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Abstract

Zinc ions (Zn?*) are the second most abundant trace metal ion in the brain of rodents and primates, often serving functions as a
structure-stabilizing element or catalytic role. There is an additional pool of Zn%*, ~15% of total brain Zn?*, which exists in a labile
chemical form in a specific subset of glutamatergic neurons (‘zinergic’ or ‘zincergic’ neurons). The labile pool of Zn?* is now well
established to be critical for healthy memory function, with disturbance to the labile Zn?* pool implicated in diminished memory
performance during the ageing process or neurodegeneration. The chemical form of Zn?* in the labile Zn?* pool has however, re-
mained unknown, largely due to the difficulty of imaging metal speciation for ‘spectroscopically silent’ metals such as Zn?*. In this
study, we have developed X-ray absorption near edge structure (XANES) spectroscopic protocols to enable chemically specific imag-
ing of Zn?* speciation in murine brain (hippocampal) tissue. The protocols capitalise on the unique sensitivity of the XANES spectral
region to metal ion coordination environment, enabling a direct in situ measurement of metal speciation. Key findings of our method
development are characterisation of the effects of sample preparation on metal speciation, and revelation that Zn?* coordination
with histidine is likely to be the dominant coordination environment of the labile Zn?* pool in the murine hippocampus.

Keywords: metallomics, neuroimaging, brain, synchrotron, memory, dementia, zincergic, labile, mossy fibres

Graphical abstract

Zinc Spec_iatioh

Introduction dral, distorted octahedral, and bipyramidal geometries are found
[4-8], and often one ligand is loosely coordinated/labile [4-8]. For
Zn?* (and metal ions in general), the coordination environment
(oxidation state, geometry, ligands) heavily influences the lability
of metal ions, which has been leveraged by biological systems to
control function and activity [9, 10].

Separate from incorporation within proteins and enzymes,
~15% of Zn?* within the CNS is in a labile form (sometimes
referred to as the ‘free’ Zn?* pool)[1-3]. A specific population of
neurons, notably a subset of glutamatergic neurons (sometimes
called ‘zinergic’ or ‘zincergic’ neurons) [3], are highly enriched in
labile Zn, with local concentrations reported to reach several mM
[1-3]. Sub-regions of the brain containing such zincergic neu-
rons display highly localised concentrations of labile Zn?*, and
include the olfactory bulb, layers IIl and V of the cortex, and the

Zinc ions (Zn?*) are the second most abundant trace metal ion
in the brain of rodents and primates, occurring at average con-
centrations of several hundred uM [1-3]. Throughout the central
nervous system (CNS) Zn serves many biological functions, such
as a structure-stabilizing element in proteins (i.e. Zn finger pro-
teins, Cu-Zn super oxide dismutase); or catalytic roles at the active
site of enzymes e.g. carbonic anhydrase, carboxy peptidase, alco-
hol dehydrogenase, alkaline phosphatase, -lactamase, phospho-
lipase C, to name a few [4-7]. Zn?* has a valence electron configu-
ration of Ar[4s0 3d10] and therefore, exists in one oxidation state
in biological systems (+2), but still displays a diverse range of co-
ordination chemistry through bonding to O, N, or S containing lig-
ands [4-8]. Zn?* generally prefers tetrahedral coordination geom-
etry in proteins and enzymes, however, coordination with octahe-
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hilus  and
‘mossy  fibre

hippocampus  (especially  the
CA3  subiculum  molecular
layer’) [1, 11, 12].

Labile Zn?* in the CNS, particularly in the hippocampus, is
well established to play a pivotal role in memory function and
synaptic plasticity [13-15]. There is substantial evidence from
both preclinical animal models and human clinical data that
demonstrate depletion of labile hippocampal Zn?* correlates with
diminished memory function [15-20]. Restoration of hippocam-
pal Zn?* following Zn?* depletion restores memory function [15,
19, 21]. Despite the known relationship between hippocampal
Zn?*, memory, and synaptic plasticity, the exact chemical form
of labile Zn?* and how chemical structure enables the biochem-
ical and physiological pathways that drive memory function re-
main unknown. Increased understanding of the coordination en-
vironment of the labile Zn%* pool may help reveal the biochem-
ical pathways through which the labile Zn?* becomes dysreg-
ulated during ageing and neurodegenerative disease leading to
poorer memory function. In addition, knowledge of the coordi-
nation environment of labile Zn?* may help inform therapeutic
developments aimed at restoring this pool to improve memory
function.

Studying Zn?* speciation in biology has long been an analyti-
cal challenge, as Zn?* is often referred to as a ‘spectroscopically
silent’ element. As opposed to other commonly studied transition
metal ions (Fe and Cu), the major isotope of Zn (** Zn) does not
have nuclear spin and also contains a full 3d electron shell and
Zn?* is therefore not detectable with NMR or EPR [22]. To study
brain Zn’* homeostasis many researchers have used histochem-
ical stains or fluorescent Zn?* sensors to detect labile Zn?*. Early
protocols developed by Timm and Danscher detected the labile
Zn’* pool via histochemical precipitation as a sulfide or selenide
followed by auto-metallographic enhancement [1, 11, 12, 23-28].
Unfortunately, there are a range of limitations with histochemi-
cal methods. Namely, histochemical Zn?* detection often requires
perfusion of living animals with the relevant sulfide or selenide
which is technically challenging, poses animal welfare risk if con-
comitant anaesthesia fails, can be prone to variable results, and
is not-quantitative [29]. Further, histochemical methods, although
sensitive to labile Zn?*, do not reveal any information regarding
the speciation of Zn?* (other than it is in a labile form), and false-
positive staining from histochemical reactions with other metal
ions can occur.

More recently, a range of fluorescent Zn?+ chelators (sensors)
(e.g. Zn-TSQ, Zinquin, Newport green) have been developed [10,
30-33]. Although incredibly useful to study labile Zn?* pools in
vitro within cell culture or within organotypic living tissue slices,
fluorescent Zn?* sensors have had limited use to in vivo applica-
tion or ex vivo application to tissue sections obtained from ani-
mal models. One reason behind the inability to apply fluorescent
Zn?* sensors ex vivo to brain tissue sections is the mobile nature
of labile Zn?*, with the fixation and/or staining process itself re-
distributing hippocampal Zn?* [34]. Another limitation of fluores-
cent sensor detection, similar to histochemical methods, is that
the technique does not reveal information on the chemical form
of Zn?* being detected (other than being labile), and cross reactiv-
ity with other divalent cations, especially Ca®*, is possible. Despite
these challenges, histochemical methods and fluorescent sensors
have revealed a great volume of vital information on labile Zn?*
within the CNS during brain development, brain ageing and neu-
rodegeneration (e.g. Alzheimers [35, 36], stroke [37], epilepsy [38,
39)), including the initial discovery of the labile Zn pool itself [1,
11, 12, 40, 41].

hippocampal
layer  or

Another approach to study brain Zn?* homeostasis, although
less commonly used, is Zn?* sensitive magnetic resonance imag-
ing (MRI) contrast agents. Indeed, development of Zn?* sensitive
MRI contrast agents is emerging as a promising tool to study labile
Zn?+*in vivo [42-44]. The spatial resolution of MRI however, is lim-
ited to hundreds of microns, at best, and thus it is not compatible
with imaging labile Zn?* at the cellular level. A technique that is
capable of direct measurement of the chemical form of Zn?+ in
ex vivo brain tissue (and more broadly in all cells and tissues) is
therefore a much needed analytical tool.

One technique that offers promise for in situ analysis of metal
ion coordination environment in complex biological samples
is micro X-ray absorption near-edge structure (WXANES) spec-
troscopy. pXANES enables the study of metal speciation directly
in ex vivo tissue sections, without the need for chemical fixation,
staining, or addition of contrast agents [10, 32, 45-47]. For 15 row d
block metals, such as Zn, K-edge uXANES spectroscopy probes the
excitation of a 1 s core electron to unoccupied molecular orbitals
with 4p character, which provides an excellent spectroscopic fin-
gerprint of oxidation state and coordination environment (e.g. lig-
and type and coordination geometry) [22, 48, 49]. uXANES spec-
troscopy at the K-edge has found important applications for in situ
analysis of Fe and Cu speciation in C. elegans models [50, 51], and D.
melanogaster models [52], with applications of K- and L-edge used
toimage Fe and Cu oxidation state in brain tissue [53-57]. uXANES
spectroscopic mapping protocols have also previously been devel-
oped to image Cu speciation within environmental samples [58]
and sulfur speciation in plant [59] and brain tissue [60], however
to date, chemically specific imaging of Zn speciation in cells and
tissues has not been achieved.

Despite the lack of established pXANES spectroscopic map-
ping protocols that enable chemically specific imaging of Zn spe-
ciation in biological systems, XANES spectroscopy has long been
recognised as a useful probe of Zn?* coordination environment
[22, 48, 61]. Studies that have used pXANES spectroscopy to char-
acterise Zn’* speciation in biological systems include applica-
tions to plant tissue [62-65], bacteria [66], macrophages [67], and
our own studies of Zn?* speciation in murine brain tissue [68].
A key component to using nXANES spectroscopy to determine
Zn”* speciation in complex biological systems is the development
of appropriate spectral libraries, with recent studies developing
detailed XANES spectroscopic measurements of standard solu-
tions [63, 65, 68, 69], in addition to high energy resolution fluo-
rescence detection (HERFD) analyses and complementary fluores-
cence emission analysis [49, 66]. Another important consideration
for all studies attempting to investigate metal ion speciation in
ex Uivo tissue sections is the effect of sample preparation, which
can have a large impact redistributing or changing the specia-
tion of metal ions between the in vivo and ex vivo state [34, 68, 70,
71].

