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ABSTRACT

Metal dyshomeostasis is associated with neurodegenerative disorders, cancers and vascular disease. We report
the effects of age (range: 3 to 18 months) on regional copper, iron and zinc levels in the brain of the C57BL/6
mouse, a widely used inbred strain with a permissive background allowing maximal expression of mutations in
models that recapitulate these disorders. We present formulae that can be used to determine regional brain metal
concentrations in the C57BL/6 mouse at any age in the range of three to eighteen months of life. Copper levels in
the C57BL/6 mouse adult brain were highest in the striatum and cerebellum and increased with age, excepting
the cortex and hippocampus. Regional iron levels increased linearly with age in all brain regions, while regional
zinc concentrations became more homogeneous with age. Knockdown of the copper transporter Ctrl reduced
brain copper, but not iron or zinc, concentrations in a regionally-dependent manner. These findings demonstrate
biometals in the brain change with age in a regionally-dependent manner. These data and associated formulae
have implications for improving design and interpretation of a wide variety of studies in the C57BL/6 mouse.

1. Introduction

Copper (Cu), iron (Fe) and zinc (Zn) are the most abundant transition
metals in eukaryotes and play important roles in many physiological
processes including mitochondrial respiration, antioxidant-defence
mechanisms, oxygen transport, protein and DNA synthesis, myelina-
tion, neurotransmitter synthesis, and synaptic transmission. Rare ge-
netic mutations compromising metal-regulation pathways result in
serious neurodegenerative disorders including Menkes disease, Wilson’s
disease, and the family of disorders known as Neurodegeneration with
Brain Iron Accumulation (Chasapis et al., 2012; Giampietro et al., 2018;
Levi and Tiranti, 2019). Metal dyshomeostasis is also observed in
common neurodegenerative disorders, including Parkinson disease,
Alzheimer’s disease, Amyotrophic Lateral Sclerosis, Multiple Sclerosis,
as well as some cardiovascular diseases and cancers (Choi et al., 2018;
Acevedo et al., 2019; Serra et al., 2020; Ashraf et al., 2018). While these
diseases are complex and of multifactorial origin, age is a significant,
and in some cases the largest, risk factor (Guerreiro and Bras, 2015;
Hirsch et al., 2016). It is unknown why age increases the vulnerability of

some neurons to degeneration, though it is hypothesised that age may
increase the progressive decline of multiple cellular systems, including
metal dyshomeostasis. Understanding how and why metals become
dysregulated as we age may be critical for understanding key mecha-
nisms contributing to disease risk and progression and may inform
current clinical trials for Parkinson disease (NCT03467152), Amyo-
trophic Lateral Sclerosis (NCT03136809), Alzheimer’s disease
(NCT03234686), and stroke (NCT02175225), where modification of
metal content in the central nervous system is investigated as a putative
therapeutic approach.

Currently, determination of metal concentrations in living human
brain is only possible for Fe using semiquantitative techniques such as in
vivo MRI (Adisetiyo et al., 2014). We previously showed that biometal
concentrations in human blood or cerebral spinal fluid are unlikely to
reflect brain biometal levels (Genoud et al., 2017), suggesting that
reliable quantitative assessment of metals in the central nervous system
is presently restricted to post-mortem evaluation. To understand disease
mechanisms in disorders characterised by metal dysregulation, we
remain heavily reliant on the use of animal models which allow us to
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probe disease states at different ages.

The most cited animal in preclinical research is the C57BL/6 mouse,
either in its native form, representing a chemically-induced disease
model or as a transgenic or mutant mice strain created on the C57BL/6
background that recapitulates a disease phenotype and/or pathology.
While regional metal concentrations in the healthy human brain change
with age, there is scarce information regarding age-associated changes
in mouse brain metal levels. Available data typically report changes in
whole brain or detailed mapping of the regional distribution of metals in
the brain at a single age, for example (Hare et al., 2012).

The focus of this study was to quantify Cu, Fe and Zn levels in young
adult and aging wild-type C57BL/6 mice in brain regions commonly
affected in diseases characterised by metal dyshomeostasis. Regional
changes in brain metal levels of Fe, Cu and Zn in C57BL/6 mice were
measured in the cortex, striatum (caudoputamen), hippocampus,
midbrain and cerebellum at multiple times between the ages of 81 and
560 days of life using inductively coupled plasma-mass spectrometry
(ICP-MS). This age range in the mouse is reported to reflect a human age
of 8-10 years to approximately mid-50’s to early-60’s years (Dutta and
Sengupta, 2016). A mouse line with a known deficiency in brain Cu (the
Ctr1™/~ mouse), useful for the study of neurological disorders with global
or region-specific brain reductions in Cu, including Alzheimer’s disease
(Xu et al., 2017) and Parkinson disease (Scholefield et al., 2021) were
included to investigate the effects of manipulation of one metal species
on multiple metal concentrations. Regression analyses for both mouse
lines were used to generate formulae that can be used to determine
regional brain metal concentrations of C57BL/6 and Ctrl™" mice be-
tween 81-560 days of life. Age- and brain region-metal data from
C57BL/6 mice are compared to those reported in the healthy human
brain. This information will inform the design of a wide range of
murine-based experiments and improve the translational power of
studies of metal dyshomeostasis or metal modification.

