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19.1 Introduction

Over the past decades, the novel possibilities and available technology of
in vivo imaging have significantly advanced the field of neuroscience, and in
particular they have contributed to the study of manganese (Mn) neuro-
toxicity. This chapter describes several of the imaging modalities that have
made an impact in Mn neurotoxicity research. Some of these imaging mo-
dalities are targeted at measuring the body burden of Mn, either indirectly as
with magnetic resonance imaging (MRI), or directly with X-ray fluorescence
imaging. Others are imaging morphological and biochemical changes due to
Mn exposure using positron emission tomography (PET), single photon
emission computed tomography (SPECT), magnetic resonance (MR)
volumetry, MR diffusion weighted imaging or MR spectroscopy, thereby
measuring the effect of Mn exposure.
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For each modality, the basic principle of the imaging technique will be
briefly described to facilitate proper interpretation and understanding of the
limitations with regard to imaging Mn neurotoxicity. This will be followed by
a discussion of the main findings using that modality, and how they have
shaped our understanding of Mn neurotoxicity.

19.2 Magnetic Resonance Imaging
19.2.1 Basics of MRI

MRI is a non-invasive medical imaging technique that enables the in vivo
study of tissue, with high (~1 mm) resolution and good soft tissue contrast.
It also provides a variety of functional assessments, such as the measure-
ment of blood oxygenation, blood flow, metabolism, and diffusion prop-
erties. MRI makes use of the nuclear magnetic properties of hydrogen nuclei
(protons), which possess an intrinsic angular momentum (spin). Given that
living tissue contains a large fraction of water, the MRI signal stems pri-
marily from the hydrogen nuclei in water molecules. Placed into an external
magnetic field, the proton spins will align either with or against the mag-
netic field and precess about the field at a specific frequency called the
Larmor frequency. The Larmor frequency depends both on the type of nu-
cleus (in MRI mostly hydrogen) and on the strength of the magnetic field at
the location of the nucleus. By irradiating the tissue with electromagnetic
radiation at this particular Larmor frequency, a resonance effect can be
obtained. Absorption of the radiation results in “flipping” the spins into the
higher energy state, also called excitation of the spins. When the irradiation
stops, the spins stochastically flip back to their ground state, emitting an
exponentially decaying electromagnetic signal of the same frequency - the
MRI signal. At clinical magnetic field strengths of MRI scanners, 1.5 and 3
tesla (T), the resonance frequency lies in the radiofrequency (RF) domain
and is thus considered harmless to the human body.

The image contrast of different tissue types results from the different
decay constants of the emitted MRI signal, which are also called relaxation
times. Relaxation can be achieved through two different mechanisms, which
occur simultaneously but at different rates. A spin can shed excessive energy
by interaction between the spin and its atomic environment, causing it to
return to its longitudinal alignment parallel to the magnetic field. The time
associated with this relaxation mechanism is the spin-lattice relaxation
time, T1. Another way for the observed signal to decay is through random
spin-spin interaction, which causes the coherently precessing individual
spins to dephase, thereby cancelling out their sum. The associated relaxation
time is termed the spin-spin relaxation time, 72. External field inhomo-
geneities, introduced by tissue type variations, blood flow, or even air in the
tissue to be imaged, cause an even faster dephasing and thus signal decay,
characterized by the 72* relaxation time. In general the image intensity
(contrast) of a particular tissue depends on its proton density, and on its
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relaxation times, T1, 72 and 72*. By varying several imaging parameters, in
particular the timing between repeated RF excitations, or between excitation
and recording of the signal, the image contrast can be changed to depend
mostly on the T1 relaxation time (T1-weighted imaging), or mostly on the 72
relaxation time (72-weighted imaging).

19.2.2 Manganese as MRI Contrast Agent

Manganese, in the form of Mn>", is strongly paramagnetic and thus highly
influences the relaxation properties of neighboring protons. It is important
to note that MRI images depicting Mn deposition in tissue do so not by
directly imaging the Mn nuclei, but they instead reflect its role as a contrast
agent. The presence of Mn changes the magnetic relaxation properties of the
hydrogen nuclei that are imaged (Figure 19.1).

As a paramagnetic contrast agent, Mn shortens both the 71 and the 72
relaxation times of the protons in water molecules.'™® Tissue with short T1
will appear bright in T1-weighted imaging, and thus Mn accumulation in the
brain results in higher signal intensity in T1-weighted images (positive
contrast). In T2-weighted images, tissue with longer 72 will contribute more

T1-weighted T2-weighted

Figure 19.1 T1-weighted (left) and T2-weighted (right) MRI images of the same
brain slice in an unexposed control subject (top row) and a Mn-exposed
metal worker (bottom row). The bright signal in the globus pallidus and
surrounding areas in the T1-weighted image of the exposed subject
reflects increased Mn concentration. The dark signal intensity of the
globus pallidus in the T2-weighted images reflects the effects of a large
iron content in the globus pallidus (seen in both subjects) as well as the
increased Mn deposition (a combined effect in the exposed subject).
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to the signal and appear brighter. By shortening 72, Mn decreases the signal
intensity in 72-weighted images (negative contrast). However, T1-weighted
imaging is used more commonly to detect Mn deposition, because for most
tissues T1-weighted imaging is somewhat more sensitive than T2-weighted
imaging.

The relaxation times depend on other properties besides the Mn
concentration alone, such as the molecular configuration in which Mn
resides.” In addition, other paramagnetic metals, such as iron, have similar
effects on MRI relaxation properties. The combined influence with Mn on
MRI signal contrast is complicated, especially because Mn and iron (Fe)
concentrations are not fully independent of each other in physiological
systems. A model for the analysis of competitive relaxation effects of Mn and
Fe in vivo is presented in Zhang et al.” Absolute quantification of manganese
by means of MRI is therefore anything but straightforward.

19.2.2.1 Ti1-Weighted MRI in Mn Toxicity Studies

Newland et al. were among the first to use MRI to assess Mn deposition in a
toxicity study in non-human primates,® reporting Mn uptake in the caudate
nucleus, lenticular nuclei, substantia nigra, pituitary gland and a region
corresponding to the subthalamic nucleus and ventromedial hypothalamus.
Since then, a wealth of human studies have shown that increased Mn
exposure can result in significant signal changes in T1-weighted images of
Mn-exposed workers.”>" Similar hyperintensities are found in patients with
reduced hepatobiliary excretion of Mn,**™* in patients receiving total
parenteral nutrition (TPN),*>*' as well as in subjects addicted to the drug
methcathinone (ephedrone).**™*°

In non-human primates, as well as in humans, Mn-induced signal
changes are highest in the globus pallidus, adjacent basal ganglia regions,
and the pituitary gland (see Figure 19.2), intermediate in the caudate and
putamen, and lowest in other gray matter and white matter regions. How-
ever, many brain structures have by now been shown to exhibit T1-weighted
hyperintensities, or a reduction in measured 71 relaxation times after Mn
exposure, including the medial cerebral peduncle®® and the olfactory bulb.**
Moreover, quantitative evaluation of the signal intensities shows that white
matter areas also accumulate Mn.>">"%?