In this study herein we demonstrate, to the best of our knowl-
edge, the first ever application of uXANES spectroscopy to directly
image multiple chemical forms of Zn?* in ex vivo brain tissue sec-
tions. Our results showcase the immense analytical potential of
UXANES spectroscopy to image coordination chemistry and metal
ion speciation in situ within biological tissues. We also demon-
strate key alterations to Zn?* speciation that can occur during
sample preparation, and our results highlight that analysis of
frozen hydrated tissue sections under cryogenic conditions is es-
sential to preserve the in vivo state. The chemically specific Zn?*
images obtained by uXANES spectroscopy reveal striking differ-
ential patterns of Zn?* speciation within murine hippocampal
tissue. Significantly, the ability to image Zn?*+ speciation in situ



has revealed strong evidence supporting that the labile Zn?+ pool
found within the hippocampal mossy fibres exists coordinated
through N donors of histidine ligands, with no spectroscopic evi-
dence of ‘free’ or hexaaqua Zn observed.

Methods
Brain tissue sample preparation

Animal models

Six-month-old senescence-accelerated mice prone 8 (SAMPS)
mice were used in this study (n = 3 biological replicates). All an-
imal work was conducted in accordance with Curtin University
Animal Ethics Guidelines under an approved Curtin animal ethics
protocol (AEC-2014-27). Mice were housed in standard cages in
a temperature-controlled room (21°C) with 12 hr light/dark cy-
cle and ab libitum access to food (standard rodent chow) and
water.

Tissue preparation and sample transport

To preserve Zn speciation as close as possible to the in vivo condi-
tion, animals were anaesthetized with isoflurane and humanely
sacrificed via cervical dislocation and the brain tissue rapidly dis-
sected into sagittal hemispheres, which were immediately plunge
frozen in liquid nitrogen cooled isopentane [70, 72, 73]. Two weeks
before uXANES spectroscopic analysis at the X-ray fluorescence
microscopy (XFM) beamline at the Australian Synchrotron, 10-
um-thick coronal brain sections were cut from the frozen brains
at a Bregma location of -1.5 mm to -2 mm using a cryo-microtome
operating between -16 to -18 °C and melted onto a silicon nitride
substrate (Melbourne Centre for Nanofabrication, 10 x 10 mm?
200-pum-thick silicon frame, and a 5 x 5 mm? 1000-nm-thick sili-
con nitride membrane). Two sets of tissue sections were prepared:
frozen-hydrated or dehydrated air-dried. For frozen-hydrated tis-
sue sections, after the tissue section was melted onto the silicon
nitride membrane the tissues were immediately transferred into
a -80 °C freezer. One week before the XFM analysis, the frozen-
hydrated samples were shipped on dry ice to the Australian Syn-
chrotron (< 48 hours travel on dry ice). Samples were immediately
returned to a -80 °C freezer following arrival at the Australian
Synchrotron. At the time of uXANES analysis, frozen-hydrated
samples were taken from the—80 °C freezer and placed in dry
ice and transported to the XFM beamline. At the XFM beamline
the frozen-hydrated samples were mounted directly from dry ice
into the liquid nitrogen cryostream for analysis. For dehydrated
air-dried samples, following melting of the tissue section onto the
silicon nitride membrane, samples were allowed to air-dry at am-
bient room temperature, and were then stored at room temper-
ature in the dark in the presence of desiccant (CaSO,) until re-
quired for uXANES analysis (which was undertaken at room tem
perature).

Bulk XANES spectral collection and analysis of
standard solutions

Preparation of standard solutions

A range of standard solutions were prepared to expand our previ-
ous spectral library[68] to include Zn?* in the presence of excess
acetate, lactate, citrate, EDTA, aspartate, pyruvate, or Br~ (from
KBr). In addition, data was collected from an aqueous solution of
metallothionein. The aqueous standard solutions were prepared
as described previously (1 mM Zn?* prepared from Zn(NOs), in the
presence of 10 mM ligand)[68]. The standard solutions collected
previously which were also used for linear combination fitting in
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this study included Zn?* + excess: histidine (with or without glyc-
erol glassing agent), cysteine, glutamate, phosphate, Cl~ and hex-
aaqua complexes at pH 7 and 13 [68].

Collection of bulk XAS (XANES and EXAFS) of standard so-
lutions

Data acquisition was undertaken at the XAS beamline at the Aus-
tralian Synchrotron (ANSTO), as described previously (1.9T wig-
gler, Si(111) double crystal monochromator, harmonic rejection
with Si and Rh mirrors, beam size at samples ~ 1 x 0.5 mm) [68].
Spectra were collected using Ke emission, with samples mounted
at 45 degrees to the incident X-ray beam in a liquid helium-
cooled cryostat (12—15 K) using a Canberra liquid nitrogen-cooled
100 pixel monolithic solid state Ge detector. Energy calibration
was performed using the transmission spectrum of Zn metallic
foil recorded with downstream ion chambers (calibrated to the
first inflection peak of Zn metal foil at 9660.7 eV) [68]. Glassing
agents were not used for collection of any standard solution spec-
tra with the exception of Zn?* + excess histidine (where spec-
tra from two standard solutions were collected, one with and
one without addition of a glycerol glassing agent). XANES spec-
tra were recorded across the K-edge white line features from 9650
to 9700 eV at 0.3 eV steps (500 ms dwell per data point). EXAFS
spectra were recorded across the K-edge from 9639—9709 €V at
0.25 eV steps (1 s dwell per data point) and the post-edge region
was recorded to a k value of 12 at 0.035 A~! steps (dwell increas-
inglinearly from 1 to 4 s). Due to ice crystal diffraction artefacts at
high k, spectra are presented to a k value of 10. Raw data was vi-
sualised using Sakura software v2.7 [74], to exclude data from de-
tector pixels containing contributions from ice-diffraction, after
which data was then exported in ASCII format and further anal-
ysed using EXAFSPAK (XANES spectral analysis) [75], and Larch
(EXAFS spectral analysis) [76].

Processing and analysis of XANES spectra of standard so-
lutions

Spectra were background corrected (polynomial background sub-
traction, calculated from pre-edge region) and normalised to a
post-edge jump of 1 absorbance unit. Position and intensity of
white line features of standard solutions are reported for back-
ground correction and normalised XANES spectra.

Analysis of EXAFS spectra from standard solutions

A smooth background function was subtracted using the AUTOBK
algorithm [77]. Spectra were converted to k-space (k*-weighted),
and Fourier transformed into R-space. Phase correction was not
applied. EXAFS were simulated with FEFF8L ab initio calculations
and fit to experimental spectra in R-space. So? was determined by
setting N = 4 for the metallothionein spectrum and held constant
for all other calculations. AE, R, and o2 were refined for the first
shell of each spectrum (1-2.5 A), except for the histidine solutions
where further shells were fit (1-4 A). Fit results were compared for
varying N, and the best fit reported.

uXANES Mapping of Zn?* speciation in murine
hippocampal tissue

uXANES spectroscopic mapping data collection (chemically
specific Zn?* imaging)

XANES-spectroscopic maps (‘XANES-stack’), were collected at the
X-ray Fluorescence Microscopy beamline at the Australian Syn-
chrotron [78]. The XANES stacks were collected across 125 in-
cidence energies (1 ms dwell), from high energy to low energy:
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Schematic 1. Schematic representation of the collection of Zn K, fluorescence maps across a ‘Z-stack’ of incident X-ray excitation energies that span

the Zn K-edge XANES spectrum.

9803—9723 eV (post-edge, 10 eV steps), 9723—9699 eV (post-
edge 2 eV steps), 9699—9650 eV white line region, 0.5 eV steps),
9650—9630 eV (pre-edge region, 5 eV steps). The photo-flux, mea-
sured with an ion chamber immediately before the KB mirrors, is
estimated at 8.8 x 10 photons per second. Although 0.1 or 0.2 eV
steps is more commonly used for white line features across the Zn
K-edge when undertaking bulk XAS analysis, due to the substan-
tially larger time requirements of spectroscopic mapping, 0.5 eV
steps across the white line enable the experiments to be feasi-
ble within the realistic time frame (e.g. several hours of data col-
lection). The process of XANES spectroscopic map data collection
is shown in Schematic 1. Beamline energy calibration was per-
formed as described for bulk XANES and EXAFS data collection
(downstream ion chambers and Zn metal foil). Maps were col-
lected with 2 um steps and a micro-focussed X-ray beam (2 um,
2-0, using Kirkpatrick—Baez mirror pair). The X-ray fluorescence
emission from the sample was recorded with the sample 45 de-
grees to the incident beam using a 3-element Vortex Si-drift de-
tector. Maps of the Zn Ka-emission maps were reconstructed
from the full emission spectra with GeoPIXE v6.6j (CSIRO, Aus-
tralia) [79], as in our previous studies [80-82]. Air-dried dehy-
drated samples were analysed under ambient laboratory condi-
tions, while frozen-hydrated samples were analysed under a lig-
uid nitrogen cryo-jet at ~120 K (-153°C). Frozen-hydrated sam-
ples were transported from the -80°C freezer to the XFM beamline
on dry ice, mounted onto the sample holder using doubled-sided
tape (while on dry ice), and then immediately transferred into the
cryostream (< 30 seconds between transfer of sample from dry ice
into the cryostream). The image ‘field of view’ (i.e. sample map
area) had to be smaller for the cryostream sample compared to
the air-dried sample, to ensure the entire sample stayed within the
dimensions of cryostream—preventing sample thawing during
measurement.

uXANES mapping data analysis

Elemental maps of Zn fluorescence intensity were extracted as
TIFF files from GeoPIXE and converted into a Z-stack (Z-dimension
equating to incident energy) within ImageJ (v1.48). To improve
spectral signal to noise 4x4 pixel binning was applied, to yield
images with a 8x8 wm pixel size. Average Zn?* uXANES spec-
tra from specific regions of interest (ROIs) were generated in im-

ageJ, for ROIs corresponding to hippocampal mossy fibre region
and CA3 pyramidal cell layer, as described previously (represen-
tative examples of the ROIs are shown in Fig. 1) [68]. The average
UXANES spectra from each ROI were further analysed using the
EXAFSPAK suite of data analysis programs.[75] For chemically spe-
cific Zn?* imaging, the Zn?* pXANES spectra were normalised to
a uniform Zn content and exported from Image]J in a .tiff format,
and then imported into MANTIS for initial exploration using prin-
cipal component analysis, followed by image deconvolution and
generation of chemically specific Zn?* images. De-convolution of
the uXANES maps was performed using single value decomposi-
tion (SVD) within MANTIS software [83], as previously described
in the literature [83, 84]. The choice of model spectra (spectra of
standard solutions) to use for SVD was informed following linear
combination fitting of average uXANES spectra from specific re-
gions of interest, as described below.