2. Materials and methods
2.1. Animal and brain sample preparation

All animal-related procedures conformed to the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes, with
protocols approved by the Animal Ethics Committee at the Florey
Institute of Neuroscience and Mental Health, under approval 15-072-
FINMH. One hundred and nine mice of both sexes were used in this
study, (Ctr1™, n = 56) and (C57BL/6 WT, n = 53) littermates. Ctr1*/"
mice were originally purchased from The Jackson Laboratories
(Sle31a1™21Dit/7); Bar Harbour, Maine, USA. The colony was sourced
from the Animal Resource Centre (Perth, Western Australia, AUS)
(https://www.arc.wa.gov.au/) and maintained by breeding Ctrl*/”
mice with C57BL/6 wild-type (WT) mice at the Florey Institute (Mel-
bourne, Victoria, AUS).

Mice were housed in individually ventilated cages (2-5 mice/box)
with access to standard laboratory chow and water ad libitum and
maintained under a 12-hour light/dark cycle. Tail tissue samples ob-
tained from each mouse prior to weaning and were sent to Transnetyx,
Cordova, Tennessee, USA for genotyping. Mice were bred and aged to
time points equally distributed between the age range (81-560 days).
Once mice had reached the desired age they were anaesthetised by an
overdose of sodium pentobarbitone (100 mg/kg; Jurox, Rutherford,
AUS) and perfused through the heart with 0.1 M Phosphate buffered
saline (PBS; 0.1 M sodium dihydrogen phosphate monohydrate, 0.1 M
Disodium hydrogen phosphate dehydrate, 0.9% w/v sodium chloride;
Sigma-Aldrich (Castle Hill, AUS), pH 7.4. After rapid extraction, brains
were dissected into cortex (Ctx), striatum (Str), hippocampus (Hip),
midbrain (MB; containing the substantia nigra) and cerebellum and
frozen in a — 80 °C freezer. Precise anatomical sectioning of brain re-
gions is outlined in Supplementary Fig. 6.
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2.2. Inductively coupled plasma-mass spectrometry (ICP-MS)

Frozen brain regions were weighed and transferred into metal-free
polypropylene tubes (TechnoPlas, St. Marys, SA) and lyophilised using
a CoolSafe 4 L Freeze Dryer (Labogene, Bjarkesvej, DK) set to 2.379 hPa
for 20 hrs. Lyophilised tissue was treated with 50 pL of nitric acid (70%
v/V, >99.999% trace metals basis; Sigma-Aldrich, AUS) and digested at
room temperature overnight. Samples were further digested by heating
at 70 °C for 30 min, after which 50 pL of hydrogen peroxide (30% v/v,
ultratrace; Sigma-Aldrich, AUS) was added, and incubated at 70 °C for
60 min. Samples were cooled and 900 pL of nitric acid (1% v/v); Sigma-
Aldrich, AUS) was added before transferring to a new polypropylene
tube.

Brain metal concentrations were measured using an inductively
coupled plasma-mass spectrometer (ICP-MS) 7900 (Agilent Technolo-
gies, Mulgrave, AUS). Samples were introduced via a MicroMist
concentric nebuliser (Glass Expansion, West Melbourne, Australia) and a
Scott type double-pass spray chamber cooled to 2 °C. The sample solu-
tion and the spray chamber waste were carried with the aid of a peri-
staltic pump. The ICP-MS extraction lenses were optimised to maximise
the sensitivity of a 1% v/v HNO3:HCI solution containing 1 ng/mL of
lithium, cobalt, yttrium, cerium, and thallium with helium was added
into the octopole reaction cell to reduce interferences. A multi-element
calibration standard (2A; Agilent technologies, Santa Clara, California,
USA), was used to prepare the calibration standards at concentrations of
0, 1, 10, 50, 100, 500, and 1000 ppb. Calibration curves for g3Cu, ggZn,
and syFe were constructed and the results analysed using Agilent
Technologies Masshunter software. Results from ICP-MS were normal-
ised to lyophilised tissue weight.

2.3. Statistical analysis

Statistical analysis was performed using SPSS software v26.0 and
PROCESS v3.5 by Andrew F Haynes. Data are expressed as regression
lines with 95% confidence interval, as indicated in the figure legends.
Data sets were compared using a one-way analysis of covariance
(ANCOVA), followed by a Bonferroni multiple comparisons test with
Bonferroni correction. Where the assumption of homogeneity of
regression was violated, the interaction/s were probed by moderated
regression analysis (MODREG), by both observing the moderation effect
at ages +1 SD mean age, mean age and —1 SD mean age and by using the
Johnson-Neyman analysis technique to observe any significant transi-
tion points. p values of < 0.05 were considered statistically significant.

Correlations between concentrations of Cu, Fe and Zn in brain were
analysed using Pearson’s coefficient as data shared a linear relationship
and was normally distributed. Pearson’s coefficient was calculated for
each region divided into C57BL/6 and Ctr1*/~ groups and was added to
graphs along with p-values.

