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Diffusible ions (Na+, K+, Mg2+, Ca2+, Cl−) are vital for healthy function of all
cells, especially brain cells. Unfortunately, the diffusible nature of these ions renders
them difficult to study with traditional microscopy in situ within ex vivo brain tissue
sections. This mini-review examines the recent progress in the field, using direct
elemental mapping techniques to study ion homeostasis during normal brain physiology
and pathophysiology, through measurement of ion distribution and concentration in
ex vivo brain tissue sections. The mini-review examines the advantages and limitations
of specific techniques: proton induced X-ray emission (PIXE), X-ray fluorescence
microscopy (XFM), secondary ion mass spectrometry (SIMS), laser-ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), and the sample preparation
requirements to study diffusible ions with these methods.

Keywords: ischemia, metabolism, imaging, XFM, SIMS, LA-ICP-MS, PIXE, microprobe

INTRODUCTION

The cations of alkali (Na+, K+) and alkaline (Mg2+, Ca2+) earth metals, in addition to anions
such as Cl−, are essential to cell physiology. Cell membrane potential for example, is maintained
by ion pumps that carefully control intra-cellular and extra-cellular concentrations of Na+, K+,
Mg2+, Ca2+, and Cl− (Hansen and Zeuthen, 1981; Hansen, 1985). In addition, cell volume is
regulated by osmotic pressure, for which tightly controlled intra-cellular and extra-cellular ion
concentrations are essential (Hansen and Zeuthen, 1981; Hansen, 1985; Stys, 1998; Malek et al.,
2003). In the brain, glial cells constantly monitor and adjust extra-cellular ion concentrations in
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order to maintain cell membrane potential and osmotic pressure
(Simard and Nedergaard, 2004; Abbott et al., 2006). Glia can
regulate extra-cellular ion concentration through their control
of influx or efflux of ions across the blood-brain barrier or
ventricle-brain barrier (Walz, 1989; Simard and Nedergaard,
2004; Abbott et al., 2006; Mack and Wolburg, 2013). Dysfunction
of barrier capacity can therefore, lead to ion dysregulation (Walz,
1989; Simard and Nedergaard, 2004; Abbott et al., 2006; Mack
and Wolburg, 2013). Detection of altered ion homeostasis is
thus, an important marker of cell health and cell physiology,
can be diagnostic of pathological conditions (e.g., ischemia,
cell depolarization), and could be used to monitor therapeutic
efficacy of strategies designed to restore homeostasis.

Diffusible ions also perform specialized functions in brain
nerve cells, e.g., neurotransmission. The diffusible nature of
the aforementioned ions (Na+, K+, Mg2+, Ca2+, Cl−) enables
communication along nerve cells in the form of electrical
currents (action potentials). The brain has evolved to use
a number of neurotransmitter systems (e.g., acetylcholine,
glutamate, GABA), upon which neurotransmitter-to-receptor
binding opens ion channels in cell membranes. The opening of
ion channels results in rapid diffusion of ions across the intra-
cellular/extra-cellular concentration gradient, thus generating an
action potential. Elegant approaches have been developed to
study electrical impulses generated by ion influxes during neuron
and glial signaling (e.g., electrophysiology), or to directly image
changes in specific ionic gradients in vitro (e.g., intra-cellular
Ca2+ sensitive fluorescence sensors in living organotypical
tissue slice models, or in vivo through cranial windows).
Direct measurement of ionic homeostasis within tissues, in
animal models of brain injury or pathology has been more
difficult to achieve.

Much of our knowledge on the role of ions in brain function
has come from: observational studies on the effect of ion
deprivation or ion overload in cell or tissue culture models;
genetic modification of ion channels and observation of the
effects on cell function; or bulk elemental analysis of cells, or
fluids (e.g., ion selective electrodes or micro-dialysis of extra-
cellular fluid) following perturbation of brain physiology, often
achieved with agonist or antagonists that activate or deactivate
ion channels or receptors. Ion homeostasis can be directly
monitored in vivo using NMR e.g., 35Cl and 23Na (Veniero and
Gupta, 1992; Bachelard and Badar-Goffer, 1993; Niesporek et al.,
2017), but spatial resolution is limited with typical voxel sizes on
the order of hundreds of microns. Only recently, however, have
sophisticated elemental mapping techniques become available
to directly study ion distributions in tissues. This work is now
yielding important new insight into the pathophysiology of
brain damage and neurodegenerative disease. Direct elemental
mapping techniques include X-ray Fluorescence Microscopy
(XFM), Proton Induced X-ray Emission (PIXE), Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS),
and Secondary Ion Mass Spectrometry (SIMS). These techniques
(shown schematically in Figure 1), have enabled neuroscientists
to directly study the distribution of Na+, K+, Mg2+, Ca2+,
and Cl−, in situ within ex vivo tissue sections at cellular and
sub-cellular spatial resolution, in conditions such as traumatic

brain injury (Chwiej et al., 2011; Lozić et al., 2014), ischemic
stroke (Caine et al., 2016; Pushie et al., 2018), hemorrhagic stroke
(Hackett et al., 2015b; Williamson et al., 2016), schizophrenia
(Lins et al., 2016), and epilepsy (Inamura et al., 1990; Ren et al.,
1999; Chwiej et al., 2008; Chwiej et al., 2012a), to name a few
(Figure 2). This mini-review highlights the recent applications
of XFM, PIXE, LA-ICP-MS, and SIMS, to study the role of ions
in healthy brain function and during disease or injury. Specific
considerations for sample preparation will be discussed, and
although detailed theory behind the analytical techniques and
instrumentations are beyond the scope of this mini-review, we
hope the citations contained herein will serve as a valuable guide.

