cu pool. Mice currently present one of the
best model organisms to study ALS and ageing. A promising direction for future
studies is the application of metal concentration and Cu isotope measurements to
human samples, including blood plasma and potential muscle biopsies, and to specific
cell types, to understand the involvement of Cu and other metals in the aetiology of
ALS.
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33 Figure 1: Copper (A-C), Zn (D-F) and Fe (G-I) concentrations in spinal cord, brain and muscle tissue (ug g-1
34 of dry tissue) as a function of time (days). Elevated concentrations of Cu, Zn and Fe are evident in muscle
35 tissue and appear to precede the development of symptoms in Cu, while Zn and Fe are trailing the

36 development of symptoms. Box plots show median values (solid horizontal line, 50" percentile (box outline),
37 90" percentile (whiskers) and outlier values (filled circles); n > 5.



©CoO~NOUTA,WNPE

>

Metallomics

Blood

B rosmomaic

symptomatio

4000

C  presymptomatic

Page 30 of 38

symptomatic

Cu (uglg)
Zn (ug/g)
»

o
Fe (ug/g)

%0 i 3000
i 2000
30| |
{ 1000
20 i .
30 60 % 120

0

30 60 90 120 30 60 90 120
Time (d) Time (d) Time (d)

state BSOD18WT

Figure 2: Copper (A), Zn (B) and Fe (C) concentrations in whole blood (nug g-1 of dry tissue) as a function of
time (days). Box plots show median values (solid horizontal line, 50" percentile (box outline), 90" percentile
(whiskers) and outlier values (filled circles); n = 6.
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19 values (solid horizontal line, 50" percentile (box outline), 90" percentile (whiskers) and outlier values (filled
20 circles); n = 6.
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Blood Placenta Fetus Liver
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Figure 5: Uptake of Cu into the fetus via the placenta. Ceruloplasmin, and other low molecular copper-
compounds, predominantly [Cu?*(His).], accumulate the heavy isotope ®°Cu. This Cu then accumulates in
the liver of the fetus after crossing the fetal endothelium, enriching it in 5°Cu.
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Figure 6: Conceptual model for the presence of a ‘starting pool’ of heavy Cu received from the mother and
accumulated in the fetal liver (A). This Cu is an initial source for the fast neonatal growth phase, distributing
5Cu throughout the tissues. The commencement of ingestion of external non-maternal food (lighter Cu
isotopic composition) meets the high nutrient requirement of juvenile growth (B). This dilutes the pre-
existing heavy Cu pool. The dilution continues until adult-hood, at which point growth stops and Cu isotope
ratios stabilize, reflecting the food’s isotope ratio (C). At this point, localized recycling processes with
endogenic and exogenic Cu are possible.
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3 Supplementary information:
4
S Results of the linear model with the following parameters:
? Dependent variables: Cu, Zn, Fe, Culso (Cu isotope ratios)
8 Independent variables: time (30, 60, 90, 120) and state (SOD1 and WT)
9 Time was treated as a continuous variable.
10 stateWT is the indicator variable for difference between states, with stateSOD1 being
11 the reference.
12
13 Results:
14
ig Cu
Cu Brain
17
18 Coefficients: ‘
19 Estimate Std. Error t value Pr(>|t]|)
20 (Intercept) 16.88036 2.62173 6.439 6.96e-08 *xx
21 StateWT ~0.10929 2.00551 ~0.054 0.95678
22 time 0.08835 0.02940 3.005 0.00434 *k
23
24
25 Cu Spinal cord
26 _—
27 Estimate Std. Error t value Pr(>|t]|)
(Intercept) 12.82288 2.35142 5.453 2.01e-06 o
28 stateWT -1.89467 1.79873 -1.053 0.298
29 time 0.04401 0.02637 1.669 0.102
30
31
32 Cu Muscle
33 Coefficients: ‘
34 Estimate Std. Error t value Pr(>|t]|)
35 (Intercept) 12.75008 2.15083 5.928 4.31e-07 *kk
36 StateWT ~10.00600 1.64097 ~6.098 2.43e-07 wx
37 time 0.03469 0.02425 1.430 0.16
38
39
40 Cu blood
41 Coefficients: ‘
42 Estimate Std. Error t value Pr(>|t])
(Intercept) 1.202613 0.512487 8.200 3. 62e-11 o
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Zn
Zn Brain
Coefficients:
Estimate Std. Error t value Pr(>|t]|)
(Intercept) 98.20885 11.56640 8.491 6.73e-11 *kk
stateWT -7.97077 8.84776 -0.901 0.372
time 0.02585 0.12972 0.199 0.843
Zn Spinal cord
Estimate Std. Error t value Pr(>|t])
(Intercept) 60.0657 10.9858 5.468 2.03e-06 *kk
stateWT -13.4311 8.3714 -1.604 0.1158
time 0.2311 0.1240 1.864 0.0691

Zn Muscle
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 72.8489 10.7452 6.780 2.68e-08 *k ok
stateWT -39.3087 8.2716 -4.752 2.27e-05 *k %k
time 0.2055 0.1212 1.695 0.0973

Zn blood
Coefficients:
Estimate Std. Error t value Pr(>|t])
(Intercept) 26.34043 3.48919 7.549 3.5e-10 *k ok
stateWT -2.50953 2.62022 -0.958 0.342
time 0.06186 0.03827 1.617 0.111
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Fe
Fe Brain
Coefficients:

Estimate Std. Error t value Pr(>|t]|)
(Intercept) 107.82885 21.05521 5.121 1.52e-05 * ok x
stateWT 5.84396 13.38300 0.437 0.665
time 0.01305 0.23155 0.056 0.955
Fe Spinal cord

Estimate Std. Error t value Pr(>|t])
(Intercept) 79.4316 15.0040 5.294 3.63e-06 *ok ok
stateWT -1.9171 11.4334 -0.168 0.868
time 0.1296 0.1693 0.766 0.448
Fe Muscle
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 62.3861 12.2794 5.081 7.77e-06 *k ok
stateWT -35.3730 9.4527 -3.742 0.000536 *kk
time 0.4231 0.1385 3.054 0.003871 * %
Fe blood
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1478.196 360.696 4.098 0.000129 *kk
stateWT 152.990 269.184 0.568 0.571956
time 7.907 3.954 2.000 0.050130
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Coefficients:
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Estimate Std. Error t value Pr(>|t]|)
(Intercept) 1.939807 0.198597 9.768 8.55e-13 *kk
stateWT -0.078462 0.150649 -0.521 0.6047
time -0.005942 0.002227 -2.669 0.0105 *
Culso Spinal cord

Estimate Std. Error t value Pr(>|t])
(Intercept) 1.81947 0.18462 9.855 6.46e-13 *ok ok
stateWT 0.01631 0.13995 0.117 0.908
time -0.00291 0.00207 -1.406 0.167 *k

Culso Muscle
Coefficients:
Estimate Std. Error t value Pr(>|t])
(Intercept) 2.327292 0.303983 7.656 1.10e-09 *kk
stateWT 0.287917 0.229790 1.253 0.217
time -0.016758 0.003426 -4.892 1.32e-05 *kk

Culso blood
Coefficients:
Estimate Std. Error t value Pr(>|t])
(Intercept) 0.8819047 0.2003504 4.402 4.4e-05 *kk
stateWT -0.0017195 0.1488245 -0.012 0.991
time 0.0008823 0.0022175 0.398 0.692
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