3. Results
3.1. Copper

3.1.1. Regional brain copper concentrations in the C57BL/6 mouse

Age-related changes in Cu concentrations in five brain regions from
81 days (approximately 3 months of age) to 560 days (approximately 18
months of age) of life were calculated in C57BL/6 mice. Cu concentra-
tion increased by 115% in the striatum, 63% in the cerebellum and 39%
in the midbrain. Cu concentration in the cortex and hippocampus did
not change with age. Regression line equations are provided in Fig. 1A-E
and can be used to estimate brain Cu concentrations at any adult age of
interest. Mean regional brain Cu concentrations at 3, 6 12 and 18 months
of age calculated from these regression lines are visually represented as
heat-maps in Fig. 1K. The calculated mean Cu concentrations used for
these heat-maps are provided in Table 1.

Regional comparisons were performed as outlined in 2.3 of the
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Fig. 1. Cu concentrations in the C57BL/6 and Ctrl */~ mouse brain. A-E) Cu concentrations in the cortex (Ctx), striatum (Str), hippocampus (Hip), midbrain (MB) and
cerebellum (Cb) between 81-560 days of life. F-J) Regression lines describing age-associated (81-560 days) changes in regional Cu in the C57BL/6 and Ctr1™/~ mice.
K) Heat map visualisation of Cu concentrations in the wildtype C57BL/6 mouse in a sagittal section of the mouse brain.

Methods section. In almost all comparisons, each brain region was
significantly different from each other (p < 0.001) except when
comparing the mean difference in Cu concentration between striatum
with cerebellum at — 1 SD (p = 0.106), and cortex with midbrain at
+SD (p = 0.336). Overall, regional Cu levels in the C57BL/6 mouse
brain can be summarised as having a smaller mean difference at a
younger age and a larger mean difference at an older age (—1 SD mean
age < mean age < +1 SD mean age). These data demonstrate that as
C57BL/6 mice age, regional Cu concentrations progressively diverge.
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The largest of these effects were observed for the striatum and cortex
(Fig. 1L), and striatum and hippocampus (Fig. 1L). Exceptions to this
included the comparison between hippocampus and midbrain, and
cortex and midbrain. In both comparisons Cu concentrations converged
with age (Fig. 1M). A comprehensive summary table with all effect sizes
is reported in Supp. Table 1.

The Johnson-Neyman method confirmed that regional Cu concen-
trations differ at all ages (81-560 days), excepting between the striatum
and cerebellum in mice younger than 143 days (Supp. Fig. 1H) and
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Table 1
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Metal concentration values represented in heat maps in Figs. 1-3. Concentrations at each age were calculated using the regression lines calculated for each metal from
experimental data and represent pg metal per g ! Iyophilised tissue weight. The standard error of the estimate (Sxy) has been included for each line equation with group

n following outlier removal.

Metal Age (Months) Brain region metal concentration (ug g~ )
Cortex Sxy (M) Striatum Sxy (M) Hippocampus Sxy (M) Midbrain Sxy (M) Cerebellum Sxy (M)

Cu 3 16.97 1.784 25.69 6.247 20.19 2.834 12.90 2.79 24.36 3.806
6 16.92 (50) 31.19 (44) 20.25 (51) 13.84 (51) 27.26 (51)
12 16.81 42.17 20.39 15.71 33.06
18 16.70 53.16 20.52 17.59 38.85

Fe 3 60.69 8.176 64.05 11.25 62.38 10.46 61.97 10.6 69.98 10.68
6 63.91 (50) 70.29 (48) 68.04 65.89 (49) 75.79 (49)
12 70.36 82.77 79.37 (50) 73.71 87.43
18 76.82 95.25 90.69 81.54 99.06

Zn 3 77.88 9.046 66.34 10.34 90.25 11.54 45.22 10.47 59.36 7.908
6 76.92 (50) 64.72 (49) 88.74 (52) 46.94 (53) 61.14 (50)
12 75.01 61.49 85.73 50.38 64.71
18 73.09 58.26 82.71 53.82 68.27

between the cortex and midbrain in mice < 364 days (Supp. Fig. 1J).
Overall, the findings show that regional Cu levels differ in the young
adult C57BL/6 mouse brain, and that aging to 80 weeks of age is asso-
ciated with marked accumulation of Cu in the striatum and cerebellum.

3.1.2. Knockdown of copper transporter Ctr1 reduces regional brain copper
concentrations up to 65%

Marked reductions in brain Cu concentrations are associated with
both rare genetic, and common sporadic, neurological diseases and
pharmaceutical supplementation of Cu are established or emerging
treatments for these disorders. The Ctrl*™/~ mouse which expresses a
global knockdown of the cellular Cu transport protein Ctrl appears to
preferentially reduce brain Cu compared with that in peripheral organs
(Lee et al., 2001). Given that regional alterations in brain Cu in Ctr1t”
mice have not been previously examined, we utilised the regression line
equations presented in Fig. 1, calculated from the raw data, to determine
the specific reductions in Cu content across different brain regions in
Ctr1™" mice. As this analysis was also performed in WT mice, a direct
comparison between Ctrl™~ and WT mice can be made at any age
(between 3-18 months of age). Using 12 months as a representative
timepoint, the most substantial reductions were observed in the striatum
(—65%) and cerebellum (—64%), with ~50% reductions in each of the
cortex, hippocampus and midbrain.