DISCUSSION

Sample Preparation
Sample preparation is an important consideration for ex vivo
imaging, including all the analytical methods described in this
article. Practically, it is impossible for ex vivo analysis to
completely reproduce the in vivo condition. The overarching
aim of sample preparation for ex vivo analyses should therefore,
be to best preserve the in vivo chemical composition and
distribution. In some cases, where substantive changes in
chemical composition or distribution may occur, analyses may
still be valid if the results from ex vivo analysis are at least
proportional to the in vivo condition. These considerations are
especially important for ex vivo analyses of concentration and
distribution of diffusible ions, which are easily re-distributed
or leached from the sample by aqueous reagents used during
perfusion or chemical fixation (Chwiej et al., 2005; Hackett et al.,
2011a). Another consideration, when using animal models, is
the post-mortem interval. The time and temperature between
animal euthanasia or spontaneous death and tissue harvest may
be a critical consideration in light of the ischemic conditions
and metabolic alterations that occur in brain tissue following
cessation of blood flow (Shank and Aprison, 1971; Petroff
et al., 1988; Hackett et al., 2015a). Likewise, the choice of
anesthetic can have an impact on neuron activity, affecting brain
metabolism and potentially ionic gradients (Makaryus et al.,
2011). Further, the response to anesthesia, in addition to autolytic
processes that occur after cell death should not be assumed to be
consistent between healthy or control experimental groups and
various disease states.

Most studies in this field advocate for the use of flash-frozen
brain tissue when studying diffusible ions, avoiding the use of
perfusion or chemical fixatives (Chwiej et al., 2005; Matsuyama
et al., 2010; Hackett et al., 2011a; Perrin et al., 2015; Jin et al.,
2017). The time-period over which the tissue freezes is an
important consideration as damage due to ice-crystal formation
may be significant, thus altering the level of cellular or sub-
cellular detail that can be preserved in the sample. Generally,
rapid flash freezing in liquid nitrogen-cooled isopentane will
achieve faster freezing and therefore better tissue preservation
compared with liquid nitrogen alone, or freezing on dry ice. For
the most immediate cessation of brain biochemistry following
animal death, in situ brain freezing or decapitation into liquid
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FIGURE 1 | Graphical Representation of apparatus for elemental mapping using: PIXE (A), XFM (B), LA-ICP-MS (C), and Nano-SIMS (D), highlighting major
advantages and limitations of each method. ∗Recent developments in LA-ICP-MS now enable capability for lateral resolutions ranging from 200 nm to 2 µm.

FIGURE 2 | (A) XFM elemental mapping of ion homeostasis after ischemic stroke. Clockwise from top left: Schematic of brain regions affected by stroke; H&E
histology of brain tissue 24 h after ischemic stroke; relative concentration and scale bar; Ca influx is observed 24 h after ischemic stroke; K efflux is after ischemic
stroke; Cl influx is observed after ischemic stroke. (B) XFM elemental mapping of Cl and K distribution after hemorrhagic stroke: top panel shows Cl influx around
swollen lateral ventricles; bottom panel shows K efflux. Scale bar = 1 mm. (C) PIXE elemental mapping of K distribution in 10 µm thick sections of mouse
cerebellum, showing optical bright field image of unstained tissue (left), PIXE elemental map for K determined with a H+ source (center), and PIXE elemental map for
K determined with a C4+ source (right). Scale bar = 500 µm. (D) Nano-SIMS imaging of Ca microdomains in optic nerve tissue. Left panel shows Ca microdomains
(green) in control optic nerve, right panel shows Ca microdomains after nerve injury. Scale bar = 10 µm. Figures adapted with permission from references X (A), Y (B),
Z (C). (A) Reprinted with permission from Chwiej et al. (2011) Copyright 2018 American Chemical Society. (B) Reproduced with permission from Williamson et al.
(2016). (C) Reprinted from Lee et al. (2013) with permission from Elsevier. (D) Reproduced from Niesporek et al. (2017) permission of The Royal Society of Chemistry.

nitrogen is essential, as ischemic and autolytic processes occur
to a greater extent in the time period during brain removal
and tissue dissection (Lust et al., 1973; Veech et al., 1973;
Hackett et al., 2015a). If the former approach is used, the frozen
brain tissue must be extracted from the frozen animal skull,
which is typically achieved by chiseling out the brain at dry
ice temperatures (Lust et al., 1973; Veech et al., 1973; Hackett
et al., 2015a). Such a procedure, although offering more optimal
preservation of brain biochemistry is considerably more time
consuming, and the choice between the methods should be

made with consideration of the specific experimental aims and
expected outcomes.