Linear combination fitting of average uXANES spectra from
ROIs

Linear combination fitting of uXANES spectra from tissue ROIs, fit
to spectra of standard solutions, was performed in EXAFSPAK (us-
ing ‘Datfit’), as previously described [68]. An extensive exploration
of fitting combinations was trialled, fitting from 2—7 model spec-
tra. Ultimately, for all samples it was determined that the average
Zn%* K-edge XANES spectrum from the ROIs, could be adequately
fitted to a linear combination of 3 spectra, corresponding to stan-
dard solutions of Zn?* + excess histidine, Zn** 4 excess phos-
phate and Zn?* cysteine in aqueous solution. Addition of extra
components into the fit, did not reduce the fit residuals, but it was
noted that the XANES spectra of the standard solution for Zn?* +
excess cysteine could be substituted for metallothionein, yield-
ing near identical results (and identical scientific conclusions, as
shown in Supporting Information Fig. SI2). Across all fits, the fit
residuals ranged from 0.0008 to 0.002, and the estimated standard
deviation of each individual component across all the fits ranged
from 0.025 to 0.075 (i.e. 2.5—7.5%).

Statistical analysis

Statistical analyses were performed using Graphpad Prism v8,and
all data is presented as scatter plots. Testing for differences in
Zn%* speciation was undertaken for the following comparison:


https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf045#supplementary-data

Imaging zinc speciation in the mouse hippocampus | 5

(A) ‘ ‘ [ (B)

I P
—/\Tpaﬁé H
S —Fwn
A L.
Citrate
ﬂ
ATP

— " Glutathione
" Metallothionein|
Cysteine

Histidine-

Histidine (G)

N POS
_ CF

H,O (pH 7)

5
(o]

°
I
~

Chloride

Glutamate

G

il

X x K

Metallothionein

Cysteine

Histidine + glycerol

Histidine

(E) —— data
——e- it

IX(R)| (A~)
X(R) [Re] (A~2)

950 9660 9670 9680 9690 9700 9640 9660 9680 9700 9720 0 2 4
Energy (eV) Energy (eV) k(A1)

R(A) R (4)

Figure 1. XANES and EXAFS spectral characterisation of standard solutions. (A) zn K-edge XANES spectra of standard solutions used for XANES
spectral library. dash lines indicate position of lowest energy white line feature for a standard solution in the library (9664.9 eV—metallothionein, and
9669.7 eV—hexaaqua Zn?* +pH 7). (B) XANES spectra of standard solutions that were subsequently analysed with EXAFS spectroscopy. (C) zn K-edge
k3-weighted EXAFS spectra, (D) fourier transform magnitude, and (E) fourier transform real component with EXAFS fitting results for Zn?* standard
solutions. for the standard solution of Zn?* in water at pH 13, a longer-range scattering peak is potentially observable, suggestive of a second shell
zn—zn interaction. although any interpretation of bonding environment beyond the first coordination shell is difficult due to the limited k-range of
this data set, modelling of a zn—zn interaction, possibly suggesting the presence of a small amount of zn(oh), precipitate in this sample, is shown in

supporting information Fig. SI1.

Zn?* speciation in the CA3 mossy fibres in frozen-hydrated tis-
sue vs air-dried tissue; Zn’* speciation in the CA3 pyramidal neu-
rons in frozen-hydrated tissue vs air-dried tissue; Zn’* specia-
tion in CA3 mossy fibres in frozen-hydrated tissue vs CA3 pyra-
midal neurons in frozen-hydrated tissue; Zn?* speciation in CA3
mossy fibres in air-dried tissue vs CA3 pyramidal neurons in air-
dried tissue. Each experimental group contained (n = 3 biologi-
cal replicates), and statistical testing was performed using a Stu-
dent’s t-test and 95% confidence interval. A paired t-test was used
when comparing between ROIs (e.g. comparing Zn?* speciation
in air-dried tissue between the CA3 mossy fibres and CA3 pyra-
midal neuron layer). A non-paired t-test was used when com-
paring between sample preparation (e.g. comparing Zn?+ speci-
ation in CA3 mossy fibres between air-dried and frozen-hydrated
tissues).

Results and discussion

Characterisation of standard solution of Zn2+
coordination complexes—zinc XANES spectra are
exquisitely sensitive to coordination
environment

We have previously published our initial development of a Zn?* K-
edge XANES spectroscopic library for biological applications, us-
ing standard solutions of Zn?* in the presence of excess biological
ligand, [68] which is a similar approach to that used by others [62,
63, 65, 66, 68, 69]. In this study here, we have expanded on that
spectral library to include additional standard solutions of Zn?*,
and EXAFS characterisation of the biological relevant complexes
of Zn?* with excess cysteine or histidine in solution. The new ad-
ditions to the spectral library include: Zn?* in the presence of ex-
cess carboxylic acids (citrate, acetate, aspartate, lactate, pyruvate
(Fig. 1A, Table 1); and Zn?* metallothionein in aqueous solution
(Fig. 1A, B, Table 1). The EXAFS characterisation is presented in
Fig. 1C-E, and Table 2).

The XANES spectra presented in Fig. 1A show remarkable sensi-
tivity to coordination environment as can be seen by the variation
in the position, shape and intensity of the white line as a function
of coordinating ligand (Table 1). Spectral features of note include
the high white line intensity (absorbance values > 2 relative to
a normalised edge-jump of 1) of Zn?* in the presence of excess
lactate, pyruvate, citrate, aspartate, and EDTA (Fig. 1A, Table 1),
suggesting octahedral coordination. Interestingly, the white line
intensity is reduced for Zn?* in the presence of excess glutamate
or acetate (Table 1), suggesting a lower coordination number or
distorted coordination environment.

Many biological molecules have multiple sites for metal ion co-
ordination, such as carboxylate group or thiol groups in cysteine.
We have therefore, compared XANES spectra of Zn?* in the pres-
ence of excess cysteine at neutral pH, and metallothionein (Fig. 1
A, B), which display minimal differences in the XANES region. The
white line feature of both Zn?* + excess cysteine standard solu-
tion and the metallothionein solution standard display reduced
intensity and a shift to lower energies, relative to XANES spectra
of either the hexaaqua Zn** complex or Zn’* + excess citrate, in-
dicating a lower coordination number of Zn?* in metallothionein
or Zn?* in the presence of excess cysteine (e.g. consistent with a
tetrahedral coordination geometry). The shift to lower energy of
the white line feature associated with thiol coordination is consis-
tent with coordination through less electronegative atoms such
as S (relative to O). As a ‘fingerprinting’ tool, the strong reduction
in white line intensity and shift to lower energy of the white line
for tetrahedral thiol coordination of Zn?*, enables simple discrim-
ination from Zn?* coordination with organic acids. These inter-
pretations are supported by EXAFS spectroscopic analysis of both
the metallothionein standard solution, and the standard solution
of Zn?* + excess cysteine, which indicates for both a coordina-
tion number of 4, with S as the coordinating atom, with a Zn—S
bond length of 2.31 (solution complex with excess cysteine) or 2.34
(aqueous metallothionein), which is consistent with the literature
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Table 1. Summary of ‘white line’ characteristic features in XANES spectra of Zn?* standard solutions

Ligand (added in 10:1 Position of white line

White line maximum

excess to Zn?*) maximum intensity(eV) intensity Notes
H,O (pH 7) 9669.7 2.39 Low energy shoulder at 9667.8 eV (2.10)
ATP 9669.7 2.30 Low energy shoulder at 9667.8 eV (2.08),
closely resembles hexaaqua
complex(Zn®* in H,O at pH 7)

Citrate 9669.3 2.24
Lactate 9668.8 2.37
Pyruvate 9668.8 2.26
Aspartate 9668.8 2.08
Glutathione 9668.6 1.43
EDTA 9668.3 2.15
Histidine (glycerol) 9667.7 1.67 No high energy feature
Glutamate 9667.3 1.80
Acetate 9667.2 1.71
Histidine 9667.0 1.32 High energy feature at 9671.8 eV (1.35)
PO,3- 9666.5 1.61
H,O (pH 13) 9665.9 1.24 High energy feature at 9670.9 eV (1.40)
Cysteine 9665.3 1.35
Cl- 9665.0 1.90
Metallothionein 9664.9 131
Table 2. EXAFS curve-fitting results of Zn?+ standard solutions
Ligand Shell N R o2 R-factor
Zn%*,q) + excess histidine Zn-N 4 2.02(1) 0.008(1) 0.057

Zn-C 8 3.01(4) 0.019(4)

Zn-N 8 3.87(5) 0.008(5)

Zn-N-C 15 4.32(4) 0.001(5)

Zn%*,q) + excess histidine + glycerol Zn-0 2 2.00(3) 0.006(4) 0.014

Zn-N 2 2.06(9) 0.013(10)

Zn-C 4 2.96(2) 0.009(3)

Zn-N 4 3.89(4) 0.004(5)

Zn-N-C 8 4.31(4) 0.001(9)

Zn’* () + excess cysteine Zn-S 4 2.31(1) 0.010(1) 0.014
Zn%* () + excess metallothionein Zn-S 4 2.34(1) 0.006(1) 0.009
Zn’* ) + excess glutamate Zn-0 4 2.00(1) 0.007(1) 0.013
Zn’* ,q + excess chloride Zn-Cl 4 2.27(1) 0.004(1) 0.009
Zn’ g + Hy0 (pH = 13) Zn-0 4 1.94(2) 0.002(1) 0.039
Zn** (o) + H,0 (pH = 7) Zn-0 4 2.02(2) 0.002(1) 0.028
Zn** o) + H,0 (pH = 7)? Zn-0 6 2.02(2) 0.006(1) 0.042

@Alternative fit (N = 6) applied to the same spectrum with similar results, highlighting uncertainty in N in EXAFS curve fitting.