In contrast to human and non-human primates, Mn-induced T1 hyper-
intensities in rodents first appear in the choroid plexus and ventricles,”® and
subsequently in the pituitary gland, olfactory bulb and cortical regions such
as the hippocampus.’*>*

T1-weighted MRI can also be used to monitor the efficacy of treatment or to
assess the effect of cessation of Mn exposure. For example, in one report,
chelation therapy resulted in a reversal of the T1 signal increase,’” while other
studies have reported vanishing hyperintensities within approximately six
months after workers were no longer exposed in an occupational setting."*"®
In contrast, the average half-life of Mn in the rat brain has been reported as
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EXPOSED

CONTROL

Figure 19.2 T1-weighted MRI images from a Mn-exposed smelter (top row) and a
non-exposed control subject, showing hyperintensities in (a) the globus
pallidus and part of the thalamus, (b) subthalamic nucleus, (c) pineal
stalk, (d) medial cerebral peduncle and (e) pituitary gland.”®
(Reproduced with permission from Dydak et al., Proc. Intl. Soc. Mag.
Reson. Med., 2011, 19, 1428).

51-74 days.”® In non-human primates the elimination rate is suggested to be
brain region specific, with an average half-life ranging from 33 days’’ to
53 days’® after inhalational and subcutaneous Mn exposure, respectively.

19.2.2.2 The Pallidal Index

The pallidal index (PI) is a popular approach to quantifying the hyper-
intensities in T1-weighted MRI images that correspond to increased Mn
concentrations. First introduced by Krieger et al. in 1995, the PI reflects the
relative signal intensity in a T1-weighted image of the globus pallidus vs. the
adjacent subcortical frontal white matter. This measure is relatively easy to
obtain from MRI data, usually by placing a region of interest (ROI) in the
globus pallidus and one in frontal white matter (Figure 19.3), then taking the
ratio of the mean signal intensities of each ROI and multiplying by 100.

PI— SignalGlobaI Pallidus « 1y (19.1)
SlgnalFrontal WM

The PI has been used in many MRI studies on Mn neurotoxicity, both in
animal models and in humans. In rats, significant correlations between the
concentration of Mn in the globus pallidus, as measured by ex vivo techni-
ques, and the PI measured by MRI were reported as early as 2001.°° In 2006
Dorman et al.”” presented the first comprehensive study comparing the PI,
the relaxation rate R1 (=1/T1), and a histological analysis of brain Mn con-
centrations. This paper established linear relationships between the PI in
rhesus monkeys and manganese concentrations in both the globus pallidus
and in whole blood. They also reported linear relationships between the R1
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Figure 19.3 Sagittal image of a Mn-exposed worker, showing placement of ROIs in
the globus pallidus and in frontal white matter for the calculation of the
pallidal index.

(Reproduced with permission from Dydak et al., Environmental Health
Perspectives, 2011, 119, 219-224).

relaxation rate and white matter Mn, pituitary Mn and globus pallidus Mn
concentrations. Finding a decrease in T1 in white matter as well, Dorman
et al. were the first to note that the PI may be less sensitive than direct
measurement of 71 relaxation, because the calculation of the PI assumes
that white matter is unaffected. For this reason Guilarte et al.>' suggested
using a “PI equivalent”, using signal from pericranial muscle — which is not
assumed to take up any Mn - as the reference region, and expanding the idea
of the PI to many other brain regions in addition to the globus pallidus.
Using the “PI equivalent”, this group found higher signal intensity ratios in
Mn-exposed non-human primates, not only for the globus pallidus, but also
for the pituitary gland, caudate, putamen and substantia nigra.”’ Their
findings confirmed that the T1-weighted signal in white matter also in-
creases during Mn administration.

Early human studies already suggested that an increase in PI could
document increases in brain Mn levels prior to the onset of clinical symp-
toms of manganism, showing correlations between the PI and blood Mn
levels'® and cumulative exposure.'® These dependencies were confirmed in
an imaging study on 111 Mn exposed workers (welders, smelters and weld-
ing rod manufacturers) conducted by Kim et al.,** whose regression model
reveals significant contributions of both airborne and blood manganese to
the PI. They further describe a correlation between the PI and decreased
performance on neurological tests. Another study looking at neurobeha-
vioral performance also found the PI to be a predictor for several neurobe-
havioral test scores such as the digit symbol, digit span backward, Stroop
word, Stroop error index, and grooved pegboard scores.®*
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19.2.2.3 Relaxometry to Quantify Brain Mn

The exact value of the pallidal index is dependent on image parameters, such as
resolution, slice thickness, and contrast; on the choice and reproducibility of
the ROI used to calculate the signal intensity; and finally on the assumption
that the reference region is not affected by Mn. A multitude of studies have
compared the PI to the direct measurement of the physical MR property of T1
relaxation. The value of T1 (or the relaxation rate R1) is dependent on the main
magnetic field strength (e.g. using a 1.5 T or 3 T scanner), but should be fully
user independent. The MRI sequences necessary for this measurement are
more complex and take longer than the scans that yield the PI, and they require
sophisticated calculations to extract the T1 value. Nonetheless, most clinical
MRI scanners today offer the necessary sequences and postprocessing tools.

Early animal studies established correlations between relaxation rates and
tissue Mn concentrations.’>®* In 2006 Dorman et al. pointed out that the
direct measurement of the R1 rate is more exact than using the PI,>* as noted
above. In 2007, Choi et al. found in human MRI studies that the blood Mn
level correlated only with the T1 relaxation time, but not with the PI, and that
the T1 correlation with PI was only present at higher levels of the PL%
Similarly, Sen et al. reported group differences in T1 relaxation times and
normalized T1w signal intensities (not using a ratio) in several brain regions
between welders and non-exposed workers in the US, yet saw no differences
in the PL.>" Moreover, they found no correlations of the PI with fine motor
measures, yet these correlations were present for the normalized signal
intensities. While the PI may prove robust for higher Mn exposures that
lead to clearly visible T1 hyperintensities in MRI images, as were observed
for example in many of the early human studies, it appears that measure-
ment of the 71 relaxation time is more reliable at the lower exposure
settings found in newer studies, where hyperintensities are seldom seen with
the naked eye due to recent regulatory limitations on Mn exposure in work
settings.

Measurement of 72 and 72* in the substantia nigra as a means of
assessing the iron concentration in this brain area has been suggested to
provide a good marker of disease progression in Parkinson disease.®* Yet to
date only one study has looked at T2* in Mn exposed workers: Long et al.
reported reduced 72* levels in the frontal cortex in welders, another indi-
cation for the involvement of the frontal cortex in Mn neurotoxicity."®
Whether such a reduction of 72* is caused by iron deposition as a side
effect of Mn exposure, or as direct effect of Mn deposition, or as a
combination of both, is subject of ongoing research.

19.2.2.4 MEMRI — Mn-Enhanced MRI

In parallel to the first use of MRI to study Mn accumulation in the brains of
exposed animals and humans, the research field of Mn-enhanced MRI
(MEMRI) has evolved. In MEMR], a technique first described in 1998, an
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injection of Mn”" is used as a powerful MRI contrast agent. MEMRI has
revolutionized the field of neuroscience by enabling the in vivo tracing of
neuronal connections, monitoring neuronal activity and visualizing axonal
regeneration.®® Extensive reviews on the field of MEMRI research can be
found by Silva,*® Koretsky®” and Inoue,® describing three main groups of
applications. The first is neuronal tract tracing in vivo, first described by
Pautler et al.,®® which makes use of the fact that Mn?" enters neurons via
voltage gated calcium (Ca’>") channels, gets released at the synapse, and
is then taken up by postsynaptic neurons. This property enables MRI-
detectable in vivo trans-synaptic tract tracing, with the paramagnetic Mn>"
ion providing localized enhancement of T1 relaxation. The second group of
applications uses activity-induced Mn-enhanced MRI (AIM-MRI) as a func-
tional MRI technique to monitor neuronal activity.®” Given that Mn”>" serves
as an analog for Ca’>", increases in Ca®>" influx in response to increased
neuronal activity lead to increased local concentrations of Mn>" and thus
can be monitored by MRIL.’® The third group of applications uses Mn*>" as a
contrast agent to enhance anatomical detail in the visualization of neural
architecture.””?