We also investigated the effects of age on Cu concentrations in each
brain region in WT (C57BL/6) mice and Ctrl +/- mice. Compared to WT
mice, cortex and hippocampus Cu levels in Ctr1 ™~ mice were reduced by
~50% reduced at all ages examined, and in these two brain regions age
did not influence Cu levels. In the striatum, cerebellum and midbrain,
age did influence Cu levels in Ctrl mice compared to WT mice. The
strongest effect of age on Cu levels after knocking down Ctrl was
observed in the striatum (Fig. 1G), with a similar effect observed in the
cerebellum (Fig. 1J), and only a mild effect in midbrain, suggesting that
difference in Cu levels in the striatum and cerebellum was larger in older
mice compared to younger mice. A summary of the moderation effect of
age can be found in Supp. Table 1.

3.2. Iron

3.2.1. Regional brain iron concentrations in the C57BL/6 mouse
Regional brain Fe levels in C57BL/6 mice from ~3 to 18 months of
life were calculated as above. During this period of life Fe concentrations
increased by 28% in the cortex, 33% in the midbrain, 44% in the cere-
bellum, 48% in the hippocampus and 52% in the striatum. As with Cu,
the provided regression line equations for each brain region can be used
to estimate Fe concentrations at specific ages of interest (Fig. 2A-E). A
comparison of calculated mean Fe concentrations at 3, 6 12 and 18
months of age are visually represented as heat-maps in Fig. 2K. The
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calculated mean Fe concentrations used for these heat-maps are pro-
vided in Table 1.

Fe accumulation was consistent across all measure brain regions
(Supp Table 2). Excepting the striatum (p = 0.189), Fe concentrations in
the cerebellum were significantly higher than all other brain regions
(cortex, midbrain p < .001, hippocampus p = .002). Fe levels in the
striatum were higher than both the cortex (p < .001) and midbrain
(p =.019), but not hippocampus (p = 1.000). Hippocampus was
significantly higher than cortex (p = .020), but not midbrain (p = .697).
Finally, midbrain was not significantly different from cortex (p = 1.000)
(Supp Table 2). Overall, regional Fe levels can be summarised as cere-
bellum > striatum > hippocampus > midbrain = cortex.

3.2.2. Knockdown Ctr1 did not affect regional brain iron concentration

No significant differences in regional Fe concentrations in C57BL/6
and Ctr1™*/" mice were observed (F ig. 2F-J). A summary of the ANCOVA
results and calculated effect sizes can be found in Supp. Table 2. These
data demonstrate that knockdown of Ctrl did not modify regional Fe
levels, despite the marked effects on brain Cu levels.

3.3. Zinc

3.3.1. Regional brain zinc concentrations in the C57BL/6 mouse

In contrast to brain Cu and Fe levels, Zn concentrations remained
unchanged with age in all regions, excepting the cerebellum where a
16% increase with age was observed. Zn regression line equations pro-
vided for each brain region can be used to estimate Zn concentrations at
any specific age of interest (Fig. 3A-E). A comparison of calculated mean
Zn concentrations at 3, 6 12 and 18 months of age are visually repre-
sented as heat-maps in Fig. 3K. Overall, Zn concentrations in the C57BL/
6 mouse brain can be summarised as hippocampus > cortex > striatum
= cerebellum > midbrain. The calculated mean Zn concentrations used
for heat-maps are provided in Table 1.

3.3.2. Large regional variability in brain Zn concentrations are observed
early in life but converge with age to become more homogeneous

All regional Zn comparisons were significantly different from each
other (p < 0.001), excepting the striatum and cerebellum (Supp.
Fig. 3J). Johnson-Neyman analysis demonstrated that Zn concentrations
in striatum and cerebellum did not differ between 147 and 439 days of
age, but were significantly different (p = 0.05) between 81-146 days
and 439-560 days (Supp. Fig. 3J). Further analysis using the Johnson-
Neyman method determined that at beyond 492 days of age Zn levels
in the cortex and cerebellum did not differ, with a similar finding for
striatum and midbrain (p = 0.05; > 467 days of age) (Supp. Table 3).
Moderation analysis applied to each regional comparison demonstrated
that the effect sizes of each regional comparison was reduced with age
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3 months

Fig. 2. Fe concentrations in the C57BL/6 and Ctr1*/~ mouse brain. A-E) Fe concentrations in the cortex, striatum, hippocampus, midbrain and cerebellum between
81-560 days of life. F-J) Regression lines describing age-associated (81-560 days) changes in regional Fe in the C57BL/6 and Ctrl1*/" mouse brain. Heat map vis-
ualisation of Fe concentrations in the wildtype C57BL/6 mouse in a sagittal section of the mouse brain generated as in Fig. 1.

(Supp Table 3). Regional Zn concentrations therefore tended to
converge, becoming more homogeneous in the aging brain. See Supp.
Table 3 for comprehensive list of moderation effect sizes for all
interactions.