Prior to imaging analyses, cryo-sections are typically cut at
a temperature of −15 to −25◦C, and typical section thickness
is 1–50 µm. To achieve sub-cellular resolution imaging section
thickness of <5 µm is often necessary (Hackett et al., 2016),
with cellular detail well preserved in sections 5–20 µm thick
(Chwiej et al., 2008, 2011, 2012a,b; Hackett et al., 2015b; Caine
et al., 2016; Lins et al., 2016; Williamson et al., 2016). Sections
50 µm or thicker are more suitable for regional or sub-regional

Frontiers in Neuroscience | www.frontiersin.org 3 January 2020 | Volume 13 | Article 1415

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01415 January 16, 2020 Time: 16:5 # 4

Hartnell et al. Imaging Ions in Brain Tissue

analyses (Popescu et al., 2009; Pushie et al., 2011). Tissue sections
are often analyzed dehydrated (air-dried or freeze-dried) (Chwiej
et al., 2008, 2011, 2012a,b; Hackett et al., 2015b; Caine et al.,
2016; Lins et al., 2016; Williamson et al., 2016), however it
has been shown that analyses of frozen samples that do not
thaw at any point during sample preparation is required to best
preserve sub-cellular elemental distribution on the sub-micron
scale (Matsuyama et al., 2010; Roudeau et al., 2014).

Applications of PIXE to Study Brain Ion
Homeostasis
Excellent descriptions of the theory and application of Proton (or
particle) induced X-ray emission (PIXE) to elemental mapping
are contained within numerous reviews. Although detailed
explanation of the technique is beyond the scope this mini-
review, in brief: PIXE arises from ionization of an atom through
ejection of a core electron (e.g., 1s) to yield a core-hole. The
core-hole is subsequently filled via relaxation of an outer shell
electron, which releases an X-ray with an energy characteristic
of the relaxation process involved. The energy of the emitted
X-ray photon, therefore, is proportional to the stabilization
energy gained when an outer shell electron fills the inner core-
hole. This process fundamentally differs from X-ray fluorescence
microscopy (XFM, discussed in next section) as the core hole
is generated by an ion beam as opposed to an incident photon
(X-ray) absorption. This underlying difference gives rise to an
inherent relative increase in sensitivity of PIXE measurements
relative to XFM, for detection of lighter elements, such as
diffusible ions (Na+, K+, Mg2+, Ca2+, and Cl−) (Lindh, 1990).
Unfortunately, the rapidly decelerating ion beam also produces
a substantial background signal, also known as Bremsstrahlung
radiation, which can complicate quantitative analyses (Ryan,
2000; Ryan et al., 2002; Lee et al., 2013). The spatial resolution
obtainable with PIXE is largely limited by repulsive forces
associated with focusing an ion beam, and therefore is not capable
of the same level of spatial resolution as XFM. Spatial resolution
for PIXE is typically on the order of microns (1–50 µm), as
reviewed by others (Paunesku et al., 2006; Petibois and Guidi,
2008; Qin et al., 2011; Pushie et al., 2014). Therefore, while PIXE
does not offer the same spatial resolution or detection limits
as can be achieved with XFM for routine experiments (Petibois
and Guidi, 2008; Qin et al., 2011), PIXE is well suited to detect
ions at the concentrations found during normal and abnormal
physiological conditions within the brain (Kemp and Danscher,
1979; Ren et al., 1999; Hackett et al., 2011b; Lee et al., 2013).
PIXE has made important contributions to our understanding
of ion dyshomeostasis within hippocampal neurons suffering
excitotoxicity. Specifically, PIXE was used to reveal Ca2+

accumulation and K+ efflux within hippocampal neuronal layers
following membrane depolarization in conditions such as brain
ischemia (Martins et al., 1988; Tsuda et al., 1989), and epilepsy
(Inamura et al., 1990; Ren et al., 1999). Indeed, direct elemental
mapping measurements made using PIXE were critical to validate
the excitotoxicity and mitochondrial Ca2+ overload hypothesis
that were proposed to drive selective neurodegeneration
that occurs 1–3 days following brain ischemia and epilepsy

(Martins et al., 1988; Siesjö and Bengtsson, 1989). Interestingly,
although PIXE offers capability to detect lighter ions such as Na+
and Mg2+, this has been rarely reported for brain tissue however,
application to other biological questions/systems e.g., Na+ and
Mg2+ in erythrocytes of children suffering cystic fibrosis, has
occurred (Lindh, 1990).

Applications of XFM to Study Brain Ion
Homeostasis
In contrast to PIXE, XFM is dependent on the creation of a core
hole through absorption of an X-ray photon, which promotes a
core electron to an unoccupied orbital (resonant absorption) or
the continuum (ionization). Detailed reviews on the theory and
instrumentation of XFM for elemental mapping are found within
the references below. The diffraction-limited spatial resolution
that can be achieved with the short wavelength of X-rays used
for XFM is on the nano scale, but this is rarely achieved (see
following review articles for further details) (Paunesku et al.,
2006; Petibois and Guidi, 2008; Qin et al., 2011; Pushie et al.,
2014). Typical optical components for XFM experiments provide
spatial resolution on the order of 10–100 µm (using a capillary or
pin hole), ∼1–2 µm (with Kirkpatrick-Baez mirrors), or ∼100–
200 nm (Frenzyl zone plates) (Paunesku et al., 2006; Petibois and
Guidi, 2008; Qin et al., 2011; Pushie et al., 2014). This range of
XFM optical configurations is well suited to monitor elemental
distribution at the tissue or tissue sub-region level (capillary
or pin hole), cellular level (Kirkpatrick-Baez mirrors), and sub-
cellular level (Frenzyl zone plate) (Paunesku et al., 2006; Petibois
and Guidi, 2008; Qin et al., 2011; Pushie et al., 2014).