Owing to the cellular toxicity of larger concentrations of Mn>*, MEMRI
remains confined to research in animal models, where it has been suc-
cessfully applied to study small amphibians, such as frogs, as well as
songbirds, rodents, and non-human primates. Since MEMRI is based on
single injections of high concentrations of Mn*>* (up to 180 mg kg™ in
rodents with systemic administration), it does not serve the purpose of
studying the effects of chronic exposure to Mn, as is of interest in en-
vironmental and occupational health sciences. However, the very same
characteristics of Mn applied in MEMRI are also useful for the study of Mn
deposition in the brain due to chronic, low-concentration Mn exposure,
both in animals and in humans. For example MEMRI studies confirm that
temporal changes of the relaxation times 71 and T2, measured in the
olfactory bulb and cortex for 35 days after systemic administration of Mn,
are inversely proportional to the underlying tissue Mn concentration and
reflect the total amount of Mn present in the tissue.”” The same authors
also used MEMRI to detect Mn®>" transport from the rat olfactory bulb
through appropriate brain structures to the amygdala in individual
animals.”*

In recent years, researchers using MEMRI have become more alert to
the toxic effects of Mn to the brain and therefore the number of MEMRI
studies investigating these toxic effects is increasing. Several MEMRI
studies have looked into ways to reduce the toxicity and increase tolerance
to MEMRI by studying small-dose (~30 mg kg~ ' MnCl,) fractionated
injection schemes,”® the biological half-life of Mn,*® and the spatial dis-
tribution and time course of Mn uptake and washout in different animal
models (Figure 19.4).°® These studies in turn are of high interest for the
interpretation of Mn-induced MRI signal hyperintensities in human stud-
ies with chronic exposure settings.
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Control IP IC

Figure 19.4 MEMRI images. Coronal (top) and axial (bottom) MEMRI images of rat

hippocampus 24 h after Mn injection: control, intraperitoneal (IP)
injection (MnCl,, 30 mg kg™ ') and intracerebral (IC) injection (MnCl,,
10 pl, 50 mM). Increased Mn accumulation in the hippocampus is
clearly visible following both types of injection, with the IC injection of
Mn resulting in increased contrast.
(Reprinted from Neurolmage 64, A. Daoust, E. L. Barbier, S. Bohic,
Manganese enhanced MRI in rat hippocampus: A correlative study with
synchrotron X-ray microprobe, Pages 10-18, Copyright 2013, with
permission from Elsevier.)

19.2.3 Morphological Changes Assessed by MRI

In addition to the indirect measure of tissue Mn enabled by the Mn-induced
contrast change in MRI images, MRI offers a variety of morphological and
functional measures of physiological states. Amongst these are changes in
brain region volumes (atrophy) as measured by MR volumetry, changes in
metabolism as measured by magnetic resonance spectroscopy (MRS),
changes in tissue diffusion properties as measured by diffusion weighted
imaging (DWI), and changes in functional activity of particular brain areas
as measured by functional MRI (fMRI). While these measures are not
specific to Mn neurotoxicity, they have been used extensively to assess
functional outcomes or to search for biomarkers of Mn neurotoxicity. These
MRI methods and their findings relevant to Mn neurotoxicity are briefly
discussed in the following subsections.

MR volumetry techniques, which include voxel-based morphometry
(VBM), use whole-brain high resolution MRI images (usually T1-weighted)
with good contrast between gray and white matter. The image dataset is
segmented into different types of brain matter (white matter, gray matter
and cerebrospinal fluid), as well as into individual brain areas. This enables
the determination of total brain volume as well as volumes of individual
brain regions. According to its contrast, each image pixel gets assigned a
probability of belonging to gray matter, white matter or cerebrospinal fluid.
In addition each pixel may also be attributed to a particular brain region, e.g.
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the hippocampus, with a certain probability. Adding the probabilities of
belonging to gray matter over all pixels within a particular brain region gives
a measure of ‘“gray matter density” for the respective brain region. Usually
images are normalized to a brain atlas and undergo several smoothing and
filtering steps, which then allows for the assessment of group differences in
brain volumes from particular brain areas between exposed and non-
exposed individuals.

While currently ongoing research is making more and more use of MR
volumetry, relatively few reports of volume changes associated with Mn
exposure are found in the literature. In 2011 a MEMRI study investigated
long-term consequences of using Mn as contrast agent in rats. Comparing
animals studied with MEMRI, i.e. with Mn administered on a regular basis,
to animals receiving MRI scans without contrast agents over a period of six
months, the authors found that the MEMRI animals showed progressive
signs of cerebral toxicity, including progressive brain volume decrease as
measured by MR volumetry.”® Atrophy was observed in whole brain volume
differences, as well as in regional differences between MEMRI animals and
untreated animals in amygdala, hippocampus, thalamus and cortex. In Mn-
exposed welders, Chang et al. found significantly diminished brain volumes
in the globus pallidus and cerebellar regions that were associated with
cognitive and fine motor performance.”” In combination with the hyper-
intensities seen in Mn-exposed workers, this measure may indicate subtle
structural abnormalities in the exposed group.

A potential confounder of this method is the fact that image contrast is
used to classify the tissue type of each pixel - yet Mn accumulation affects
the contrast by changing the relaxation times. This may result in incorrect
tissue classifications and thus wrongly calculated volumes. For example, the
obvious hyperintensity in the T1-weighted image of the Mn-exposed worker
displayed in Figure 19.1 clearly does not allow for correct segmentation of
the globus pallidus using those images. In more subtle cases of Mn
accumulation, thorough testing of the segmentation algorithm is necessary
before volumetric results may be interpreted.