(Fig. 1C-E, Table 2) [66, 85-87]. Although Zn coordinates as a multi-
metallic thiolate cluster in metallothionein, longer range scatter-
ing peaks (that would be consistent with a second shell Zn—Zn in-
teraction) were not observed in the EXAFS spectra of either metal-
lothionein or the Zn%* + excess cysteine standard solution. How-
ever, we are careful not to over interpret this observation, due to
the reduced k-range of the data collected and relatively low signal
to noise levels.

Ourselves and others have previously reported that the XANES
spectrum of Zn?* + excess histidine shows a distinct doublet fea-
ture, differentiating Zn?+ histidine coordination from Zn?* co-
ordinated to either thiols or organic acids [66, 68]. Interestingly,
XANES spectra of Zn?* in the presence of excess histidine show
pronounced spectroscopic differences depending on whether or
not a glycerol glassing agent is added (Fig. 1A, B) [68]. These differ-
ences have been further characterised with EXAFS spectroscopy
in this current study (Fig. 1C-E). The spectra both with and with-
out added glycerol showed longer range peaksin the 2.5-4 A range
consistent with scattering contributions expected from coordina-

tion through imidazole N [66]. The multiple scattering contribu-
tion at ~4 A is reduced in the solution containing glycerol, sug-
gesting mixed oxygen and imidazole coordination, and this is sup-
ported by the EXAFS fitting (Fig. 1C-E, Table 2).

Principal component analysis provides an
effective data reduction and visualisation tool for
initial exploration of XANES spectroscopic maps

The full-spectrum per pixel uXANES spectroscopic data sets were
initially explored with principal component analysis (PCA), within
the spectral microscopy data analysis package, Mantis. PCA pro-
vided a simple and time-effective approach to data-reduction to
determine anatomical locations within the hippocampus that dis-
played variation in the Zn K-edge XANES spectrum. The PC score
images of the first three PCs are shown in Fig. 2A—C, with the to-
tal Zn map shown for comparison in Fig. 2D. The eigenvalues are
shown in Fig. 2E, which suggested 3 important PC’s in the data set.
The corresponding PC1—3 loadings are shown in Fig. 2F. Not sur-
prisingly the image produced from PC1 scores bears a strong re-
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Figure 2. Principal component (PC) analysis provides an effective data reduction and exploration tool for XANES spectroscopic maps (using a
representative example of an air-dried hippocampus section). (A, B, C) PC score images for PC1 (A), PC2 (B), and PC3 (C). The PC1 scores image reflects
the total Zn image shown in panel (D), with most intense PC1 scores (intense negative scores) observed in regions of greatest Zn content, the CA3
mossy fibre region (black arrows). Relatively high Zn content is seen in the CA3 pyramidal neurons (white arrow), while the corpus callosum white
matter (CC) displays low Zn content. PC2 and PC3 scores identify XANES spectroscopic variation within the CA3 region, with intense negative scores
(black pixels) seen in the CA3 mossy fibre region (black arrow) and intense positive scores (white pixels) seen in the CA3 pyramidal payer (white arrow).
(E) Log eigenvalue plot for the first 10 PC’s, which visually indicates 3 important PC’s. (F) PC loadings showing loadings plots for PC1-3, with PC2 and
PC3 loadings have been offset vertically, and PC3 loadings scaled by !, for clarity. The regions of interest that correspond to CA3 mossy fibres and CA3
pyramidal neurons, which were used for calculating average XANES spectra for linear combination fitting (Fig. 4, 5), are shown by white dashed line
(CA3 mossy fibres) and white sold line (CA3 pyramidal neurons) in panel A. Scale bar = 500 um.

semblance to the total Zn map, and the loadings for PC1 resembles
the average XANES spectrum. The PC1 scores image shows the
most negative PC1 scores within the CA3 region of the hippocam-
pus (the region containing highest total Zn content) [88] and more
positive PC1 scores in the corpus callosum white matter (the re-
glon containing the lowest total Zn content). Of significant inter-
est though, the PC2 and PC3 scores image show strong negative
scores within the CA3 region containing mossy fibres, while the
CA3 pyramidal neurons display strong positive scores. The general
shape of the PC2 loadings shows similarity to the XANES spectrum
of Zn?* in the presence of excess phosphate (Fig. 1A), suggesting
that there may be a substantial difference in Zn?* phosphate coor-
dination between the CA3 mossy fibres and CA3 pyramidal neu-
rons (subsequently confirmed through least squares fitting, de-
scribed below).

uXANES spectroscopic mapping reveals unique
distributions of Zn?* speciation within the
hippocampus

This study has applied for the first time a uXANES spectroscopic
mapping protocol that generates ‘full-spectrum-per-pixel’ XANES
stacks, which when de-convoluted using single value deconvolu-
tion in combination with our spectral library, to yield chemically
specific images of Zn?* speciation within the murine hippocam-
pus (Fig. 3). As can be seen in Fig. 3, a striking differential dis-
tribution of Zn?* speciation is observed within the hippocampus,
in both dehydrated (air-dried) and frozen-hydrated tissue. The vi-
sual differences seen in the chemically specific Zn?* images are
confirmed by least square fitting of the average uXANES spectra
of specific ROIs corresponding to the pyramidal neuron cell layer,
and mossy fibres (Fig. 4).

As can be seen in Fig. 4 (and confirmed with statistical analysis
of replicates in Fig. 5), in air-dried tissue sections the hippocam-
pal pyramidal neuron layer (in cornu ammonis sector 3, CA3) is
enriched in Zn?* coordinated through sulfur donors (e.g. coordi-
nation to thiol groups of cysteine residues). In contrast, chemically
specific images of Zn?* in a coordination environment resembling
Zn?*—histidine complexes did not display localised enrichment
in any specific hippocampal region in air-dried dehydrated tis-
sues. Interestingly, a highly localised enrichment of Zn’* consis-
tent with coordination through phosphate groups was observed
in the mossy fibre region (the mossy fibres are the location of ma-
jor labile Zn?* pools in the brain) [1, 11, 12, 41]. Intuitively, it is
logical that the largest change in Zn?* speciation that occurs dur-
ing sample preparation (e.g. as discussed later in this manuscript,
increased Zn?*—phosphate coordination during air-drying) is ob-
served in the hippocampal region known to be most enriched in
labile Zn?* (the mossy fibre region).

Not unexpectedly, the chemically-specific maps of hydrated-
frozen tissue sections analysed under cryogenic conditions, were
visually different from air-dried tissue (Fig. 3). Specifically, in
frozen-hydrated tissues there was significantly less Zn?* in a co-
ordination environment resembling coordination of Zn?* through
phosphates (relative to air-dried tissues, Fig. 3-5). Indeed, in
frozen-hydrated tissues the mossy fibres do not display localised
enrichment of Zn?* in an environment consistent with coordi-
nation to phosphates (Fig. 3-5). Rather, the mossy fibre region
in frozen-hydrated tissue displays increased abundance of Zn?*
in a coordination environment consistent with coordination to
the imidazole N of histidine (Fig. 3-5). The distribution of Zn%*
in a chemical form consistent with coordination through thiols
in cysteine was largely consistent between air-dried and frozen-
hydrated samples, with the pyramidal cell layer showing localised
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Figure 3. Chemically specific imaging of Zn?* speciation with XANES spectroscopic mapping in air-dried and frozen hydrated tissues. (A) chemically
specific Zn?* images collected from air-dried mouse hippocampus tissue sections, compared to (B) chemically specific Zn?* images collected from
frozen-hydrated mouse hippocampus tissue sections. left column of images in both panels (A) and (B) show (top to bottom): (top) H&E histology of a
serial tissue section (not the same section analysed with XANES spectroscopy); (middle) chemically specific Zn?* imaging tri-colour overlay; and
(bottom) total zn elemental map. right columns for both panel (A) and (B) show chemically specific Zn?* images of (top to bottom): (top) Zn?+
speciation resembling Zn?+ in the presence of excess histidine; (middle) Zn?*+ speciation resembling Zn?* in the presence of excess PO,*~; and
(bottom) Zn?* speciation resembling Zn?* in the presence of excess cysteine. white arrows highlight the zn rich ‘mossy fibre’ region which is enriched
with Zn?* coordinated to phosphates in air-dried tissue, but instead enriched in Zn?* coordinated to histidine in frozen-hydrated tissue.

Note: due to limited area of the cryostream, the field of view (sample map area) of samples analysed under cryostream was smaller than samples
analysed at room temperature (to avoid parts of the sample moving outside of the crysotream during measurement and thawing). the white box in
each of the panels shows the common anatomical region, containing CA3 pyramidal neurons and CA3 mossy fibres, between the two samples

(air-dried, and frozen-hydrated) that are contained in this figure.
Scale bar in A = 500 um, and in B = 250 um.

enrichment of thiol coordination for both air-dried dehydrated
and frozen-hydrated tissues (Fig. 3).