3.3.3. Ctr1 knockdown did not affect regional brain Zn concentration
A one-way ANCOVA followed by appropriate post-hoc analysis
demonstrated that Zn concentrations did not differ between C57BL/6

and Ctr1*/" mice in all measured brain regions (Fig. 3F-J), see also (Supp
Fig. 3). Further, no zones of significance were reported using the
Johnson-Neyman analysis for any age.
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K) 3 months

Fig. 3. Zn concentrations in the C57BL/6 and Ctr1*/" mouse brain. A-E) Zn concentrations in the cortex (Ctx), striatum (Str), hippocampus (Hip), midbrain (MB) and
cerebellum (Cb) between 81-560 days of life. F-J) Regression lines describing age-associated (81-560 days) changes in regional Zn in the C57BL/6 and Ctr1*/~ mouse
brain. K) Heat map visualisation of Zn concentrations in the wildtype C57BL/6 mouse in a sagittal section of the mouse brain generated as in Fig. 1.

4. Discussion

4.1. Copper

4.1.1. Cuincrease in the striatum and cerebellum in C57BL/6 mice, but not

in humans

Here we demonstrate marked age-associated increases in Cu in the
striatum (115%) and cerebellum (63%) in the C57BL/6 mouse brain,
with more moderate increase in Cu in the midbrain (39%). In contrast,

Cu levels in the cortex and hippocampus did not change with age. These
results are consistent with previous reports of brain Cu levels in mice.
Maynard and colleagues observed a 46% increase in whole brain Cu,
quantified in 2.8- and 18-month-old C57BL/6 mice (Maynard et al.,

2002). Ashraf et al used synchrotron x-ray fluorescence to compare

regional Cu concentrations in C57BL/6 mice of ages 2-, 6-, 19- and

39

27-months and reported a significant increase in Cu in the globus pal-
lidus with age (Ashraf et al., 2019). It should also be noted that while
Ashraf et al did not report an increase in Cu in the striatum, their
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sampling area of the striatum was restricted, and did not include striatal
tissue which bordered the ventricular system included in the striatal
dissection of this study. Ashraf et al. (2019), Hare et al. (2012), Pushie
et al. (2011) and Pushkar et al. (2013) all observed significantly higher
Cu levels in brain tissue that directly borders ventricles. This may
explain why we observed a larger increase in Cu in the striatum, sug-
gestive of a compromised barrier system that allows Cu to steadily
accumulate in brain regions that border the ventricles.

In the human brain, an age-associated increase in Cu in the caudate
nucleus and putamen, equivalent to the striatum in rodents, have been
reported. Using atomic absorption, Loeffler et al compared regional
brain Cu concentration in young (mean age 39.7+3.9) and aged (mean
age 75.74+2.8) adults and reported Cu concentrations increased by
85.3% in the caudate nucleus, 50.0% in the putamen, 41.7% in the
frontal cortex and 3.6% in the substantia nigra (calculated from mean
values provided in the manuscript; Loeffler et al., 1996). The majority of
reports, however, conclude that Cu concentrations do not change in the
aging human brain. Using ICP-MS, Ramos et al reported no relationship
between Cu with age (Y = —0.815x + 27.26, R? = 0.037) when Cu
concentrations in 14 brain regions were averaged, and in fact showed a
strong negative relationship with age in the cerebellum (Y = —0.1947x
+ 35.295, R? = 0.106) in humans aged (71412, 50-101 years; Ramos
et al., 2014a). Krebs et al did not observe a significant relationship with
Cu concentration and age in humans aged 64.9+10.3 (48—81) years
(Krebs et al., 2014); using particle-induced X-ray emission. Hebbrecht et
al also found no change in regional brain Cu concentrations quantified in
individuals aged between 7-79 years of age (Hebbrecht et al., 1999).
Zecca et al observed no change in Cu concentrations in substantia nigra,
or a negative relationship with age in the locus coeruleus (Y = —0.331X
+ 51.935, R2 = 0.157, p = 0.025) in humans aged 17-88 years (Zecca
et al., 2004). Finally, we have observed no age-associated change in Cu
levels in multiple regions of the human brain between 41 and 102 years
(Davies et al., 2013). All but one of these studies of the human brain
(Krebs et al., 2014) used fresh frozen tissue samples, rather than
chemically fixed tissues which can confound metal level (Hackett et al.,
2011; Hare et al., 2014). The metal concentration reported in these
studies is therefore thought to be accurate. Data from the human brain,
thus suggests that, in contrast to the C57BL/6 mouse, regional brain Cu
levels do not increase with age.

4.1.2. Regional brain Cu distribution in C57BL/6 mice is similar to that in
human brain

Our data indicate that brain Cu distribution is heterogeneous in adult
C57BL/6 mice, consistent with regional Cu distribution reported by
Hare et al in a 4-month-old C57BL/6 mouse brain (Hare et al., 2012). We
show these regional differences increase with age, as evidenced by the
increase in the size of the moderation effect with age in 8 of 10 regional
comparisons (Fig. 1L). At all ages, highest Cu levels are found in the
striatum, followed by the cerebellum. Cu concentrations in the C57BL/6
mice in this study can be summarised as striatum > cerebellum (or =
cerebellum if < ~6 months old) > hippocampus > cortex > midbrain
(or = midbrain if > 12 months old).