19.2.4 Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) is based on the same physical
principles as MRI. It complements MRI by providing biochemical infor-
mation based on the chemical shift effect: the same nuclei can absorb and
emit electromagnetic energy at slightly different resonance frequencies
depending on their chemical environment in molecules. Thanks to this
frequency separation (expressed as a chemical shift difference), concen-
trations of different metabolites and chemical compounds can be measured
in living tissue. MRS can be used with a variety of nuclei, but the proton (*H)
is the most common choice in vivo, owing to its abundance in the human
body, its high intrinsic sensitivity, and the fact that MR scanner hardware is
tuned by default for protons.
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A typical short-echo-time 'H spectrum acquired from a human brain re-
gion at 3 T features a number of important metabolites, such as N-acetyl
aspartate (NAA, a marker for neuronal integrity), total creatine (tCr, an
energy buffer and energy shuttle), choline (Cho, involved in phospholipid
synthesis and degradation), myo-inositol (ml, a glial cell marker), the main
excitatory neurotransmitter glutamate (Glu), and the closely related com-
pound glutamine (Gln) (Figure 19.5). Since the MRS signals of Glu and GIn
are hard to differentiate at lower field strength, the sum of Glu and Gln,
known as Glx, is often reported. The spectrum also contains macromolecules
and lipids, which give rise to the broad baseline underneath the prominent
peaks. A variety of other neurochemical compounds, such as the main
inhibitory neurotransmitter gamma aminobutyric acid (GABA) and the
antioxidant glutathione (GSH), also contribute to a "H MRS spectrum, but
cannot readily be measured by acquiring a standard brain spectroscopy scan
at clinical magnetic field strengths. This inability is due to the low in vivo
concentration of these compounds and the fact that their resonances are
concealed by much larger peaks of other brain metabolites. To detect them,
an indirect intramolecular spin-spin interaction known as J-coupling (which
splits peaks into multiplets) can be exploited to select species of interest
while cancelling out unwanted signal. In particular, J-difference editing

Cho tCr
tCr
ml NAA
Glx Glx
T T T T T T
40 a5 k1] 25 20 15
Chemical shift ppm

Figure 19.5 Typical spectrum acquired in parietal white matter of a human brain
at 3 T, showing the signal peaks of N-acetyl aspartate (NAA), Glx
(=Glutamate + Glutamine), total creatine (tCr), choline-containing
compounds (Cho) and myo-inositol (mI).
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using point resolved spectroscopy with Mescher-Garwood (MEGA) sup-
pression (MEGA-PRESS) is a commonly used sequence for spectral editing of
GABA,”®® revealing a GABA resonance at a chemical shift of 3.0 ppm. In vivo
dopamine cannot be measured by MRS owing to its very low concentration,
but it can be assessed by PET and SPECT as discussed later in this chapter.
The higher field strength (typically 7-14 T) and better magnetic field
homogeneity of animal MR scanners or nuclear magnetic resonance (NMR)
spectrometers allow for quantification and identification of several add-
itional brain metabolites in rodent brains or tissue extracts. The resulting
full set of MRS-derived metabolite information is often called the neuro-
chemical profile.®'

The ability of MRS to make an early, non-invasive diagnosis is highly
valued by clinicians, and MRS is increasingly incorporated into clinical
protocols for brain examinations in selected patients.®” However, the lack of
standardized protocols, analysis techniques and reporting of results has led
in many cases to a wide range of reported changes for the same disorder.
Nevertheless, it is generally accepted that the characteristic MRS feature of
neurodegenerative diseases such as Alzheimer disease and Parkinson
disease is primarily a decrease in total NAA, reflecting the degeneration of
the neurons. In addition, decreased Glu levels, an elevated Cho level and
elevated ml levels have been associated with neurodegeneration in various
studies.®>

To study the mechanism of manganese neurotoxicity, MRS has been used
to obtain metabolic information from Mn-exposed cell cultures and animal
models, as well as occupationally exposed human workers. In an MRS study
of Mn-treated cultured cells, Glu was found to decrease in neurons and
neuron-astrocyte co-cultures, and decreases in mI were also observed in the
co-cultures.®® A high resolution NMR spectroscopy study on tissue extracts
found a selective decrease of NAA in the globus pallidus of rats after Mn
exposure, as well as decreased Gln, Cho and Glu, which was paralleled by
accumulation of GABA.** Decreased NAA and Glu levels were reported in the
hypothalamus of overnight food-suppressed rats after Mn dosing.®’
Furthermore, Guilarte et al. found a significant decrease of NAA in the
parietal cortex of Mn-exposed non-human primates,”" indicating decreased
neuronal integrity in these Mn-treated animal models.

In humans, Kim et al.®® studied the basal ganglia of welders using MRS,
but did not see any significant changes in NAA: Cr, Cho:Cr and NAA: Cho
ratios. Chang et al.®” investigated frontal gray matter and parietal white
matter and only found decreased mI:Cr in the frontal cortex of welders. In
another study, reduced NAA:Cr was found only in the frontal cortex of
Mn-exposed smelters, but not in the thalamus, putamen, or globus
pallidus.'* Additionally, a significant increase in GABA level, similar to the
report of elevated GABA in globus pallidus tissue by Zwingmann et al.,** was
observed in a larger thalamus-centered volume of interest in the same
study.'" This finding of increased thalamic GABA has been reproduced in
additional populations of smelters and welders in different countries and
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settings;**°° moreover, thalamic GABA levels were recently found to predict

fine motor performance in Mn-exposed workers.*® Finally, Long et al. also
reported reduced Glu in the frontal cortex of Mn-exposed smelters and
welders vs. matched controls, as well as reduced mI in the thalamus and
posterior cingulate cortex.'®

The wide range of metabolite changes reported in these studies most
likely can be explained by differences in Mn-exposure settings and brain
regions explored, as well as different scan and analysis protocols. However, a
general trend is a decrease in NAA, especially at higher exposure settings
such as in animal models or the smelter population reported by Dydak
et al.,'* in line with dysfunction or even degeneration of neurons. Another
interesting aspect is the fact that many MRS studies report metabolic
changes in the frontal cortex, supporting the notion that cortical areas, in
particular the frontal cortex, are involved in and vulnerable to Mn
neurotoxicity.

19.2.5 Diffusion Weighted Imaging

Diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) are
forms of MRI based upon the Brownian motion of water molecules (dif-
fusion).”’ Tissue cellularity and the presence of intact cell membranes limit
the diffusion of water in tissue. The overall magnitude of diffusion is
measured in terms of the mean diffusivity (MD) or apparent diffusion co-
efficient (ADC) while the fractional or relative anisotropy (FA or RA) repre-
sents the main vector or direction of water molecule diffusion within a voxel
of tissue.”” Changes in the MD, ADC and FA represent disruption in the
movement of water secondary to changes in cellular architecture,’’ and all
have been reported in association with Mn neurotoxicity. McKinney et al.>
first reported restricted diffusion in the globus pallidus of a patient with Mn
neurotoxicity secondary to liver failure and long-term TPN administration.
Similarly, Criswell et al.” reported lower ADC values in the globus pallidus
(p=0.04) and anterior putamen (p =0.005) of 18 Mn-exposed welders when
compared to age- and sex-matched non-exposed controls. Both studies
found the restricted diffusion in areas of gray matter with elevated T1-
weighted intensity indices. Interestingly, in the study by Criswell et al. these
changes were present in welders without symptomatic complaints and only
minimal parkinsonian signs on examination.