The enrichment of the hippocampal pyramidal neuronal layer
with Zn?* speciation resembling coordination through four thiols
groups, in both dehydrated and frozen-hydrated tissues, is in ex-
cellent agreement with the high metallothionein content of neu-
rons (and eukaryotic cell cytoplasm in general) [89], and the abun-
dance of Zn finger proteins in cell nuclei (which contain Zn?* in
tetrahedral coordination with four cysteine residues). It is also in-
teresting to note the localised enrichment of Zn?* coordination
to thiols was also seen in images containing the lateral ventricles
(e.g. Fig. 3B), as this brain region is characterised by high metal-
lothionein protein and gene expression [90, 91]. As the brain lat-
eral ventricles were not included in all samples imaged, statistical
analysis was not undertaken.

uXANES spectroscopic mapping indicates
histidine residues are likely to be a dominant
coordinating ligand of labile Zn?* in the mossy
fibres

Comparing the chemical form of Zn?* observed in the hippocam-
pal mossy fibres between the frozen-hydrated tissues and air-
dried tissues provides important new insight into the chemical
form of the labile Zn?* pool. It is well known that the hippocam-

pus and specifically the mossy fibres contain a substantial pool
of labile Zn?+, which is critical to memory function and synaptic
plasticity [3, 11, 92]. The chemical form of this pool of Zn?* was
however previously unknown. While the labile pool of Zn?* is of-
ten referred to as ‘free’ Zn?*, in the absence of other ligands Zn?*
will exist as the octahedral hexaaqua complex and is not ‘free’ in
the sense of a solvated alkali metal (e.g. Na* or K*) [93]. Multiple
studies have reported that due to the abundance of organic lig-
ands in cells and tissues and the associated binding constants, it
is highly unlikely that the labile Zn?* pool would exist as the hex-
aaqua complex [93]. Indeed, spectroscopic studies by others have
failed to observe evidence of the hexaaqua Zn?* complex within
Zn?* enriched vesicles measured in vitro [67], and in this study
we also did not observe spectroscopic evidence of the Zn?* hex-
aaqua complex within the hippocampus. Our study has however
observed a highly localised enrichment of Zn?* within the mossy
fibre region, where Zn?+ is in a coordination environment resem-
bling Zn?*coordination through the N of the imidazole ring of his-
tidine. Of significance, upon air-drying the tissue section there is
a large change in Zn?* speciation, with Zn?+—histidine coordina-
tion being replaced instead with Zn’*—phosphate coordination.
We take the dramatic change in Zn?* coordination upon air-drying
of the tissue sections as strong evidence of the labile nature of the
Zn**—histidine coordination. Based on this, we propose that the
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Figure 4. Representative examples of pXANES spectra corresponding to pyramidal neuron layer and ‘mossy fibre’ regions of interest, in air-dried and
frozen-hydrated tissue sections, fit to the spectral library of standard solutions. (A, B) Fitting representative pXANES spectrum of (A) pyramidal cells
and (B) ‘mossy fibres’ in air-dried tissue sections. (C) Zoomed in view of overlay of spectra from pyramidal cells and ‘mossy fibres’ in air-dried tissue,
showing increased white line intensity (white arrow) in XANES spectra of mossy fibres (black trace) relative to pyramidal neurons (grey trace). (D, E)
Fitting representative uXANES spectrum of (D) pyramidal cells and (E) ‘mossy fibres’ in frozen-hydrated tissue sections. (F) Zoomed in view of overlay
of the spectra (real data, not fitted data) from ‘mossy fibres’ (black trace) and pyramidal cells (grey trace) in frozen-hydrated tissue, showing that
‘mossy fibres’ display a more pronounced higher energy shoulder (white arrow), while the rising edge of the white line is shifted to lower energies for

spectra from pyramidal neuron layer (black arrow).

labile Zn?*+ pool exists in vivo as a coordination complex with his-
tidine residues.

It is well established that the Zn?* transport protein ZnT3 is
critical to establishing/maintaining the labile Zn%* pool within
the CNS, especially the labile Zn?* pool within the mossy fibres of
the hippocampus [41, 94]. The exact binding sites of Zn?* within
ZnT3 haven't being completely elucidated, however, the proteins
contain several histidine rich domains, and most agree that the
histidine rich domains of ZnT3 are the site of Zn’* binding [95-
97]. The results of chemically specific Zn?* imaging in this study
strongly support that the labile Zn** pool exists coordinated to
histidine, possibly histidine residues of ZnT3 within the mem-
brane of Zn?*+ enriched vesicles. Given that the pK, of histidine
is 6.0, we speculate that our data supports existence of a pH shift
(specifically reduction in pH) upon release of Zn-enriched vesicles
during synaptic transmission, which weakens Zn?*—histidine co-
ordination (due to protonation of the imidazole N), enabling Zn%*
release. This is in agreement with previous studies of binding
mechanisms of ZnT5 [96].

Sample preparation should be a crucial
consideration when studying speciation of Zn in
biological tissues

A key finding of this study is observation of the effects of sample
preparation, specifically tissue dehydration, on Zn?* speciation in
brain tissue. Noticeably, air-dried tissue display a drastic increase
in Zn?* speciation resembling Zn?* coordinated to phosphates (i.e.

resembling the standard solution of Zn?* in the presence of ex-
cess phosphate). The abundance of Zn?*—phosphate coordina-
tion in dehydrated tissues appears to be an artefact of sample
preparation, as Zn’*—phosphate coordination was significantly
less abundant in frozen-hydrated tissues where it accounted for
22% of Zn?* on average relative to 53% on average in air-dried de-
hydrated tissues (Fig. 3-5).

We account for the increase in Zn?*—phosphate coordination
in air-dried dehydrated tissues through increased accessibility
of phosphates to Zn’* upon rupture of cell membranes during
cryo-sectioning and consequent air-drying process (where the cy-
tosol transitions from ice to a liquid prior to dehydration). Dur-
ing and following tissue sectioning and air-drying, labile Zn?*
and phosphates likely experience heightened intra-cellular and
extra-cellular mobility as a consequence of cryo-sectioning in-
duced membrane rupture. Although an apparent artefact of sam-
ple preparation, the drastic increase in phosphate coordination
upon air-drying does however, highlight the labile nature of cer-
tain pools of Zn?* in the CNS, and the propensity of labile Zn?* to
coordinate with phosphates if given opportunity.

Limitations

This study has successfully imaged the major chemical forms
of Zn?* present in the hippocampus (Zn?* coordinated to cys-
teine or histidine residues) however, there are obviously multiple
other important Zn?* coordination environments found across a
range of Zn?* metallo-proteins that were not detected. It should
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Figure 5. Results from statistical analysis performed on triplicate biological replicates comparing Zn?* speciation in pyramidal neuron cell layer and
‘mossy fibres’, for air-dried and frozen-hydrated tissue sections. (A) comparison of Zn?* speciation between pyramidal neurons and mossy fibres in
air-dried tissue. (B) comparison of Zn?* speciation between pyramidal neurons and mossy fibres in frozen-hydrated tissue. (C) comparison of Zn?*
speciation in pyramidal neurons between air-dried and frozen hydrated tissue. (D) comparison of Zn’* speciation in ‘mossy fibres’ between air-dried

and frozen hydrated tissue.
* P < 0.05, #x P < 0.01, #xx P < 0.001.

be noted that S/N levels with the pXANES spectra are substan-
tially poorer than that obtained with a bulk XAS measurement
(as described in Table 2), which may have contributed to a fail-
ure to detect less abundant (but biologically important) chem-
ical forms of Zn?*. It is possible that in future work, imaging
at increased spatial resolution, expansion of the standard solu-
tion and model compound library, or improved signal to noise in
the data may enable additional forms of Zn?* speciation to be
imaged.

Although our data indicates that histidine coordination of Zn?*
is likely to exist in the labile Zn?* pool, caution should be taken
when interpreting these results. As has been shown by other au-
thors, spectral mixtures of a range of Zn?* thiol and imidazole
nitrogen coordination environments (e.g. ZnSs, ZnSsNq, ZnS;Ny,
ZnS;Ns, and ZnNy) can be adequately modelled by only two spec-
tra (ZnS, and ZnNy) [66]. Therefore, although our fitting indi-
cates increased histidine coordination of the labile Zn2t, it doesn'’t
explicitly confirm whether coordination is exclusively histidine.
Likewise, the results of our fitting do not differentiate between
Zn%* coordination of ‘free’ histidine or low molecular weight

histidine-containing peptides, or histidine residues within pro-
teins. Lastly, our spectral library is not exhaustive, and we can not
claim with certainty that addition of another model spectrum (at
this stage of an unknown compound) into the fitting procedure
would still produce identical results.

Conclusions

In summary, this study has expanded and characterised a XANES
spectral library of standard solutions, which were then used to
model and subsequently image Zn’* speciation in murine brain
tissue. The chemically specific images of Zn?* speciation across
an important brain region, the hippocampus, show clear differ-
ences in the chemical forms of Zn?* present between neuron
cell body layers and the ‘mossy fibre’ molecular layers. Sample
preparation was shown to be a critical experimental considera-
tion, with a drastic loss of Zn?* coordination to histidine and sub-
sequent increase in Zn?* coordination to PO43~ upon air-drying of
tissue sections. This finding highlights that analysis of un-fixed,
frozen-hydrated tissue sections is essential in order to preserve



metal speciation as close as possible to the in vivo condition. Us-
ing the developed chemically specific Zn?* imaging protocol, this
study revealed fundamental new knowledge on the neurobiology
of Zn?*; specifically, the pool of labile Zn?* found in the ‘mossy
fibres’ of the hippocampus has a coordination environment that
is consistent with Zn?* coordinated to histidine. Owing to the pH
sensitive nature of histidine as a ligand, this observation provides
new insight into a possible physiological pathway, through which
an increase in pH could release labile Zn?+ from synaptic vesi-
cles of ‘zincergic’ neurons in the ‘mossy fibre’ region. At this stage
however, definitively proving the above pathway, and future work
should now focus on demonstrating the biological mechanisms.
Studies such as ‘organotypical’ living tissue slice models, which
would enable pH manipulation, or analysis of Zn?* speciation in
additional animal models, such as ZnT3 KO mice, could prove
highly informative.

Acknowledgements

Parts of this research were undertaken at the X-ray fluorescence
microscopy beamline and the X-ray absorption spectroscopy
beamline at the Australian Synchrotron, part of ANSTO. We grate-
fully acknowledge travel funding provided from ANSTO to access
the Australian Synchrotron. This work was performed in part at
the Melbourne Centre for Nanofabrication (MCN) in the Victorian
Node of the Australian National Fabrication Facility (ANFF). AH
gratefully acknowledges an RTP PhD scholarship awarded by the
Australian Government. AH and MW gratefully acknowledge an
AINSE-PGRA, and GE gratefully acknowledge an AINSE-ECRG.

Supplementary material

Supplementary Data are available at Metallomics Online.

Conflicts of interest

None declared.

Funding

M.J.H. receieved support from the Australian Research Council
(ARC Future Fellowship FT190100017).