Data from the human brain largely parallel the distribution of Cu in
the C57BL/6 mouse brain, in that in older adults, Cu concentrations are
higher in striatum and cerebellum, compared to other regions. In
humans aged 65+10 (48—81) years, Cu concentrations are reported to
be highest in the putamen, globus pallidus and caudate nucleus, with
lowest Cu concentrations in the frontal cortex, occipital cortex and pons
(Krebs et al., 2014). Ramos et al also reported that Cu concentration was
highest in the putamen of the adult human brain, with lower Cu con-
centrations in the midbrain, hippocampus, as well as several cortical
regions (Ramos et al., 2014a). In contrast to many studies, these authors
reported a lower Cu concentration in the human cerebellum compared
to other regions (Ramos et al., 2014a). The majority of studies report
higher Cu concentrations in the cerebellum, compared to other brain
regions. For example, Xu et al observed an approximately 2-fold higher
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concentration of Cu in the cerebellum compared to the hippocampus,
and regions of the cortex in humans aged 73 (61—78) years old but did
not measure Cu in the caudate nucleus or putamen (Xu et al., 2017).
Similarly, Dexter et al observed in humans aged 81.3+1.5 years, Cu
concentrations in the substantia nigra and cerebellum were higher than
putamen and caudate nucleus, with significantly lower concentration Cu
concentrations in the Ctx (Dexter et al., 1989), a finding consistent with
a number of subsequent studies, ie (Davies et al., 2013). In general,
regional Cu concentrations in the human brain can be summarised as
substantia nigra > cerebellum > striatum > hippocampus = cortex
= midbrain. Given the genetic diversity present in human populations it
is unsurprising that there is generally a larger standard deviation in
human-derived data compared to that of the inbred C57/BL/6 mouse.
This may contribute to the finding that, unlike the mouse brain, Cu
concentrations are generally reported to be approximately equal in the
hippocampus, cortex and midbrain in human studies. Overall, regional
Cu distribution is similar in C57BL/6 mouse and human brains, with the
exception of the cerebellum where humans appear to concentrate more
Cu.

4.2. Iron

4.2.1. Within this age range, Fe concentrations increase linearly in all
regions of the C57BL/6 mice brain

We observed a strong positive linear relationship between Fe con-
centration and age in all regions (Fig. 2A-E) of the C57BL/6 mouse brain,
suggesting a global accumulation of Fe with age. As regional regression
line slopes did not differ, it appears Fe accumulates at a similar rate
across the brain.

Over the age range reported in this paper, Fe concentrations
increased by 28% in the cortex, 33% in the midbrain, 44% in the cere-
bellum, 48% in the hipocampus and 52% in the striatum. These data are
consistent with previous findings in C57BL/6 mice. Hahn et al reported a
32.5% increase in whole brain Fe levels between mice aged <6 and > 16
month in C57BL/6 sub-strains using a chromogen-based spectrophoto-
metric method (Hahn et al., 2009). Portbury et al reported a 56% in-
crease in whole brain Fe concentration between 3 and 24 months using
LA-ICP-MS (Portbury et al., 2017). Massie et al observed a 27% increase
in total brain iron from ~1.5 to 12 months in C57Bl/6 mice using atomic
absorption spectroscopy (Massie et al., 1983) and Maynard et al
observed a 51% in total brain iron concentration from 2.8 months to 18
months using LA-ICP-MS (Maynard et al., 2002). Our reported Fe con-
centrations align with several studies that measured Fe concentrations at
single time points using LA-ICP-MS. These include regional Fe distri-
bution in the C57BL/6 mouse brain at 2-2.5 months of age (Matusch
et al., 2010), in the cerebrum and brainstem at 4 months of age (Hare
et al., 2012) and whole brain at 16 months of age (Paul et al., 2015).
Taken together, available evidence demonstrates that Fe progressively
accumulates with age in the C57BL/6 mouse brain.

In humans, an age-related accumulation of Fe in the brain is well
documented. Fe is almost absent in neonate brain, but increases with age
to become the most abundant transition metal in the human adult brain
as measured by histochemical examination of post-mortem brain
(Hallgren and Sourander, 1958), in vivo MRI methods (Bartzokis et al.,
1994), Mossbauer spectroscopy (Zecca et al., 2001) and ex vivo MRI
techniques coupled with histological examination (De Barros et al.,
2019). The strong linear relationship between Fe and age in the mouse
brain, is mirrored in the human brain. Zecca et al reported Fe concen-
trations in the substantia nigra best described by a linear regression
model in humans aged 17-88 (Zecca et al., 2004), while linear models
also describe Fe concentrations in the cortex, cerebral white matter,
basal ganglia, brainstem and cerebellar cortex in humans aged 7-79
years (Hebbrecht et al., 1999). A caveat of our study is the absence of
mice at ages equivalent to a human age above late 50s to early 60s. In
older human populations, the rate of Fe accumulation appears to
plateau, with non-linear relationships best describing the relationship
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between Fe and age (Ropele et al., 2014; Drayer et al., 1986). The idea
that Fe accumulation slows with age is supported by a study of an older
human population (53-101 years) which reported only a weak rela-
tionship between Fe concentration and age (y = 9.2757x + 201.07, R? =
0.151; Ramos et al., 2014b). Further, regional variations in Fe accu-
mulation in human brain is well documented (Aquino et al., 2009; Bilgic
et al., 2012), with accumulation of Fe in the putamen reported over the
age of 80 (Aquino et al., 2009; Bilgic et al., 2012). Future studies may
wish to further characterise brain regions in the mouse in order to
determine if smaller brain substructures exhibit similar variability in Fe
accumulation compared to humans. In summary, Fe in the human brain
is consistently reported to accumulate in a linear manner with age in the
caudate nucleus, but evidence for a linear relationship in other brain
regions is equivocal after the age of ~50-60. It is unknown if mice
exhibit the same plateau in Fe accumulation at ages beyond 18 months.