Emitted X-ray fluorescence from diffusible ions (Na+, K+,
Mg2+, Ca2+, and Cl−) occurs over the energy range 1000–
3000 eV and photons in this relatively low-energy range impose
technical limitations for both PIXE and XFM measurements. The
Be window on energy dispersive X-ray detectors, such as Si drift
detectors absorb much of the emitted X-ray fluorescence across
this energy range. Further, Ar(g), which composes ∼0.93% of
air, as well as the variable amount of water vapor (humidity)
and sample-to-detector pathlength will all attenuate much of the
emitted X-ray fluorescence signal at these low energies (Pushie
et al., 2014). Due to these challenges the use of vacuum or He(g)-
filled sample environments for PIXE and XFM experiments
may be required (Lins et al., 2016). Although this adds to
the complexity of the experimental setup, added considerations
for accommodating instrumentation, vacuum or He sample
environments can be accommodated on most PIXE or XFM
experimental end-stations. In practice, analysis of Cl−, K+, Ca2+

is routinely achieved on XFM and PIXE instrumentation (Chwiej
et al., 2008, 2011, 2012a,b; Hackett et al., 2011b, 2015b; Caine
et al., 2016; Lins et al., 2016; Pushie et al., 2018). Imaging Na+
and Mg2+ present significant challenges that cannot be overcome
for XFM measurements on biological specimens, including poor
penetration/escape depth for the X-ray fluorescence signal arising
from the sample as well as relatively poor fluorescence yields
compared with heavier elements.

Both XFM and PIXE techniques offer simultaneous elemental
detection, which has provided the capability to quantify multiple
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ion types in brain tissue. Recently, XFM has been extensively
applied to characterize alterations in ion homeostasis (K+, Ca2+,
Cl−) that occur in experimental rodent models of ischemic stroke
(Caine et al., 2016; Pushie et al., 2018) and hemorrhagic stroke
(Hackett et al., 2015b; Williamson et al., 2016). Specifically, it
has recently been shown that the loss of K+ from neurological
tissue and the large influx of Cl− and Ca2+ can be used to
differentiate between the ischemic infarct (containing dead or
dying brain tissue that has undergone irreparable metabolic
changes), the ischemic penumbra (tissue that can potentially be
rescued), and healthy tissue, following stroke (Figure 2A; Caine
et al., 2016; Pushie et al., 2018). One of the ongoing challenges
in the stroke community has been identification of the size and
location of “penumbra” tissue after ischemic stroke (Figure 2A)
or peri-hematoma zone after hemorrhagic strok (Figure 2B).
Penumbra (or peri-hematoma) tissue contains neurons that
although partially affected by the stroke, are recoverable (i.e., not
dead tissue or cells destined to die). The stroke field continues
to seek agents or approaches that will reduce cell death in the
penumbra (or peri-hematoma zone) after stroke to minimize the
delayed loss of brain function that occurs in stroke survivors.
Thus, the capability to accurately identify the stroke penumbra
based on ionic homeostasis is expected to find growing use in
this research field.

Epilepsy shares several similarities with stroke pathology;
specifically, over-excitation of neurons (excitotoxicity) is a key
driver of cell damage during seizures or after ischemic stroke.
Ca2+ overload and intracellular Ca2+ accumulation is an
important marker of excitotoxicity. Chwiej and colleagues have
applied XFM to characterize Ca2+ accumulation in hippocampal
sub regions (e.g., CA3 mossy fibers) following epileptic seizures
in rodent models (Chwiej et al., 2008; Chwiej et al., 2012a,b), and
after therapeutic intervention (Chwiej et al., 2010).

In contrast to stroke and epilepsy, very little
neurodegeneration, if any, is observed in schizophrenia. Rather,
the condition appears to arise from altered neuron connections,
changes to white matter and disturbed cellular signaling. Altered
ionic homeostasis is observed clinically in human schizophrenia,
which includes calcifications within brain ventricles (Bersani
et al., 1999; Marinescu et al., 2013). Recently, XFM has been used
to identify micro-calcifications in a rodent model of maternal
inflammation, a key risk factor for schizophrenia (Lins et al.,
2016). In addition to micro-calcifications, the study observed
elevated Cl− levels in brain parenchyma surrounding the lateral
ventricles (Lins et al., 2016). The finding provides evidence
of a direct link through which neurotransmitter imbalances
(namely serotonin) may alter neuronal communication along an
axis of disturbed ion homeostasis, which is now being studied
in greater detail.

Applications of LA-ICP-MS to Study
Brain Ion Homeostasis
Mass spectrometry offers an inherent advantage to detect lighter
ions such as Na+ and Mg2+, relative to PIXE and XFM, as
the spectrometric detection concerns mass to charge ratios, not
photon energy. Therefore, the low energy of X-ray emission

from lighter elements that is a limitation for PIXE and XFM
measurements, is irrelevant for mass spectrometric methods
(e.g., LA-ICP-MS and SIMS). The most widely used application
of mass spectrometry for elemental mapping is laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS)
(Jurowski et al., 2013; Becker et al., 2014; Paul et al., 2015).
The spatial resolution of LA-ICP-MS is defined by the ablative
area of the focused laser (typically 10–200 µm) (McRae et al.,
2009), which is generally an order of magnitude or more poorer
than X-ray techniques (Petibois and Guidi, 2008; McRae et al.,
2009; Qin et al., 2011; Becker et al., 2014). Thus, while XFM
can be readily used to study diffusible ions at the cellular and
sub-cellular level, LA-ICP-MS is generally limited to analyses
across different tissue regions or tissue sub-regions, but rarely
single cells (Becker et al., 2014; Paul et al., 2015). However,
recent developments in the LA-ICP-MS field have enabled lateral
resolutions of 200 nm – 2 µm to be obtained, which is expected to
open greater opportunities for sub-cellular LA-ICP-MS (McRae
et al., 2009; Zoriy and Becker, 2009; Pozebon et al., 2017;
Löhr et al., 2018).