Kim et al. reported a reduction in the FA of the corpus callosum and
frontal white matter in Mn-exposed welders that correlated with elevated
blood Mn levels, pallidal indices, and impaired neurobehavioral perform-
ance, suggesting that Mn also affects the microstructural abnormalities in
white matter.”* Specifically, digit span (backward), verbal fluency, Stroop’s,
and motor test outcomes were significantly associated with FA changes in
the corpus callosum and frontal white matter. Finally, Stepens et al. reported
both a diffuse decrease in white matter FA and an increase of 7% in average
mean diffusivity within the bilateral globus pallidus in patients with
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symptomatic Mn neurotoxicity secondary to intravenous methcathinone
(ephedrone) abuse.” This differs from the restricted diffusion reported in
the basal ganglia by McKinney et al.®® and Criswell et al.” It is possible the
different patterns of diffusion are secondary to differences in the underlying
mechanisms of Mn neurotoxicity associated with occupational exposure,
liver dysfunction, and ephedrone abuse. However, Favrole et al.’® provide an
interesting alternative hypothesis in their study of Wilson’s disease. Wilson’s
disease is a genetic disorder of copper metabolism resulting in a similar
clinical phenotype of parkinsonism and dystonia secondary to copper
deposition within the basal ganglia. They found that subjects with pre-
symptomatic Wilson’s disease demonstrated restricted diffusion in the
putamen, whereas symptomatic Wilson’s disease was associated with
increased putamen ADC values. Favrole et al.°® hypothesized that this may
represent an inflammatory processes or gliosis with increased cellularity
preceding the typical degenerative lesions usually seen at autopsy.”’® Simi-
larly, the difference in gray matter diffusivity may represent a spectrum of
evolving inflammatory and destructive lesions in Mn neurotoxicity. Further
studies in asymptomatic and symptomatic Mn neurotoxicity would be
required to test this hypothesis.

19.2.6 Functional MRI

Functional MRI (fMRI) is an MRI technique that images brain activity by
assessing changes in blood oxygenation and flow in response to neural ac-
tivity - also called the hemodynamic response.””° It is based on the fact
that active brain areas will consume more oxygen, and that the regional
blood flow is increased to meet this increased oxygen need. Given that
oxygenated (Hb) and deoxygenated hemoglobin (dHb) have different
magnetic properties, being paramagnetic and diamagnetic, respectively, the
replacement of dHb by Hb will create a short (~5 s) increase in signal upon
a stimulus, which can be detected by specialized MRI sequences and data
processing. The fMRI images are usually presented in form of brain
activation maps that show the brain areas that are active in response to a
particular task or mental process. These maps are quantitative and thus can
show whether certain brain regions are recruited less or more in a particular
population.

Two studies have been conducted to date on Mn-exposed human subjects
using fMRI to evaluate functional correlates of Mn-induced brain
dysfunction. A first study investigated motor-related brain activation in
Mn-exposed welders. Using a finger-tapping paradigm, the authors found
increased activation of the primary sensorimotor cortex, bilateral sup-
plementary motor area (SMA), bilateral premotor cortex, bilateral superior
parietal cortex and ipsilateral dentate nucleus in the exposed group.'®®
Furthermore, motor behavior, as measured by the Grooved Pegboard test
of the right hand, correlated with the bilateral activation signal in the SMA
obtained during finger tapping of the right hand.'®® The second study used
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the 2-back verbal memory task to look at neural correlates of working
memory alterations due to Mn exposure in the same cohort of welders.'"!
While task performance showed no difference between exposed and non-
exposed groups, the working memory networks of welders were significantly
more activated and welders recruited additional brain regions for this task,
such as the inferior frontal cortex, basal ganglia (including the putamen)
and the cerebellum. Again, correlations between brain activity and cognitive
testing outside the MRI scanner were found.'”" In summary these two
studies not only confirm subclinical deficits in motor and cognitive function
due to Mn exposure, but also suggest that Mn-exposed subjects activate
common networks to a higher degree, and engage additional brain networks
to perform the same task when compared with non-exposed subjects,
possibly as a compensatory mechanism.

19.3 PET and SPECT Imaging

Positron emission tomography (PET) is a non-invasive functional imaging
technique used to create three-dimensional images of the biochemical
processes in the living brain. The PET system detects pairs of gamma rays
indirectly emitted by a tracer labeled with a positron-emitting radionuclide;
common examples include carbon-11 (*'C) and fluorine-18 (**F). Multiple
tracer molecules have been developed that target both general and specific
biochemical sites including those within the pre- and postsynaptic dopa-
minergic nerve terminal. Fluorodeoxyglycose (**F-FDG) is a general marker
of tissue glucose uptake used in cancer screening and cerebral metabolisms
studies.'®>'** Commonly used dopamine specific presynaptic radiotracers
include tagged enzyme substrates such as 6-'*F]fluoro-.-dopa and [B-"'C]-1-
dopa (reflects aromatic r-amino acid decarboxylase activity'®) and mol-
ecules with an affinity for dopamine presynaptic reuptake sites (also called
dopamine transporter or DAT sites) including ["'C]-nomifensin, [*'C]-
methylphenidate, and ["'C]-WIN.'® Postsynaptic studies of the dopami-
nergic system commonly utilize tagged dopamine receptor ligands to
measure dopamine receptor density. Studies in Mn neurotoxicity have
primarily used the radiotracer [''C]-raclopride which has an affinity for D2
post-synaptic dopamine receptors.'®> By combining radiotracer studies with
specific biochemical targets, PET imaging can be used to pinpoint functional
areas within pathways affected by neurodegenerative diseases and neurotoxic
agents such as Mn to elucidate the underlying pathological mechanisms.
Just as with PET, single photon emission computed tomography (SPECT)
may be used to assess dopamine neuron terminal markers. SPECT is similar
to PET in its use of radioligands, which are chosen to bind to particular
targets, and its detection of gamma rays emitted by the radioligand. In
contrast to PET, SPECT tracers emit gamma radiation, which is measured
directly with gamma cameras, resulting in lower spatial resolution (~1 cm
resolution). However, SPECT scans utilize longer-lived and more easily
obtained radioisotopes, making them less expensive than PET scans.
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Dopamine transporter (DAT) SPECT has been utilized to study the integrity
of the nigrostriatal dopaminergic system in both idiopathic Parkinson
disease and manganese-induced parkinsonism.'*'%°

19.3.1 PET Studies in Non-Human Primates

Eriksson et al.'' first used PET imaging in 1992 to study two monkeys
exposed to manganese oxide by subcutaneous injections over a 16 month
period. Both monkeys developed increased T1 intensities in the caudate,
putamen, globus pallidus and internal capsule on MRI imaging and clinical
signs of toxicity including unsteady gait, minor clumsiness of the hands, and
hypoactivity. In both monkeys, uptake of striatal [''C]-nomifensin (dopa-
mine reuptake transporters) progressively declined to reach a 60% reduction
from baseline. The first animal was also scanned with [B''C]--dopa
(pre-synaptic decarboxylase activity) and expressed normal uptake through-
out the striatum. The second monkey underwent ["'C]-raclopride PET (D2
postsynaptic receptors) with the levels transiently decreased in the early
stages of Mn intoxication, but normalized by the end of the study. The
combination of the [B-''C]--dopa and [''C]-nomifensin data suggested that
Mn toxicity caused either a loss of presynaptic dopamine nerves with a
compensatory upregulation in decarboxylase activity and dopamine turnover
or no change in the number of nerve terminals with a reduction in func-
tional reuptake transporters. In either case, no definitive conclusions could
be made from this small, initial study.

Next, Shinotoh et al.'"* performed the combination of [**F]-fluoro-.-dopa
and [''C]-raclopride PET with ['®*F]-fluoro-deoxyglucose PET (cerebral meta-
bolic rate of glucose) before and after serial administration of 10-14 mg kg™ *
of MnCl, to three adult male rhesus monkeys. After Mn administration one
monkey demonstrated elevated T1 signal intensity in the caudate and
putamen with hypoactivity and dystonic posturing. A second monkey
demonstrated similar clinical findings but normal MRI imaging. The last
monkey demonstrated no clinical or imaging findings of Mn neurotoxicity.
However all monkeys were reported to have cell loss and gliosis in the globus
pallidus and substantial nigra pars reticularis. There was no significant
alteration in the cerebral metabolic rate of glucose as measured by ['*F]-
fluoro-deoxyglucose PET. Similarly there was no change in ["'C]-raclopride
or ['*F]-fluoro-deoxyglucose, suggesting preservation of the nigrostriatal
dopaminergic pathway, despite clinical deficits and neuropathic changes in
the globus pallidus.