Data availability

The data underlying this article will be shared on reasonable re-
quest to the corresponding author.

References

1. Frederickson CJ, Rampy BA, Reamy-Rampy S et al. Distribution
of histochemically reactive zinc in the forebrain of the rat. J
Chem Neuroanat 1992;5:521-30. https://doi.org/10.1016/0891-061
8(92)90007-d

2. Frederickson CJ, Koh JY, Bush Al The neurobiology of zinc in
health and disease. Nat Rev Neurosci 2005;6:449-62. https://doi.
0rg/10.1038/nrm1671

3. Frederickson CJ, Suh SW, Silva D et al. Importance of zinc in
the central nervous system: the zinc-containing neuron. J Nutr
2000;130:1471S-83S. https://doi.org/10.1093/jn/130.5.1471S

4. Vallee BL, Auld DS. Zinc coordination, function, and structure of
zinc enzymes and other proteins. Biochemistry 1990;29:5647-59.
https://doi.org/10.1021/bi00476a001

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Imaging zinc speciation in the mouse hippocampus | 11

Parkin G. Synthetic analogues relevant to the structure and
function of zinc enzymes. Chem. Rev. 2004;104:699-768. https:
//doi.org/10.1021/cr0206263

Krezel A, Maret W. The biological inorganic chemistry of zinc
ions. Arch Biochem Biophys 2016;611:3-19. https://doi.org/10.101
6/j.abb.2016.04.010

Maret W, Li Y. Coordination dynamics of zinc in proteins. Chem.
Rev. 2009;109:4682-707. https://doi.org/10.1021/cr800556u
Ruli'Sek L, Vondrasek J. Coordination geometries of selected
transition metal ions (Co 2+, Ni 2+, Cu 2+, Zn 2+, Cd
2+, and Hg 2+) in metalloproteins. J. Inorg. Biochem. 1998;71:
115-27.

Chang CJ. Searching for harmony in transition-metal signaling.
Nat Chem Biol 2015;11:744-7. https://doi.org/10.1038/nchembio
1913

Ackerman CM, Lee S.. Analytical methods for imaging metals in
biology: from transition metal metabolism to transition metal
signaling. Anal. Chem. 2017;89:22-41. https://doi.org/10.1021/ac
s.analchem.6b04631

Frederickson CJ. Neurobiology of zinc and zinc-containing neu-
rons. Int. Rev. Neurobiol. 1989;31:145-238. https://doi.org/10.1016/
s0074-7742(08)60279-2

Frederickson CJ, Klitenick MA, Manton WI et al. Cytoarchitec-
tonic distribution of zinc in the hippocampus of man and the
rat. Brain Res 1983;273:335-9. https://doi.org/10.1016/0006-899
3(83)90858-2

Mott DD, Dingledine R. Unraveling the role of zinc in memory.
Proc. Natl. Acad. Sci. U.S.A. 2011;108:3103—4. https://doi.org/10.1
073/pnas.1100323108

Takeda A. Movement of zinc and its functional significance in
the brain. Brain Res. Brain Res. Rev. 2000;34:137-48. https://doi.or
9/10.1016/50165-0173(00)00044-8

Takeda A, Tamano H. Insight into zinc signaling from dietary
zinc deficiency. Brain Res Rev 2009;62:33-44. https://doi.org/10.1
016/j.brainresrev.2009.09.003

Frederickson RE, Frederickson CJ, Danscher G. In situ binding of
bouton zinc reversibly disrupts performance on a spatial mem-
ory task. Behav Brain Res 1990;38:25-33. https://doi.org/10.1016/
0166-4328(90)90021-6

Adlard PA, Parncutt JM, Finkelstein DI et al. Cognitive loss
in zinc transporter-3 knock-out mice: a phenocopy for the
synaptic and memory deficits of Alzheimer’s disease? J. Neu-
rosci. 2010;30:1631-6. https://doi.org/10.1523/J]NEUROSCI.5255-0
9.2010

Sindreu C, Palmiter RD, Storm DR. Zinc transporter ZnT-3 regu-
lates presynaptic Erk1/2 signaling and hippocampus-dependent
memory. Proc. Natl. Acad. Sci. U.S.A. 2011;108:3366-70. https://do
1.0rg/10.1073/pnas.1019166108

Takeda A, Takefuta S, Okada S et al. Relationship between brain
zinc and transient learning impairment of adult rats fed zinc-
deficient diet. Brain Res 2000;859:352—7. https://doi.org/10.1016/
s0006-8993(00)02027-8

Sandstead HH. Subclinical zinc deficiency impairs human brain
function. ] Trace Elem Med Biol 2012;26:70-3. https://doi.org/10.1
016/j jtemb.2012.04.018

Adlard PA, Parncutt ], Lal V et al. Metal chaperones prevent zinc-
mediated cognitive decline. Neurobiol Dis 2015;81:196-202. https:
//doi.org/10.1016/j.nbd.2014.12.012

Penner-Hahn JE. Characterization of “spectroscopically quiet”
metals in biology. Coord Chem Rev 2005;249:161-77. https://doi.
0rg/10.1016/j.ccr.2004.03.011

. Danscher G. Histochemical demonstration of heavy metals. A

revised version of the sulphide silver method suitable for both


https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf045#supplementary-data
https://doi.org/10.1016/0891-0618(92)90007-d
https://doi.org/10.1038/nrn1671
https://doi.org/10.1093/jn/130.5.1471S
https://doi.org/10.1021/bi00476a001
https://doi.org/10.1021/cr0206263
https://doi.org/10.1016/j.abb.2016.04.010
https://doi.org/10.1021/cr800556u
https://doi.org/10.1038/nchembio.1913
https://doi.org/10.1021/acs.analchem.6b04631
https://doi.org/10.1016/s0074-7742(08)60279-2
https://doi.org/10.1016/0006-8993(83)90858-2
https://doi.org/10.1073/pnas.1100323108
https://doi.org/10.1016/s0165-0173(00)00044-8
https://doi.org/10.1016/j.brainresrev.2009.09.003
https://doi.org/10.1016/0166-4328(90)90021-6
https://doi.org/10.1523/JNEUROSCI.5255-09.2010
https://doi.org/10.1073/pnas.1019166108
https://doi.org/10.1016/s0006-8993(00)02027-8
https://doi.org/10.1016/j.jtemb.2012.04.018
https://doi.org/10.1016/j.nbd.2014.12.012
https://doi.org/10.1016/j.ccr.2004.03.011

12

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

| Hollings et al.

light and electronmicroscopy. Histochemistry 1981;71:1-16. https:
//doi.org/10.1007/BF00592566

Danscher G, Zimmer J. An improved Timm sulphide silver
method for light and electron microscopic localization of heavy
metals in biological tissues. Histochemistry 1978;55:27-40. https:
//doi.org/10.1007/BF00496691

PeArez-Clausell J, Danscher G. Intravesicular localization of
zinc in rat telencephalic boutons. A histochemical study. Brain
Res 1985;337:91-8. https://doi.org/10.1016/0006-8993(85)91612
-9

Timm F. Histochemistry of heavy metals, the sulfide-silver pro-
cedure. Dtsch. Z. Gesamte Gerichtl. Med. 1958;46:706-11.
Danscher G, Moller-Madsen B. Silver amplification of mercury
sulfide and selenide: a histochemical method for light and elec-
tron microscopic localization of mercury in tissue. J Histochem
Cytochem. 1985;33:219-28. https://doi.org/10.1177/33.3.2579122
Danscher G. Exogenous selenium in the brain. A histochemical
technique for light and electron microscopical localization of
catalytic selenium bonds. Histochemistry 1982;76:281-93. https:
//doi.org/10.1007/BF00543951

Blixhavn CH, Haug FS, Kleven H et al. A Timm-Nissl multi-
plane microscopic atlas of rat brain zincergic terminal fields and
metal-containing glia. Sci Data 2023;10:150. https://doi.org/10.1
038/s41597-023-02012-6

Frederickson CJ, Kasarskis EJ, Ringo D et al. A quinoline flu-
orescence method for visualizing and assaying the histo-
chemically reactive zinc (bouton zinc) in the brain. ] Neurosci
Methods 1987;20:91-103. https://doi.org/10.1016/0165-0270(87)9
0042-2

Thompson RB, Peterson D, Mahoney W et al. Fluorescent zinc
indicators for neurobiology. ] Neurosci Methods 2002;118:63-75.
https://doi.org/10.1016/s0165-0270(02)00144-9

Que EL, Domaille DW, Chang CJ. Metals in neurobiology: probing
their chemistry and biology with molecular imaging. Chem. Rev.
2008;108:1517-49. https://doi.org/10.1021/cr078203u

Fang L, Watkinson M. Subcellular localised small molecule fluo-
rescent probes to image mobile Zn(2). Chem. Sci. 2020;11:11366-
79. https://doi.org/10.1039/d0sc04568¢

Pushie MJJ, Hollings A, Reinhardt ] et al. Sample preparation with
sucrose cryoprotection dramatically alters Zn distribution in the
rodent hippocampus, as revealed by elemental mapping. J. Anal.
At. Spectrom. 2020;35:2498-508. https://doi.org/10.1039/D0JA00
323A

Suh SW, Jensen KB, Jensen MS et al. Histochemically-reactive
zinc in amyloid plaques, angiopathy, and degenerating neurons
of Alzheimer’s diseased brains. Brain Res 2000;852:274-8. https:
//doi.org/10.1016/s0006-8993(99)02096-x

Lee JY, Mook-Jung I, Koh JY. Histochemically reactive zinc in
plaques of the Swedish mutant beta-amyloid precursor protein
transgenic mice. J. Neurosci. 1999;19:RC10. https://doi.org/10.152
3/JNEUROSCI.19-11-j0002.1999

Tonder N, Johansen FF, Frederickson CJ et al. Possible role of
zinc in the selective degeneration of dentate hilar neurons after
cerebral ischemia in the adult rat. Neurosci Lett 1990;109:247-52.
https://doi.org/10.1016/0304-3940(90)90002-q