Although suitable to the study of diffusible ions, LA-
ICP-MS has mainly found widespread use in the study of
transition metals in brain tissues (Pozebon et al., 2010; Becker
et al., 2014; Paul et al., 2015). This is likely due, in part,
to the choice of sample preparation. Typically, brain tissue
for LA-ICP-MS measurements has been cryo-protected by
first soaking the tissue in a concentrated sucrose solution
to avoid tissue damage during subsequent freezing (Paul
et al., 2015; Bishop et al., 2018). This is often done to
enable multi-modal elemental mapping, histology, and immuno-
histochemical characterization of adjacent tissue sections from
the same specimen (Paul et al., 2015; Bishop et al., 2018).
Unfortunately, such preparations contribute to leaching away
or redistributing the majority of diffusible ions from brain
tissue, as already discussed (Chwiej et al., 2005; Hackett et al.,
2011a). With increased awareness of the sample preparation
constraints required to preserve ion concentrations and their
distribution in brain tissue, LA-ICP-MS can be expected to
gain increasing application in this field. Progress has been
made in this respect, with development of laser ablation of
frozen-hydrated tissues at cryogenic temperatures, one avenue
to negate sample preparation induced elemental redistribution
(Feldmann et al., 2002; McRae et al., 2009). Furthermore, the
capability of LA-ICP-MS to differentiate between stable isotopes
opens possibilities for dose-trace studies, which have immense
potential for investigating brain physiology following injury
or during disease.

Applications of Nano-SIMS to Study
Brain Ion Homeostasis
Similar to LA-ICP-MS, nanoscale secondary ion mass
spectrometry (nano-SIMS) offers the analytical advantages
associated with mass spectrometry – excellent detection limits
and sensitivity to light elements (e.g., Na+, Mg2+, K+, Ca2+,
and Cl−) (Chandra et al., 2000, 2016; Kim et al., 2008; Jiang
et al., 2016). Compared with LA-ICP-MS (and PIXE and XFM),
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nano-SIMS also offer the opportunity to collect elemental maps
at high spatial resolution (down to 50 nm), in combination
with high elemental sensitivity (mg kg−1), and can detect both
the lighter elements as well as most of the heavier elements
(Chandra et al., 2000; Chandra et al., 2016; Jiang et al., 2016).
Nano-SIMS uses a focused ion beam (predominantly Cs+ or
O−) to scan the sample surface to generate secondary ions for
detection, and it routinely achieves elemental mapping to spatial
resolution of 50–100 nm (Chandra et al., 2000; Lozić et al.,
2014; Chandra et al., 2016). Unfortunately, measurement times
are relatively long and only a small field of view can be imaged
(50 × 50 µm2). In this respect, nano-SIMS complements LA-
ICP-MS, with the latter being used for survey scans of larger
areas, while the former can be used to probe sub-cellular details.
The preservation of distributions of diffusible ions also represents
a challenge for nano-SIMS analysis due to its requirement to
preserve distributions of diffusible ions at nanoscale. As analysis
must be conducted in an ultra-high vacuum, high-pressure
freezing is often utilized to rapidly freeze a small volume of
tissue, followed by freeze substitution and resin infiltration at low
temperatures (e.g.,−50◦C) to enable nano-SIMS analysis of these
diffusible ions (Lozić et al., 2014). The sensitivity of nano-SIMS to
lighter elements has leant the technique to investigations of sub-
cellular distributions of diffusible ions such as Mg2+ and Ca2+

in the CNS, in a range of studies that include ischemia (Kim
et al., 2008), traumatic injury (Figure 2C; Lozić et al., 2014), and
metabolic alterations associated with proliferating brain cancer
(Chandra et al., 2000; Chandra et al., 2016). Nano-SIMS detection
of diffusible ions together with lanthanide metals conjugated
to antibodies can also enable comparisons in immuno-labeling
between multiple cellular sub-populations and structures (Giacci
et al., 2018), associated with alterations in ionic homeostasis.
This latter capability can also be achieved with LA-ICP-MS, and
the two techniques together provide the ability to cover the
range from sub-cellular (nano-SIMS) to large scale tissue imaging
(LA-ICP-MS) (Bishop et al., 2018).

CONCLUSION

Although direct elemental mapping techniques have been most
readily applied to study transition and heavy metal ions within
the CNS, with careful selection of sample preparation protocols

they are also well suited to study diffusible ions (Na+, Mg2+, Cl−,
K+, Ca2+), in situ, in ex vivo tissue sections. Such capability is
much needed, due to the important roles such ions play in healthy
brain physiology and pathophysiology. The unique advantages
and limitations of the various elemental mapping techniques
(PIXE, XFM, LA-ICP-MS, nano-SIMS) can be leveraged during
experimental design, to develop strategies most suited to target
lighter ions (e.g., Na+ and Mg2+) or heavier ions (Cl−, K+,
Ca2+), and for analyses at sub-cellular, or cellular spatial
resolution. It is anticipated that increased awareness of these
capabilities to study diffusible ions will see further integration
of these methods into the “routine-toolbox” available for the
modern neuroscientists.
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Lozić, I., Bartlett, C. A., Shaw, J. A., Iyer, K. S., Dunlop, S. A., Kilburn, M. R., et al.
(2014). Changes in subtypes of Ca microdomains following partial injury to the
central nervous system. Metallomics 6, 455–464. doi: 10.1039/c3mt00336a