More recently, Guilarte et a performed a series of studies in
13 adult male macaques administered serial intravenous (i.v.) injections
of manganese sulfate at 3.3-5.0 mg Mn kg ', 5.0-6.7 mg Mn kg ', or 8.3-
10.0 mg Mn kg ' for 7-59 weeks and two imaging control monkeys. PET
studies including [*'C]-methylphenidate (dopamine reuptake transporters),
["'C]-raclopride (D2 postsynaptic receptors) and ["'Cl-raclopride with am-
phetamine challenge (in vivo dopamine release) were performed at baseline

7112113
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and during chronic Mn exposure. Mn exposures did not affect dopamine
transporters as measured by [''C]-methylphenidate binding potential. The
D2 postsynaptic dopamine receptors expressed a small but significant
decrease (14.5%) in ["'C]-raclopride binding potential at 285 days post Mn
administration. However, the primary finding of this study was a 51%
decrease of amphetamine-induced dopamine release at 285 days post
Mn administration relative to baseline.''>"'?® The marked decrease in
amphetamine-induced dopamine release was associated with a subtle de-
crease in fine motor skills and the general activity levels of the animals."">***
These studies also included post-mortem tissue analysis demonstrating no
effect of Mn exposure on dopamine transport levels, D2 receptors, tyrosine
hydroxylase levels, and dopamine or HVA (a dopamine metabolite) con-
centrations, indicating that the dopaminergic presynaptic terminals in the
striatum were intact. Mn exposure in these animals appeared to cause
changes in amphetamine-induced dopamine release without obvious
nigrostriatal terminal degeneration.

Concurrently, Chen et al.'"® found that administration of high dose
MnSO, caused an acute but transient increase in striatal dopamine transport
levels measured by [''C]-WIN 35,428 PET in two adult baboons. As part of
this study they also demonstrated that acute Mn administration inhibits
in vitro binding of [*H]-WIN 35,428 to dopamine transporters in rat striatal
membranes and uptake of [?’H]-DA by dopamine transporters into rat striatal
synaptosomes, suggesting that the transient increase of [''C]-WIN 35,428
(dopamine transporters) may be a compensatory response to its inhibitory
effect on the transporter. This acute effect of Mn on dopamine transporter
levels is different from the decreased DAT levels found after 16 months of
repeat Mn exposure by Eriksson et al.''® and the normal dopamine trans-
porter levels described by Guilarte et al.''? It seems likely the differences in
these effects may be due to the duration of Mn exposure.

The PET studies from non-human primate models suggest that Mn neu-
rotoxicity is mediated by presynaptic mechanisms that inhibit dopamine
release, causing dysfunction but not degeneration of the nigrostriatal
pathway. Differences between individual PET studies may be related to the
variation in duration and magnitude of Mn exposure. However, the duration
of exposure in all the non-human primate studies is limited (days vs. years)
relative to typical occupational Mn exposures in humans. Therefore these
PET findings may still represent early/transient changes in dopamine
synapses, and the possibility of progressive nerve terminal degeneration or
neuronal injury after chronic Mn exposure cannot be excluded. Further,
these studies report striatal findings as a whole; individual differences
between the caudate nucleus and putamen cannot be elucidated.

19.3.2 PET Studies in Human Subjects

The first PET study in Mn-exposed humans was completed by Wolters
et al."*® in four Taiwanese smelter workers with high levels of Mn exposure
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and clinical parkinsonism. All four patients exhibited masked facies, bra-
dykinesia, and gait abnormalities with two patients demonstrating rest tre-
mor. Initial [18F]-fluorodopa PET (presynaptic decarboxylase activity) in these
subjects demonstrated normal uptake in the caudate and putamen. Eight
years later, the same subjects underwent repeat ['*F]-fluoro-i-dopa studies
with [11C]-raclopride PET added to examine postsynaptic D2-dopamine re-
ceptors.'” [18F]-fluoro-.-dopa uptake remained normal in all subjects despite
progression of their parkinsonian symptoms. [11C]-raclopride binding was
mildly reduced in the caudate and normal in the putamen, suggesting that the
nigrostriatal pathway is not affected by Mn exposure.

In contrast, Kim et al."'® performed [**F]-fluoro-.-dopa PET on a parkin-
sonian welder with a 10 year history of welding exposure and elevated 71 MR
signal in the globus pallidus. [*®*F]-fluoro-.-dopa uptake was reduced in the
left putamen. In addition, Racette et al.'™ describe two additional parkin-
sonian welders with Mn exposure. They found reduced [**F]-fluoro-i-dopa
uptake across the striatum with the greatest reduction in the posterior
putamen, similar to the ranges and anatomical uptake patterns of the
comparison group of early idiopathic Parkinson (IPD) subjects. Together
these studies argue that Mn does affect function within the presynaptic
dopaminergic neurons of exposed subjects.

Two studies have reported on [**F]-fluoro-i-dopa PET in Mn neurotoxicity
secondary to liver dysfunction and impaired biliary clearance. Racette
et al.'*® reported reduced [**F]-fluoro-.-dopa PET uptake in the caudate and
putamen of a patient with severe parkinsonism in the setting of alcoholic
cirrhosis, elevated blood Mn levels, and increased T1-weighted MR signal in
the globus pallidum. ['*F]-fluoro-i-dopa uptake was reduced across the
caudate, anterior, and posterior putamen within the range demonstrated by
comparison subjects with IPD. However ['*F]-fluoro-i-dopa uptake in the
caudate nucleus appeared to be relatively more affected in the cirrhotic
patient with a caudate : posterior putamen uptake ratio of 1.43 compared to
the mean IPD uptake ratio of 2.86. Criswell et al.'*' reported on another
individual with Mn neurotoxicity secondary to alcoholic cirrhosis but mild
parkinsonism in the setting of elevated blood Mn levels and MR pallidal signal.
[®*F]Hluoro-i-dopa uptake was reduced across the striatum by more than two
standard deviations (caudate, 24.7%; anterior putamen, 28.0%; posterior
putamen, 29.3%) compared to healthy controls. [**F]-fluoro-i-dopa again ap-
peared to be more evenly affected across the striatum with a caudate : posterior
putamen ratio of 0.99. Both studies indicate presynaptic dysfunction in Mn
neurotoxicity secondary to liver dysfunction.

Sikk et al.'** performed FDG PET in four former ephedrone addicts with
extrapyramidal symptoms after long-term intravenous use of ephedrone
(methcathinone) contaminated with high concentrations of Mn. All patients
demonstrated a widespread, but heterogeneous, pattern of reduced FDG
uptake within the basal ganglia and the surrounding white matter. However,
it is unclear whether these changes are specific to Mn or related to long-term
ephedrone abuse.
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Control Welder

Figure 19.6 FDOPA PET composite images of decay-corrected counts from 24-

94 minutes from a representative control, welder, and subject
with idiopathic Parkinson disease (IPD) normalized to the reference
region. FDOPA uptake is reduced in the caudate region of the welder
in comparison to the control subject, while the posterior putamen is
the most affected region in the subject with IPD.
(Reprinted from Neurology 76, S. Criswell, J. Perlmutter, T. Videen,
S.Moerlein, H. Flores, A. Birke, B. Racette. Reduced uptake of
['*FJFDOPA PET in asymptomatic welders with occupational manga-
nese exposure, pp. 1296-1301, Copyright 2011, with permission from
Wolters Kluwer Health.)