Suh SW, Thompson RB, Frederickson CJ. Loss of vesicular zinc
and appearance of perikaryal zinc after seizures induced by pilo-
carpine. Neuroreport 2001;12:1523-5. https://doi.org/10.1097/00
001756-200105250-00044

Frederickson CJ, Hernandez MD, McGinty JF. Translocation of
zinc may contribute to seizure-induced death of neurons. Brain
Res 1989;480:317-21, Article. https://doi.org/10.1016/0006-899
3(89)90199-6

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cole TB, Wenzel HJ, Kafer KE et al. Elimination of zinc from
synaptic vesicles in the intact mouse brain by disruption of the
ZnT3 gene. Proc. Natl. Acad. Sci. U.S.A. 1999;96:1716-21. https:
//doi.org/10.1073/pnas.96.4.1716

Linkous DH, Flinn JM, Koh JY et al. Evidence that the ZNT3 pro-
tein controls the total amount of elemental zinc in synaptic vesi-
cles. ] Histochem Cytochem. 2008;56:3-6. https://doi.org/10.1369/
jhc.6A7035.2007

Hanaoka K, Kikuchi K, Urano Y et al. Design and synthesis of a
novel magnetic resonance imaging contrast agent for selective
sensing of zinc ion. Chem Biol 2002;9:1027-32. https://doi.org/10
.1016/51074-5521(02)00216-8

Malikidogo KP, Isaac M, Uguen A et al. Zinc-sensitive MRI con-
trast agents: importance of local probe accumulation in zinc-
rich tissues. Chem. Commun. (Camb.) 2023;59:12883-6. https://do
1.0rg/10.1039/d3cc03137c

Major JL, Parigi G, Luchinat C et al. The synthesis and in vitro
testing of a zinc-activated MRI contrast agent. Proc. Natl. Acad.
Sci. U.S.A. 2007;104:13881-6. https://doi.org/10.1073/pnas.07062
47104

Pushie MJ, Pickering IJ, Korbas M et al. Elemental and chemically
specific X-ray fluorescence imaging of biological systems. Chem.
Rev. 2014;114:8499-541. https://doi.org/10.1021/cr4007297
Porcaro F, Roudeau S, Carmona A et al. Advances in element
speciation analysis of biomedical samples using synchrotron-
based techniques. TrAC, Trends Anal Chem 2018;104:22-41. https:
//doi.org/10.1016/j.trac.2017.09.016

Zee DZ, MacRenaris KW, O’'Halloran TV. Quantitative imag-
ing approaches to understanding biological processing of metal
ions. Curr Opin Chem Biol 2022;69:102152. https://doi.org/10.101
6/j.cbpa.2022.102152

Penner-Hahn JE. X-ray absorption spectroscopy in coordination
chemistry. Coord Chem Rev 1999;190-192:1101-23. https://doi.or
2/10.1016/S0010-8545(99)00160-5

McCubbin Stepanic O, Ward J, Penner-Hahn JE et al. Probing a
silent metal: a combined X-ray absorption and emission spec-
troscopic study of biologically relevant zinc complexes. Inorg.
Chem. 2020;59:13551-60. https://doi.org/10.1021/acs.inorgchem.
0c01931

James SA, Hare DJ, Jenkins NL et al. pXANES: in vivo imaging of
metal-protein coordination environments. Sci Rep 2016;6:20350,
Article. https://doi.org/10.1038/srep20350

James SA, Roberts BR, Hare DJ et al. Direct in vivo imaging of
ferrous iron dyshomeostasis in ageing Caenorhabditis elegans.
Chem. Sci. 2015;6:2952-62, https://doi.org/10.1039/c55c00233h
James SA, Burke R, Howard DL et al. Visualising coordination
chemistry: fluorescence X-ray absorption near edge structure
tomography. Chem. Commun. 2016;52:11834-7. https://doi.org/10
.1039/c6cc06747f

Brooks J, Everett ], Lermyte F et al. Analysis of neuronal iron de-
posits in Parkinson’s disease brain tissue by synchrotron x-ray
spectromicroscopy. J Trace Elem Med Biol 2020;62:126555. https:
//doi.org/10.1016/j jternb.2020.126555

Everett J, Brooks J, Lermyte F et al. Iron stored in ferritin is chem-
ically reduced in the presence of aggregating Abeta(1-42). Sci Rep
2020;10:10332. https://doi.org/10.1038/s41598-020-67117-z
Everett J, Collingwood JF, Tjendana-Tjhin V et al. Nanoscale
synchrotron X-ray speciation of iron and calcium compounds
in amyloid plaque cores from Alzheimer’s disease subjects.
Nanoscale 2018;10:11782-96. https://doi.org/10.1039/c7nr06794a
Telling ND, Everett ], Collingwood JF et al. Iron biochemistry
is correlated with amyloid plaque morphology in an estab-
lished mouse model of alzheimer’s disease. Cell Chemical Bi-


https://doi.org/10.1007/BF00592566
https://doi.org/10.1007/BF00496691
https://doi.org/10.1016/0006-8993(85)91612-9
https://doi.org/10.1177/33.3.2579122
https://doi.org/10.1007/BF00543951
https://doi.org/10.1038/s41597-023-02012-6
https://doi.org/10.1016/0165-0270(87)90042-2
https://doi.org/10.1016/s0165-0270(02)00144-9
https://doi.org/10.1021/cr078203u
https://doi.org/10.1039/d0sc04568c
https://doi.org/10.1039/D0JA00323A
https://doi.org/10.1016/s0006-8993(99)02096-x
https://doi.org/10.1523/JNEUROSCI.19-11-j0002.1999
https://doi.org/10.1016/0304-3940(90)90002-q
https://doi.org/10.1097/00001756-200105250-00044
https://doi.org/10.1016/0006-8993(89)90199-6
https://doi.org/10.1073/pnas.96.4.1716
https://doi.org/10.1369/jhc.6A7035.2007
https://doi.org/10.1016/s1074-5521(02)00216-8
https://10.1039/D3CC03137C
https://doi.org/10.1039/d3cc03137c
https://doi.org/10.1073/pnas.0706247104
https://doi.org/10.1021/cr4007297
https://doi.org/10.1016/j.trac.2017.09.016
https://doi.org/10.1016/j.cbpa.2022.102152
https://doi.org/10.1016/S0010-8545(99)00160-5
https://doi.org/10.1021/acs.inorgchem.0c01931
https://doi.org/10.1038/srep20350
https://doi.org/10.1039/c5sc00233h
https://doi.org/10.1039/c6cc06747f
https://doi.org/10.1016/j.jtemb.2020.126555
https://doi.org/10.1038/s41598-020-67117-z
https://10.1039/C7NR06794A
https://doi.org/10.1039/c7nr06794a

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

ology 2017;24:1205-1215.e3. https://doi.org/10.1016/j.chembiol.2
017.07.014

Hackett MJ, Ellison G, Hollings A et al. A spectroscopic picture
paints 1000 words” mapping iron speciation in brain tissue with
“full spectrum per pixel” X-ray absorption near-edge structure
spectroscopy. Clinical Spectroscopy 2021;3:100017. https://doi.org/
10.1016/j.clispe.2021.100017

Etschmann BE, Donner E, Brugger J et al. Speciation mapping
of environmental samples using XANES imaging. Environ Chem
2014;11:341-50. https://doi.org/10.1071/En13189

Pickering IJ, Sneeden EY, Prince RC et al. Localizing the chemical
forms of sulfur in vivo using X-ray fluorescence spectroscopic
imaging: application to onion (Allium cepa) tissues. Biochemistry
2009;48:6846-53. https://doi.org/10.1021/bi900368x

Hackett MJ, Paterson PG, Pickering IJ et al. Imaging taurine in the
central nervous system using chemically specific x-ray fluores-
cence imaging at the sulfur k-edge. Anal. Chem. 2016;88:10916—
24. https://doi.org/10.1021/acs.analchem.6b02298
Clark-Baldwin K, Tierney DL, Govindaswamy N et al. The
limitations of X-ray absorption spectroscopy for determining
the structure of zinc sites in proteins. When is a tetrathio-
late not a tetrathiolate? Journal of the American Chemical Society
1998;120:8401-9. https://doi.org/DOI.10.1021/j29805800.

Salt DE, Prince RC, Baker AJM et al. Zinc ligands in the metal
hyperaccumulator as determined using X-ray absorption spec-
troscopy. Environ. Sci. Technol. 1999;33:713-7. https://doi.org/DOL
10.1021/es980825x

Doolette CL, Read TL, Li C et al. Foliar application of zinc sul-
phate and zinc EDTA to wheat leaves: differences in mobility,
distribution, and speciation. J. Exp. Bot. 2018;69:4469-81. https:
//doi.org/10.1093/jxb/ery236

Kopittke PM, Menzies NW, de Jonge MD et al. In situ distribution
and speciation of toxic copper, nickel, and zinc in hydrated roots
of cowpea. Plant Physiol 2011;156:663-73. https://doi.org/10.110
4/pp.111.173716

Mishra B, McDonald LM, Roy M et al. Uptake and speciation of
zinc in edible plants grown in smelter contaminated soils. PLoS
One 2020;15:e0226180. https://doi.org/10.1371/journal.pone.022
6180

Thomas SA, Mishra B, Myneni SCB. High energy resolution-x-ray
absorption near edge structure spectroscopy reveals zn ligation
in whole cell bacteria. J. Phys. Chem. Lett. 2019;10:2585-92. https:
//doi.org/10.1021/acs.jpclett.9b01186

Wellenreuther G, Cianci M, Tucoulou R et al. The ligand envi-
ronment of zinc stored in vesicles. Biochem Biophys Res Commun
2009;380:198-203. https://doi.org/10.1016/j.bbrc.2009.01.074
Hollings AL, Lam V, Takechi R et al. Revealing differences in the
chemical form of zinc in brain tissue using K-edge X-ray absorp-
tion near-edge structure spectroscopy. Metallomics 2020;12:2134-
44 https://doi.org/10.1039/d0mt00198h