Lust, W. D., Passonneau, J. V., and Veech, R. L. (1973). Cyclic adenosine
monophosphate, metabolites, and phosphorylase in neural tissue: a comparison
of methods of fixation. Science 181, 280–282. doi: 10.1126/science.181.4096.280

Mack, A. F., and Wolburg, H. (2013). A novel look at astrocytes: aquaporins, ionic
homeostasis, and the role of the microenvironment for regeneration in the CNS.
Neuroscientist 19, 195–207. doi: 10.1177/1073858412447981

Makaryus, R., Lee, H., Yu, M., Zhang, S., Smith, S. D., Rebecchi, M., et al. (2011).
The metabolomic profile during isoflurane anesthesia differs from propofol
anesthesia in the live rodent brain. J. Cereb. Blood Flow Metab. 31, 1432–1442.
doi: 10.1038/jcbfm.2011.1

Malek, S. A., Coderre, E., and Stys, P. K. (2003). Aberrant Chloride Transport
Contributes to Anoxic/Ischemic White Matter Injury. J. Neurosci. 23,
3826–3836. doi: 10.1523/jneurosci.23-09-03826.2003

Marinescu, I., Udristoiu, I., and Marinescu, D. (2013). Choroid plexus calcification:
clinical, neuroimaging and histopathological correlations in schizophrenia.
Rom. J. Morphol. Embryol. 54, 365–369.

Martins, E., Inamura, K., Themner, K., Malmqvist, K. G., and Siesjo, B. K.
(1988). Accumulation of Calcium and Loss of Potassium in the Hippocampus
Following Transient Cerebral Ischemia: a Proton Microprobe Study. J. Cereb.
Blood Flow Metab. 8, 531–538. doi: 10.1038/jcbfm.1988.93

Matsuyama, S., Shimura, M., Fujii, M., Maeshima, K., Yumoto, H., Mimura, H.,
et al. (2010). Elemental mapping of frozen-hydrated cells with cryo-scanning
X-ray fluorescence microscopy. X-Ray Spectrom. 39, 260–266. doi: 10.1002/xrs.
1256

McRae, R., Bagchi, P., Sumalekshmy, S., and Fahrni, C. J. (2009). In situ imaging
of metals in cells and tissues. Chem. Rev. 109, 4780–4827. doi: 10.1021/cr900
223a

Niesporek, S. C., Umathum, R., Fiedler, T. M., Bachert, P., Ladd, M. E., and Nagel,
A. M. (2017). Improved T2∗ determination in 23Na, 35Cl, and 17O MRI using
iterative partial volume correction based on 1H MRI segmentation. Magn.
Reson. Mater. Phys. Biol. Med. 30, 519–536. doi: 10.1007/s10334-017-0623-2

Paul, B., Hare, D. J., Bishop, D. P., Paton, C., Cole, N., Niedwiecki, M. M., et al.
(2015). Visualising mouse neuroanatomy and function by metal distribution
using laser ablation-inductively coupled plasma-mass spectrometry imaging.
Chem. Sci. 6, 5383–5393. doi: 10.1039/c5sc02231b

Paunesku, T., Vogt, S., Maser, J., Lai, B., and Wooloschak, G. (2006). X-ray
fluorescence microprobe imaging in biology and medicine. J. Cell. Biochem. 99,
1489–1502. doi: 10.1002/jcb.21047

Perrin, L., Carmona, A., Roudeau, S., and Ortega, R. (2015). Evaluation of sample
preparation methods for single cell quantitative elemental imaging using proton

Frontiers in Neuroscience | www.frontiersin.org 7 January 2020 | Volume 13 | Article 1415

https://doi.org/10.1007/s00775-012-0892-1
https://doi.org/10.1007/s00775-012-0892-1
https://doi.org/10.1007/s00216-012-6425-5
https://doi.org/10.1007/s00216-012-6425-5
https://doi.org/10.1007/s00775-009-0597-2
https://doi.org/10.1007/s00775-010-0724-0
https://doi.org/10.1016/j.sab.2005.10.002
https://doi.org/10.1016/j.sab.2005.10.002
https://doi.org/10.1007/s00775-008-0411-6
https://doi.org/10.1039/b201960d
https://doi.org/10.1039/b201960d
https://doi.org/10.1523/JNEUROSCI.1898-17.2018
https://doi.org/10.1523/JNEUROSCI.1898-17.2018
https://doi.org/10.1021/cn500157j
https://doi.org/10.1021/acschemneuro.5b00037
https://doi.org/10.1021/acschemneuro.5b00037
https://doi.org/10.1021/acs.biochem.5b01136
https://doi.org/10.1021/acs.biochem.5b01136
https://doi.org/10.1039/c0an00269k
https://doi.org/10.1039/c0an00269k
https://doi.org/10.1016/j.nimb.2011.02.034
https://doi.org/10.1111/j.1748-1716.1981.tb06920.x
https://doi.org/10.1016/0006-8993(90)90434-d
https://doi.org/10.1016/0006-8993(90)90434-d
https://doi.org/10.1016/j.copbio.2016.06.006
https://doi.org/10.1111/jmi.12466
https://doi.org/10.1111/jmi.12466
https://doi.org/10.1016/j.talanta.2013.04.055
https://doi.org/10.1007/bf00495664
https://doi.org/10.1529/biophysj.107.119800
https://doi.org/10.1016/j.nimb.2012.11.045
https://doi.org/10.1016/j.nimb.2012.11.045
https://doi.org/10.1016/0168-583x(90)90292-3
https://doi.org/10.1371/journal.pone.0158152
https://doi.org/10.1371/journal.pone.0158152
https://doi.org/10.1016/j.aca.2019.04.064
https://doi.org/10.1016/j.aca.2019.04.064
https://doi.org/10.1039/c3mt00336a
https://doi.org/10.1126/science.181.4096.280
https://doi.org/10.1177/1073858412447981
https://doi.org/10.1038/jcbfm.2011.1
https://doi.org/10.1523/jneurosci.23-09-03826.2003
https://doi.org/10.1038/jcbfm.1988.93
https://doi.org/10.1002/xrs.1256
https://doi.org/10.1002/xrs.1256
https://doi.org/10.1021/cr900223a
https://doi.org/10.1021/cr900223a
https://doi.org/10.1007/s10334-017-0623-2
https://doi.org/10.1039/c5sc02231b
https://doi.org/10.1002/jcb.21047
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01415 January 16, 2020 Time: 16:5 # 8