One major confound common to all these initial human PET studies
on symptomatic Mn neurotoxicity is the inability to differentiate subjects
with IPD or, more recently, ephedrone use and superimposed Mn exposure
from those with only Mn neurotoxicity. A recent study by Criswell et al.'**
eliminated this confound by performing ['*F]-fluoro-.-dopa PET in 20
asymptomatic welders exposed to Mn fumes. They found that caudate ['*F]-
fluoro-.-dopa PET uptake was reduced by 11.71% in asymptomatic welders
compared to control subjects (p <0.002); this was slightly higher than the
17% reduction seen in the symptomatic IPD subjects (Figure 19.6). This
finding has significance for two reasons. First, the presence of reduced
[**F]-fluoro-i-dopa caudate uptake in asymptomatic welders may represent
a useful, early marker of Mn neurotoxicity in humans. Second, the pref-
erential effect on caudate ['*F]-fluoro-i-dopa uptake was anatomically re-
versed from the pattern in IPD subjects (Figure 19.6). In combination with
the previous studies by Racette et al.'*° and Criswell et al.,"*" this suggests
that Mn in humans has a unique pattern of neurotoxicity. A previous case
series collected by Bhatia and Marsden'>* report that lesions in the puta-
men are more likely to cause motor symptoms, while caudate lesions are
more often associated with psychiatric and cognitive changes. This could
explain the clinical phenotype associated with Mn neurotoxicity in which
neuropsychiatric symptoms, including cognitive impairment, depression,
and hallucinations, are often present before or concurrent with motor
symptomatology, which would be unusual in early IPD.">*"**”


http://dx.doi.org/10.1039/9781782622383-00477

Downloaded by Purdue University on 18/08/2017 21:25:51.
Published on 27 November 2014 on http://pubs.rsc.org | doi:10.1039/9781782622383-00477

View Online

496 Chapter 19

The differences between early PET studies by Wolters et al.''® and sub-

sequent studies may be related to differences in the method of Mn exposure,
upgrades in scanner resolution, or more likely sample size, because these
studies were not powered to detect the approximately 10% difference in
[**F]-fluoro-i-dopa uptake identified by Criswell et al.'*> While these ['*F]-
fluoro-i-dopa PET studies demonstrate evidence of presynaptic dopaminer-
gic dysfunction, [**F]-fluoro-.-dopa measurements alone cannot distinguish
a neurotoxic effect on nigrostriatal neurons from a dysfunctional process
causing a regulatory effect on presynaptic decarboxylase activity. In
combination with the non-human primate studies by Guilarte et al.,'" these
findings support the hypothesis that chronic Mn exposure produces clinical
neurotoxicity through presynaptic dopamine terminal dysfunction. How-
ever, determining the specific presynaptic mechanism responsible for Mn
neurotoxicity uptake in humans will require further research.

19.3.3 SPECT Studies

Various ligands binding to DAT, such as Tc-TRODAT-1, [1231]--CIT, [1231]-
FP-CIT and [1231I]-ioflupane, have been used to study presynaptic dopami-
nergic function in Mn-exposed workers,'’'% Mn neurotoxicity in the
context of severe liver dysfunction,*® and patients exposed to Mn through
their ephedrone addiction.’®**'**> While SPECT has shown a progressive
loss of DAT density in PD patients,'®® DAT studies in Mn exposure have been
mixed. An early SPECT study demonstrated significantly reduced DAT levels
in the striatum of two Mn-exposed workers by [1231]-B-CIT."® However, a
subsequent report in four patients with chronic Mn intoxication from a
ferromanganese smelting plant identified only mildly reduced DAT in the
putamen.'®®'®” SPECT scanning in one subject with Mn accumulation
secondary to severe liver disease demonstrated normal overall DAT uptake in
the striatum with scattered small hypodense regions within the putamen.*’
SPECT 123I-Ioflupane (DaTscan GE) scans of ephedrone addicts with clinical
symptoms of manganism report normal DAT uptake.*>*>'** Sikk et al.
further performed iodine-123 iobenzamine (IBZM) SPECT to measure the
density of dopamine D2 receptors in their cohort of ephedrone addicts.*?
They found normal tracer uptake in the striatum, indicating preserved
postsynaptic D2 receptors, which suggests that manganism in ephedrone
users may be related to dopaminergic dysfunction rather than degeneration,
as suggested by Guilarte.'*®

There are several possible causes for the range of SPECT results in Mn
neurotoxicity. First, the differences may be secondary to the underlying
etiologies of Mn neurotoxicity (occupational exposure, liver failure, and
contaminated ephedrone). Second, SPECT studies to date have been limited
to symptomatic individuals, therefore confounding with early IPD, liver fail-
ure, or long-term ephedrone abuse cannot be eliminated. Lastly, detecting
small or subtle differences may be difficult owing to the inherent limitations
in the resolution of SPECT imaging. Future SPECT studies in larger cohorts
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may help to further interpret SPECT imaging in these Mn-exposed cohorts and
elucidate the underlying mechanisms of Mn neurotoxicity.

19.4 X-Ray Fluorescence

X-ray fluorescence (XRF) may be used for elemental imaging, which means it
is a direct measure of tissue quantities of a particular chemical element, e.g.
Mn. This type of direct measurement of tissue Mn makes it unique
compared to all other imaging methods discussed in this chapter, which
image Mn indirectly, as in MRI, or which image effects of Mn exposure on
the body’s biochemistry, as in PET and SPECT. To date XRF has found its
applications in the study of Mn neurotoxicity in single cell imaging,'****? as
well as in high-resolution (order of microns) elemental imaging of ex vivo
brain slices of rats exposed to Mn.'?*7'3°

The generation of an XRF signal begins with the expulsion of a
core electron (e.g. 1s) from the atomic shell by an incoming X-ray. The
core hole produced in this process is rapidly filled by an electron from a
higher orbital (e.g. 2p, 3p) while emitting a photon with an energy specific
to the difference in orbital energy levels. Since every element has a unique
orbital structure, peak locations of the resulting energy spectrum indicate
the presence of a given element in the sample and peak height is
proportional to the concentration of said element. To perform XRF
imaging, a sample is raster scanned across a focused X-ray beam while
an energy sensitive detector records the fluorescence spectrum on a pixel-
by-pixel basis. Recorded data can then be fitted and elemental maps
constructed. X-ray beams can be focused to several microns to provide
imaging of large areas such as coronal sections of rodent or human brain.
Alternately, focusing on a nanometer scale (currently down to 30 nm)
allows for single cell imaging. While in principle Mn should be detectable
at 30 nm resolution, practical considerations, such as image acquisition
time, influence the choice of resolution. In addition to requiring a
synchrotron source to perform measurements, XRF imaging of tissue is
performed ex vivo and therefore cannot be used to study kinetics of metal
uptake. Furthermore, sample drying and/or radiation damage prevents
imaging of the same sample by a secondary method, such as immuno-
histochemical staining.