4.2.2. C57BL/6 mice have a similar regional distribution of Fe compared to
aging humans

At all ages, the highest concentration of Fe in the mouse brain were
observed in the cerebellum, followed by the striatum, which were
significantly higher than the other brain regions; cortex, midbrain and
hippocampus. These results can be summarised as cerebellum > stria-
tum > hippocampus > midbrain = cortex, and are in line with previ-
ously mapped Fe concentrations in the mouse brain caudate nucleus/
putamen > midbrain = cortex (Hare et al., 2012). Several recent studies
have mapped Fe concentrations in the human brain. Ramos et al noted
that the highest Fe concentrations were observed in brain regions that
comprise the basal nuclei motor system. Their results are summarised as
follows: putamen > globus pallidus > caudate nucleus > cortical re-
gions = midbrain = cerebellum = hippocampus (Ramos et al., 2014b),
with similar findings observed by Scholefield et al, who observed the
highest iron content in the motor cortex and other cortical regions but
did not measure Fe in the putamen, globus pallidus or caudate nucleus
(Scholefield et al., 2021). The same group also observed Fe concentra-
tions to be highest in the cerebellum and lowest in the hippocampus (Xu
et al., 2017), which is somewhat inconstant with the previous two
studies. Overall, regional iron levels in cerebrum are similar for mice
and humans. As variability in Cu concentrations is reported in cere-
bellum for humans, studies with larger cohorts are needed to verify if Fe
distribution in the cerebellum is similar between mice and humans.

4.3. Zinc

4.3.1. Zn does not accumulate in the aging C57BL/6 mouse and human
brain

In C57BL/6 mice regional brain Zn concentrations did not change
with age, excepting the cerebellum where a weak positive linear rela-
tionship was observed. Largely in keeping with these findings, Maynard
et al. observed no overall change in whole brain Zn concentrations in
C57BL/6 strains of both sexes when 2.8-month-old mice were compared
to 6- and 18-month-old mice (Maynard et al., 2002). Consistent with this
finding in the mouse brain, Zn concentrations measured by ICP-MS are
reported to be unchanged with age in the human hippocampus or
amygdala (Akatsu et al., 2012). In contrast, Hebbrecht et al reported that
Zn levels increase in the cortex, basal ganglia and cerebellum, but not in
all brain regions (Hebbrecht et al., 1999). While line equations were not
provided, the increase in Zn appeared to be, at most, modest in size and
was observed over a wider age range (7-79 years) (Hebbrecht et al.,
1999). Others have observed an increase in Zn concentration in the
occipital cortex by up to 96% when youngest (aged 48) and oldest (aged
81) investigated subject were compared (Krebs et al., 2014). Overall, in
both C57BL/6 mice and humans, Zn concentrations appear to have no or
a comparably weak relationship with age and show little variation in
healthy individuals.
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4.3.2. Zn distribution in brain is similar for both C57BL/6 mice and
humans

Like Cu and Fe, regional distribution of Zn in the young adult mouse
brain is heterogeneous, however, in contrast to the increase in regional
heterogeneity observed in the brain for Cu and Fe, Zn concentrations
became more homogeneous in the C57BL/6 mouse brain with age. This
is evidenced by the reduction in size of the moderation effect with age in
five of 10 regional comparisons (Fig. 3L) and can be seen is in the
heatmap in Fig. 3K. At all ages, the highest concentration of Zn was
found in the hippocampus followed by cortex, striatum and cerebellum,
with the lowest concentrations found in the midbrain (summarised as
hippocampus > cortex > striatum = cerebellum > midbrain). Supp.
Table 4 displays exact Zn regional concentrations at 3, 6 12 and 18
months. Consistent with our data, Hare et al also observed highest Zn
concentrations in hippocampus and cortex in 4-month-old C57BL/6
mice using ICP-MS (Hare et al., 2012). Zn concentrations reported in
humans largely agree with findings in C57BL/6 mice. Using ICP-MS,
Ramos et al measured the Zn content of 14 different brain regions. Of
the corresponding regions observed in this study, Zn concentrations can
be summarised from highest to lowest as hippocampus > cortical re-
gions > caudate nucleus/putamen (striatum) > midbrain = cerebellum
in individuals aged 71+12 years old (Ramos et al., 2014a). Similar re-
sults were reported in other studies, where Zn concentration were found
to be the highest in the hippocampus of all measured brain region ie.
(Duflou et al., 1989).