Hartnell et al. Imaging Ions in Brain Tissue

or synchrotron radiation focused beams. J. Anal. At. Spectrom. 30, 2525–2532.
doi: 10.1039/c5ja00303b

Petibois, C., and Guidi, M. C. (2008). Bioimaging of cells and tissues using
accelerator-based sources. Anal. Bioanal. Chem. 391, 1599–1608. doi: 10.1007/
s00216-008-2157-y

Petroff, O. A. C., Ogino, T., and Alger, J. R. (1988). High-Resolution Proton
Magnetic Resonance Spectroscopy of Rabbit Brain: regional Metabolite Levels
and Postmortem Changes. J. Neurochem. 51, 163–171. doi: 10.1111/j.1471-
4159.1988.tb04850.x

Popescu, B. F. G., Robinson, C. A., Rajput, A., Rajput, A. H., Harder, S. L.,
and Nichol, H. (2009). Iron, Copper and Zn distribution of the cerebellum.
Cerebellum 8, 74–79. doi: 10.1007/s12311-008-0091-3

Pozebon, D., Dressler, V. L., Mesko, M. F., Matusch, A., and Becker, J. S. (2010).
Bioimaging of metals in thin mouse brain section by laser ablation inductively
coupled plasma mass spectrometry: novel online quantification strategy using
aqueous standards. J. Anal. At. Spectrom. 25, 1739–1744.

Pozebon, D., Scheffler, G., and Dressler, V. (2017). Recent applications of laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) for
biological sample analysis: a follow-up review. J. Anal. At. Spectrom. 32,
890–919. doi: 10.1039/c7ja00026j

Pushie, M. J., Crawford, A. M., Sylvain, N. J., Hou, H., Hackett, M. J., George, G. N.,
et al. (2018). Revealing the Penumbra through Imaging Elemental Markers of
Cellular Metabolism in an Ischemic Stroke Model. ACS Chem. Neurosci. 9,
886–893. doi: 10.1021/acschemneuro.7b00382

Pushie, M. J., Pickering, I. J., Korbas, M., Hackett, M. J., and George, G. N. (2014).
Elemental and Chemically Specific X-ray Fluorescence Imaging of Biological
Systems. Chem. Rev. 114, 8499–8541. doi: 10.1021/cr4007297

Pushie, M. J., Pickering, I. J., Martin, G. R., Tsutsui, S., Jirik, F. R., and George,
G. N. (2011). Prion protein expression level alters regional copper, iron and
zinc content in the mouse brain. Metallomics 3, 206–214. doi: 10.1039/c0mt0
0037j

Qin, Z., Caruso, J. A., Lai, B., Matusch, A., and Becker, J. S. (2011). Trace metal
imaging with high spatial resolution: applications in biomedicine. Metallomics
3, 28–37. doi: 10.1039/c0mt00048e

Ren, M.-Q., Ong, W.-Y., Makjanic, J., and Watt, F. (1999). Changes in calcium
and iron levels in the brains of rats during kainate induced epilepsy. Nucl. Instr.
Meth. Phys. Res. B 158, 418–423. doi: 10.1016/s0168-583x(99)00377-8

Roudeau, S., Carmona, A., Perrin, L., and Ortega, R. (2014). Correlative organelle
fluorescence microscopy and synchrotron X-ray chemical element imaging in
single cells. Anal. Bioanal. Chem. 406, 6979–6991. doi: 10.1007/s00216-014-
8004-4

Ryan, C. (2000). Quantitative trace element imaging using PIXE and the nuclear
microprobe. Int. J. Imag. Syst. Tech. 11, 219–230. doi: 10.1002/ima.1007

Ryan, C. G., Van Achterbergh, E., Yeats, C. J., Drieberg, S. L., Mark, G., McInnes,
B. M., et al. (2002). Quantitative, high sensitivity, high resolution, nuclear
microprobe imaging of fluids, melts and minerals. Nucl. Instr. Meth. Phys. Res.
B 188, 18–27. doi: 10.1016/s0168-583x(01)01003-5