Measuring Mn in single cells by XRF was reported as early as 2003,
followed by studies on Mn accumulation in dopaminergic cells of the Golgi
apparatus.’®' The same authors, Carmona et al.,"*® recently used single cell
micro-XRF to compare the cytotoxicity towards dopamine-producing cells
of several environmental Mn sources: inorganic compounds of different
oxidation state and solubility (MnCl,, MnSO,, and Mn,0;) and organic
compounds (MMT, a gasoline additive, and maneb, a diththiocarbamate
fungicide). The authors found that maneb exhibited the highest toxicity,
followed by MnCl,, MnSO, and MMT with intermediate toxicity, whereas
the insoluble Mn,0; was the least toxic compound.’®® The micro-XRF

129
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Figure 19.7 (A) Optical image of PC12 cells in culture exposed to 500 pM MnCl,
during 24 h. White squares (100 pmx100 um) indicate the two groups
of cells analyzed by micro-XRF. (B) Maps of chemical element distri-
butions (S, K and Mn) obtained by micro-SXRF and merged image of K
(red) and Mn (green) distributions showing the perinuclear localization
of Mn. Scale bar (white bar in sulfur images): 10 um.

(Reproduced from Carmona, A. et al., Metallomics, 2014, 6, 822, with
permission from the Royal Society of Chemistry.)

imaging technique used in this study enabled the creation of Mn, sulfur (S)
and potassium (K) distribution maps within single cells with a resolution
of 1 pmx1 pum, revealing a perinuclear localization of Mn in cells exposed
to MnCl, (Figure 19.7).

Recently XRF has also been used to image whole brain slices from rodents
exposed to Mn (Figure 19.8)."**7'** The penetrating nature of X-rays allows
for relatively thick sections (e.g. 30 pm), and the technique is sensitive to the
total metal content regardless of the binding environment. Robison et al.
used XRF imaging to investigate the spatial and quantitative distribution of
Mn relative to other biologically relevant metal ions, such as Fe, copper or
zine, in brains of rats chronically exposed to Mn. They found that Mn did not
follow the distribution of any of these metals in the brain, with highest Mn
concentrations in the globus pallidus, substantia nigra compacta and the
thalamus."*® Subsequently they investigated spatial correlations between Mn
and Zn, as well as Mn and Fe, in exposed brain slices of the hippocampal
formation both at the tissue level (40 pmx40 um) and the cellular level
(300 nmx300 nm)."**

Most noteworthy is the comparison of some of the high-resolution im-
aging techniques described in this chapter. Daoust et al.'** studied the Mn
distribution within the rat hippocampus by XRF, comparing an intracranial
to an intraperitoneal route of Mn, and correlated the XRF results to the
MEMRI signal. His results are important in validating MEMRI as quantita-
tive measure by finding a clear correlation between the Mn-enhanced MRI
contrast in MEMRI and the total amount of Mn measured by XRF, demon-
strating in addition that MEMRI is sensitive to low Mn concentrations
(Figure 19.9).
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Figure 19.8
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XRF images of Mn, Fe, Cu and Zn in a 30 um thick sagittal section of the brain of a rodent chronically exposed to Mn, showing
different resolutions. (A) Diagram of the sagittal section (lateral ~1.90 mm) imaged by XRF at “tissue level”” resolution (40
pmx40 pm pixel size) displayed to the right. The scale bar on the right represents a length of 2 mm, and the green dashed box
in the diagram represents the approximate location of tissue level XRF imaging. CC, corpus callosum; Cer, cerebellum; Co,
cortex; EP, entopeduncular nucleus; HPCf, hippocampal formation; lv, lateral ventricle; SN, substantia nigra; Str, striatum;
Th, thalamus. (B) Higher resolution image (20 pmx20 pum pixel size) taken of the HPCf which demonstrates heterogeneous
distribution of transition metals. The red dashed box in schematic (A) indicates the approximate location of the scan. Scale
bar represents a length of 400 pm. CA1 & 3, cornus ammonis 1 & 3; DG, granular layer of the dentate gyrus; EC, entorhinal
cortex; hf, hippocampal fissure; MoDG/PoDG, molecular/polymorphic layer of the dentate gyrus; Sr, striatum radiatum.
(C) Highest resolution image (5 pmx5 pm pixel size) of the crest of the DG, indicated by the blue dashed box in the schematic
displayed in (B). The scale bar represents a length of 150 um.

(Data courtesy of Pushkar Y, Sullivan B, and Robison G, Purdue University.)
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Figure 19.9 Signal to noise ratio (SNR) in MEMRI imaging as a function of Mn
concentration determined by XRF. Each point represents one animal.
The line represents a linear fit to the data.
(Reprinted from Neurolmage 64, A. Daoust, E. L. Barbier, S. Bohic,
Manganese enhanced MRI in rat hippocampus: A correlative study with
synchrotron X-ray microprobe, Pages 10-18, Copyright 2013, with
permission from Elsevier.)

19.5 Conclusions

In summary, a wide range of imaging modalities has been used successfully
to measure and study the effects of Mn exposure in vivo. Notably, all of these
imaging studies have focused on the brain and thus on the neurotoxic as-
pects of Mn. MRI (T1-weighted imaging, relaxometry and MEMRI) as well as
XRF may be used to study the accumulation and deposition of Mn in tissue,
ranging from millimeter resolution in humans using MRI to subcellular
micrometer resolution in ex vivo tissue extracts using XRF. On the other
hand, “functional” imaging techniques such as PET, SPECT, MRS, DWI,
fMRI and MR volumetry have been shown to be useful tools for studying the
toxic effects of Mn exposure on neurochemistry, neurotransmitter systems,
neuronal and axonal integrity, and ultimately neurodegeneration. These
methods allow investigation of the mechanism of neurotoxicity, and moni-
toring of disease progression or response to potential treatment.

In all of these imaging studies, the limitations of the applied methods, e.g.
in spatial resolution or sensitivity, as well as the specificity of the techniques,
need to be taken into account when interpreting the data. Note that none of
the techniques discussed in this chapter that can be applied in vivo gives a
direct measurement of the quantity of interest. For example, T1-weighted
MRI does not measure Mn itself, but rather hydrogen nuclei, whose
relaxation properties are changed by close proximity to paramagnetic Mn
ions. To complicate matters, proximity to other paramagnetic metals such as
Fe may also contribute to the same contrast mechanism. Another example
is PET imaging, which does not directly measure neurodegeneration itself,
but rather binding at presynaptic dopamine transporter sites or postsynaptic
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dopamine receptors. Finally, the choice of imaging parameters may greatly
influence the variability in results from different studies, as they influence
sensitivity and specificity.

Over the past few years, several very good and detailed review articles
have been written about neuroimaging of Mn toxicity by Kim et al."*” and
Fitsanakis et al."*® (who focused on MRI), as well as portions of more general
reviews by Aschner'? and Guilarte."*® Technological developments in
neuroimaging are advancing rapidly, and more sophisticated imaging
methodology is becoming more widely available to study the effects of Mn
neurotoxicity. This trend is likely to increase in coming years, yielding higher
resolution both in vivo and in vitro or the ability to assess a wider range of
functional and biochemical measures of toxicity.
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