In a study of healthy older individuals (81.3+1.5 years), Dexter et al.
observed a similar trend (cortex >> cerebellum > putamen = substantia
nigra > globus pallidus) although they did not measure hippocampus Zn
levels (Dexter et al., 1989) and reported higher absolute Zn levels in the
cerebellum than that reported by Ramos et al (Ramos et al., 2014a). The
observation that Zn concentrations are relatively high in the cerebellum
was also made by Xu et al who reported higher Zn concentrations in the
cerebellum and hippocampus compared with cortical regions (Xu et al.,
2017), with another study also reporting the highest Zn concentration in
cerebellum and cortex (Hebbrecht et al., 1999). Overall, both C57BL/6
mice and humans appear to concentrate Zn in the hippocampus and
cortical regions. The regional heterogeneity of Zn distribution is
consistent with the role of glutamatergic vesicles in the brain that
co-release Zn and glutamate into the synapse and are primarily located
in the limbic system and cerebral cortex. While Zn concentrations
appear to be relatively low in cerebellum in C57BL/6 mice, data
regarding relative Zn concentrations in the human brain are variable.

4.4. Ctrl knockdown significantly reduces brain Cu but has no effect on
Fe and Zn concentrations

Global knockdown of the primary copper transporter Ctrl in the
C57/BL6 mouse results in a reduction in whole brain Cu by approxi-
mately 50%, but no change in Cu concentrations in the liver and kidneys
(Lee et al., 2001). This reduction in brain Cu is associated with signifi-
cantly reduced activities of the cuproproteins superoxide dismutase 1
(SOD) and cyclooxygenase (COX) by ~20% (Lee et al., 2001). As several
neurological disorders, including Alzheimer’s disease and Parkinson’s
disease exhibit reductions in brain Cu we sought to characterise brain
metals from 3 to 18 months of life in the Ctr1™ (Slc31a1™21Pit/ )
mouse, as this Cu-deficient mouse may prove to be a useful model for
investigating the neurological consequences of reduced Cu. Knockdown
of Ctr1 effectively reduced Cu levels in all brain regions, with the largest
reductions observed in the striatum and cerebellum, followed by cortex,
hippocampus and midbrain. As regional Ctrl protein levels have not
been measured in heterozygous Slc31al™ mice, it is unknown if
regional differences in copper reduction reflect an absolute change in
protein levels. Moderation analysis revealed that, with age, the reduc-
tion in Cu observed in Ctrl™" mice in striatum, midbrain and cerebellum
increased (Supp. Table 1), suggesting that Cu dyshomeostasis is
enhanced with aging. Interestingly in all brain regions, concentrations of
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Fe or Zn in the Ctrl™/ strain remain unchanged compared to the WT
control, and are consistent with a previous report using whole brain (Lee
et al., 2001). These results suggest that globally reduced Cu levels in the
absence of disease or stressors have little effect on Zn and Fe concen-
tration in the brain. Further, as there is no observable change in metal
concentration in peripheral organs, the Ctrl*”" mouse may therefore
represent a useful model to study central consequences of reduced brain
Cu, mimicking a similar magnitude of Cu reduction ie. (Loeffler et al.,
1996; Dexter et al., 1989), reported in several common neurodegener-
ative disorders.

4.5. Summary and implications of changes in metals in regionally distinct
areas in brain with age

Here we observe regional changes in three essential elements, Cu, Fe
and Zn in the C57BL/6 mouse brain over the timeframe of ~3 to 18
months of age. To our knowledge, this study is the first to undertake
sampling across an extended age range in C57BL/6 mice allowing a
closer investigation of relationships between regional brain metal levels
and age. Reported regressions for regional Cu, Fe and Zn concentrations
with age allow researchers to calculate predicted levels of each of these
metals at any age within the approximate range of 3 to 18 months.

We conclude that regional distribution of Cu, Fe and Zn in the
C57BL/6 mouse brain are similar to available human data in measured
parts of the cerebrum and brainstem. While the regional distribution of
Zn concentrations was the same for both mice and humans at all ages, we
observed marked increases in Cu within the striatum and cerebellum in
mice, which is not reported to occur in humans. Further, while brain
iron accumulated linearly with age in both mice and humans, we are
unable to confirm if the rate of iron accumulation may be different
beyond 18 months of age, after which, Fe accumulation is variable and
regionally dependent in humans of the equivalent (adjusted age, mid 50s
to early 60s), excepting the caudate nucleus which accumulates Fe lin-
early over time. Mechanisms driving age-associated changes in brain
metal concentrations in humans and mice are not well understood but
may result from a combination of compromised barrier systems, dete-
rioration of export mechanisms and cellular accumulation of metal
storing proteins associated with cellular degeneration (Ficiara et al.,
2022; Bors et al., 2018; Fu et al., 2014; Kuo et al., 2006; Monnot et al.,
2011; Jain et al., 2015). The accumulation of Cu in brain regions sur-
rounding ventricles, as observed by us and others (Ashraf et al., 2019;
Hare et al., 2012; Pushie et al., 2011 and Pushkar et al., 2013) suggests a
compromised barrier system may drive the accumulation of Cu in the
brain. Supporting this hypothesis, Liu et al. (2022) recently reported
slower removal of Cu by the choroid plexus in older animals, suggesting
an age-associated deterioration of Cu clearance from the brain. Such
observations have not been reported for iron or zinc. Iron accumulation
is global and may therefore be more strongly linked to internal cellular
process that regulate metal storage.
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