Shank, R. P., and Aprison, M. H. (1971). Post mortem changes in the content
and specific radioactivity of several amino acids in four areas of the rat brain.
J. Neurobiol. 2, 145–151. doi: 10.1002/neu.480020207

Siesjö, B. K., and Bengtsson, F. (1989). Calcium fluxes, calcium antagonists, and
calcium-related pathology in brain ischemia, hypoglycemia, and spreading
depression: a unifying hypothesis. J. Cereb. Blood Flow Metab. 9, 127–140.
doi: 10.1038/jcbfm.1989.20

Simard, M., and Nedergaard, M. (2004). The neurobiology of glia in the context
of water and ion homeostasis. Neuroscience 129, 877–896. doi: 10.1016/j.
neuroscience.2004.09.053

Stys, P. K. (1998). Anoxic and Ischemic Injury of Myelinated Axons
in CNS White Matter: from Mechanistic Concepts to Therapeutics.
J. Cereb. Blood Flow Metab. 18, 2–25. doi: 10.1097/00004647-199801000-0
0002

Tsuda, T., Kogure, K., Ishii, K., and Orihara, H. (1989). Postischemic changes of
calcium and endogenous antagonist in the rat hippocampus studied by proton-
induced X-ray emission analysis. Brain Res. 484, 228–233. doi: 10.1016/0006-
8993(89)90365-x

Veech, R. L., Harris, R. L., Veloso, D., and Veech, E. H. (1973). Freeze-blowing:
a new technique for the study of brain in vivo. J. Neurochem. 20, 183–188.
doi: 10.1111/j.1471-4159.1973.tb12115.x

Veniero, J. C., and Gupta, R. K. (1992). NMR Measurements of Intracellular Ions
in Living Systems. Ann. Rep. NMR Spectrosc. 24, 219–266. doi: 10.1016/s0066-
4103(08)60199-4

Walz, W. (1989). Role of glial cells in the regulation of the brain ion
microenvironment. Prog. Neurobiol. 33, 309–333. doi: 10.1016/0301-0082(89)
90005-1

Williamson, M. R., Dietrich, K., Hackett, M. J., Caine, S., Nadeau, C. A., Aziz, J. R.,
et al. (2016). Rehabilitation Augments Hematoma Clearance and Attenuates
Oxidative Injury and Ion Dyshomeostasis After Brain Hemorrhage. Stroke 48,
195–203. doi: 10.1161/STROKEAHA.116.015404

Zoriy, M. V., and Becker, J. S. (2009). Near-field laser ablation inductively coupled
plasma mass spectrometry: a novel elemental analytical technique at the
nanometer scale. Rapid Commun. Mass Spectrom. 23, 23–30. doi: 10.1002/rcm.
3839

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hartnell, Andrews, Smith, Jiang, McAllum, Rajan, Colbourne,
Fitzgerald, Lam, Takechi, Pushie, Kelly and Hackett. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 8 January 2020 | Volume 13 | Article 1415

https://doi.org/10.1039/c5ja00303b
https://doi.org/10.1007/s00216-008-2157-y
https://doi.org/10.1007/s00216-008-2157-y
https://doi.org/10.1111/j.1471-4159.1988.tb04850.x
https://doi.org/10.1111/j.1471-4159.1988.tb04850.x
https://doi.org/10.1007/s12311-008-0091-3
https://doi.org/10.1039/c7ja00026j
https://doi.org/10.1021/acschemneuro.7b00382
https://doi.org/10.1021/cr4007297
https://doi.org/10.1039/c0mt00037j
https://doi.org/10.1039/c0mt00037j
https://doi.org/10.1039/c0mt00048e
https://doi.org/10.1016/s0168-583x(99)00377-8
https://doi.org/10.1007/s00216-014-8004-4
https://doi.org/10.1007/s00216-014-8004-4
https://doi.org/10.1002/ima.1007
https://doi.org/10.1016/s0168-583x(01)01003-5
https://doi.org/10.1002/neu.480020207
https://doi.org/10.1038/jcbfm.1989.20
https://doi.org/10.1016/j.neuroscience.2004.09.053
https://doi.org/10.1016/j.neuroscience.2004.09.053
https://doi.org/10.1097/00004647-199801000-00002
https://doi.org/10.1097/00004647-199801000-00002
https://doi.org/10.1016/0006-8993(89)90365-x
https://doi.org/10.1016/0006-8993(89)90365-x
https://doi.org/10.1111/j.1471-4159.1973.tb12115.x
https://doi.org/10.1016/s0066-4103(08)60199-4
https://doi.org/10.1016/s0066-4103(08)60199-4
https://doi.org/10.1016/0301-0082(89)90005-1
https://doi.org/10.1016/0301-0082(89)90005-1
https://doi.org/10.1161/STROKEAHA.116.015404
https://doi.org/10.1002/rcm.3839
https://doi.org/10.1002/rcm.3839
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	A Review of ex vivo Elemental Mapping Methods to Directly Image Changes in the Homeostasis of Diffusible Ions (Na+, K+, Mg2+, Ca2+, Cl-) Within Brain Tissue
	Introduction
	Discussion
	Sample Preparation
	Applications of PIXE to Study Brain Ion Homeostasis
	Applications of XFM to Study Brain Ion Homeostasis
	Applications of LA-ICP-MS to Study Brain Ion Homeostasis
	Applications of Nano-SIMS to Study Brain Ion Homeostasis

	Conclusion
	Author Contributions
	Funding
	References