Wang P, Menzies NW, Lombi E et al. Fate of ZnO nanoparti-
cles in soils and cowpea (Vigna unguiculata). Environ. Sci. Technol.
2013;47:13822-30. https://doi.org/10.1021/es403466p

Hackett MJ, McQuillan JA, El-Assaad F et al. Chemical alterations
to murine brain tissue induced by formalin fixation: implica-
tions for biospectroscopic imaging and mapping studies of dis-
ease pathogenesis. Analyst 2011;136:2941-52. https://doi.org/10
.1039/c0an00269k

Chwiej ], Szczerbowska-Boruchowska M, Lankosz M et al. Prepa-
ration of tissue samples for X-ray fluorescence microscopy. Spec-
trochim Acta, Part B 2005;60:1531-7. https://doi.org/10.1016/j.sab.
2005.10.002

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Imaging zinc speciation in the mouse hippocampus | 13

Hackett MJ, Britz CJ, Nichol H et al. In situ bio-spectroscopic
investigation of rapid ischemic and post-mortem induced bio-
chemical alterations in the rat brain. ACS Chem. Neurosci. 2015;6,
226-38. https://doi.org/10.1021/cn500157j

Pushie MJJ, Hollings A, Reinhardt ] et al. Sample preparation with
sucrose cryoprotection dramatically alters Zn distribution in the
rodent hippocampus, as revealed by elemental mapping. J. Anal.
At. Spectrom. 2020; https://doi.org/10.1039/D0JA00323A

Kappen P, Ruben G. A tool for pre-processing multi-element fluores-
cence datahttps://www.ansto.gov.au/user-access/instruments/a
ustralian-synchrotron-beamlines/x-ray-absorption-spectrosc
opy/sakura( accessed.

George GN, Pickering IJ. EXAFSPAK: a suite of computer pro-
grams for analysis of X-ray absorption spectra. http://ssrl.slac.st
anford.edu/exafspak.html. 1995. Date accessed 1 June 2023.
Newville M. Larch: an analysis package for XAFS and related
spectroscopies. In J Phys Conf Ser 2013; IOP Publishing: Vol. 430,
p012007.

Newville M, Livins P, Yacoby Y et al. Near-edge x-ray-absorption
fine structure of Pb: a comparison of theory and experiment.
Phys. Rev. B 1993;47:14126-31. https://doi.org/10.1103/physrevb
47.14126

Howard DL, de Jonge MD, Afshar N et al. The XFM beamline at the
australian synchrotron. ] Synchrotron Rad 2020;27:1447-58. https:
//doi.org/10.1107/51600577520010152

Ryan C, Siddons D, Kirkham R et al. MAIA X-ray fluorescence
imaging: capturing detail in complex natural samples. J Phys
Conf Ser 2014;499:012002.

Hackett MJ, Hollings A, Caine S et al. Elemental characterisation
of the pyramidal neuron layer within the rat and mouse hip-
pocampus. Metallomics 2019;11:151-65, https://doi.org/10.1039/
C8MT00230D. https://doi.org/10.1039/c8mt00230d

Lins BR, Pushie JM, Jones M et al. Mapping alterations to the en-
dogenous elemental distribution within the lateral ventricles
and choroid plexus in brain disorders using x-ray fluorescence
imaging. PLoS One 2016;11:e0158152. https://doi.org/10.1371/jo
urnal.pone.0158152

Summers KL, Fimognari N, Hollings A et al. A multimodal
spectroscopic imaging method to characterize the metal and
macromolecular content of proteinaceous aggregates (“amyloid
plaques”). Biochemistry 2017;56:4107-16. https://doi.org/10.1021/
acs.biochem.7b00262

Lerotic M, Mak R, Wirick S et al. MANTIS: a program for
the analysis of X-ray spectromicroscopy data. J Synchrotron
Rad 2014;21:1206-12. https://doi.org/10.1107/S160057751401396
4

Lerotic M, Jacobsen C, Schafer T et al. Cluster analysis of soft X-
ray spectromicroscopy data. Ultramicroscopy 2004;100:35-57. ht
tps://doi.org/10.1016/j.ultramic.2004.01.008

Abrahams IL, Bremner [, Diakun GP et al. Structural study of the
copper and zinc sites in metallothioneins by using extended X-
ray-absorption fine structure. Biochem J 1986;236:585-9. https://
doi.org/10.1042/bj2360585

Jiang D, Heald SM, Sham T et al. Structures of the cadmium, mer-
cury, and zinc thiolate clusters in metallothionein: XAFS study
of Zn7-MT, Cd7-MT, Hg7-MT, and Hgl8-MT formed from rab-
bit liver metallothionein 2. J. Am. Chem. Soc. 1994;116:11004-13.
https://doi.org/10.1021/j200103a016

Gui Z, Green AR, Kasrai M et al. Sulfur K-Edge EXAFS studies
of Cadmium-, Zinc-, Copper-, and Silver-Rabbit liver metalloth-
ioneins. Inorg. Chem. 1996;35:6520-9. https://doi.org/10.1021/ic95
1624m


https://doi.org/10.1016/j.chembiol.2017.07.014
https://doi.org/10.1016/j.clispe.2021.100017
https://doi.org/10.1071/En13189
https://doi.org/10.1021/bi900368x
https://doi.org/10.1021/acs.analchem.6b02298
https://doi.org/DOI.10.1021/ja980580
https://doi.org/DOI.10.1021/es980825x
https://doi.org/10.1093/jxb/ery236
https://doi.org/10.1104/pp.111.173716
https://doi.org/10.1371/journal.pone.0226180
https://doi.org/10.1021/acs.jpclett.9b01186
https://doi.org/10.1016/j.bbrc.2009.01.074
https://doi.org/10.1039/d0mt00198h
https://doi.org/10.1021/es403466p
https://doi.org/10.1039/c0an00269k
https://doi.org/10.1016/j.sab.2005.10.002
https://doi.org/10.1021/cn500157j
https://10.1039/D0JA00323A
https://doi.org/10.1039/D0JA00323A
https://www.ansto.gov.au/user-access/instruments/australian-synchrotron-beamlines/x-ray-absorption-spectroscopy/sakura
http://ssrl.slac.stanford.edu/exafspak.html
https://doi.org/10.1103/physrevb.47.14126
https://doi.org/10.1107/S1600577520010152
https://doi.org/10.1039/C8MT00230D
https://doi.org/10.1039/c8mt00230d
https://doi.org/10.1371/journal.pone.0158152
https://doi.org/10.1021/acs.biochem.7b00262
https://doi.org/10.1107/S1600577514013964
https://doi.org/10.1016/j.ultramic.2004.01.008
https://doi.org/10.1042/bj2360585
https://doi.org/10.1021/ja00103a016
https://doi.org/10.1021/ic951624m

14

88.

89.

90.

91.

92.

| Hollings et al.

Robison G, Zakharova T, Fu S et al. X-ray fluorescence imag-
ing of the hippocampal formation after manganese exposure.
Metallomics 2013;5:1554-65. https://doi.org/10.1039/c3mt00133d
Maret W. The function of zinc metallothionein: a link between
cellular zinc and redox state. ] Nutr 2000;130:1455S5-8S. https:
//doi.org/10.1093/jn/130.5.1455S

MacDonald A, Lu B, Caron M et al. Single cell transcriptomics
of ependymal cells across age, region and species reveals cilia-
related and metal ion regulatory roles as major conserved
ependymal cell functions. Front. Cell. Neurosci. 2021;15:703951.
https://doi.org/10.3389/fncel.2021.703951

Mamsa SSA, Ellison G, Koehn ] et al. Correlative analysis of
metallomic gene expression and metal ion content within the
mouse hippocampus. Metallomics 2025;17,: https://doi.org/10.1
093/mtomcs/mfaf009

Nakashima AS, Dyck RH. Zinc and cortical plasticity. Brain Res
Rev 2009;59:347-73. https://doi.org/10.1016/j.brainresrev.2008.1
0.003

93.

94.

95.

96.

97.

Outten CE, O’'Halloran TV. Femtomolar sensitivity of met-
alloregulatory proteins controlling zinc homeostasis. Science
2001;292:2488-92. https://doi.org/10.1126/science.1060331
Palmiter RD, Cole TB, Quaife CJ et al. ZnT-3, a putative trans-
porter of zinc into synaptic vesicles. Proc. Natl. Acad. Sci. U.S.A.
1996;93:14934-9. https://doi.org/10.1073/pnas.93.25.14934

Arus D, Dancs A, Nagy NV et al. A comparative study on the
possible zinc binding sites of the human ZnT3 zinc transporter
protein. Dalton Trans 2013;42:12031-40, https://doi.org/10.1039/
C3DT50754H. https://doi.org/10.1039/c3dt50754h

Ohana E, Hoch E, Keasar C et al. Identification of the Zn2+ bind-
ing site and mode of operation of a mammalian Zn2+ trans-
porter. J Biol Chem 2009;284:17677-86. https://doi.org/10.1074/jb
c.M109.007203

Hoch E, Lin W, Chai J et al. Histidine pairing at the metal trans-
port site of mammalian ZnT transporters controls Zn2+ over
Cd2+ selectivity. Proc. Natl. Acad. Sci. U.S.A. 2012;109:7202-7.
https://doi.org/10.1073/pnas.1200362109

Received: October 1, 2025. Accepted: December 1, 2025
© The Author(s) 2026. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License

(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly
cited.


https://doi.org/10.1039/c3mt00133d
https://doi.org/10.1093/jn/130.5.1455S
https://doi.org/10.3389/fncel.2021.703951
https://doi.org/10.1093/mtomcs/mfaf009
https://doi.org/10.1016/j.brainresrev.2008.10.003
https://doi.org/10.1126/science.1060331
https://doi.org/10.1073/pnas.93.25.14934
https://doi.org/10.1039/C3DT50754
https://doi.org/10.1039/c3dt50754h
https://doi.org/10.1074/jbc.M109.007203
https://doi.org/10.1073/pnas.1200362109
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Results and discussion
	Conclusions
	Acknowledgements
	Supplementary material
	Conflicts of interest
	Funding
	Data availability 
	References

