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Abstract

Manganese (Mn) intoxication results in neurological conditions similar, but not identical, to
idiopathic Parkinson’s disease. While the mechanism(s) by which Mn exposure leads to
neurotoxic effects remains unclear, studies by magnetic resonance imaging demonstrate a high Mn
accumulation in the hippocampal formation (HPCf) of the brain. Metal quantification using this
method is not possible. Using x-ray fluorescence imaging, we measured the distribution of Mn in
the HPCT for a rodent model of chronic Mn exposure and quantitatively compared it with
distributions of other biologically relevant metals. We found considerable increases in average Mn
concentrations in all analyzed areas and we identified the dentate gyrus (DG) and the cornus
ammonis 3 (CA3) layer as areas accumulating the highest Mn content (~1.2 ug Mn/g tissue). The
DG is significantly enriched with iron (Fe), while the CA3 layer has high zinc (Zn) content.
Additionally, significant spatial correlations were found for Mn/Zn concentrations across the
identified substructures of the HPCf and for Mn/Fe concentrations in the DG. Combined results
support that at least two mechanisms may be responsible for Mn transport and/or storage in the
brain, associated with either Fe or Zn. Subcellular resolution images of metal distribution in cells
of the CA3 show diffuse Mn distributions consistent with Mn localization in both the cytoplasm
and nucleus. Mn was not increased in localized intracellular Fe or copper accumulations. A
consistent Mn/Zn correlation both at the tissue (40 um x 40 pm) and cellular (0.3 pm x 0.3 pm)
levels suggests that a Zn transport/storage mechanism in the HPCf is likely associated with Mn
accumulation.

TElectronic Supplementary Information (ESI) available: Glial fibrillary acidic protein immunohistochemistry protocol and method
used for determining the minimum detection and analyzable limites. Fig. S1 HPCf cell scan locations; Fig. S2 HPCf CA3 Control
cells; Fig. S3 HPCf CA3 Mn treated cells; HPCf 1-5 pixel scatter plots; Fig. S5 Pixel scatter plots of CA3 cells; Fig. S6 Glial fibrillary
acidic protein immunohistochemical staining of the HPCf; Table S1 Minimum detection and analzable limits; Table S2 Linear fit
parameters for HPCf pixel scatter plots. See DOI: 10.1039/b000000x/
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Introduction

Trace metals serve an important role in proper development and function of the brain. Under
physiological conditions manganese (Mn) serves as a cofactor to various proteins including
phosphoenolpyruvate carboxykinasel=2, mitochondrial superoxide dismutase3, glutamine-
synthetase*-8, pyruvate carboxylase’8, and arginase®. The disruption of trace metal
homeostasis has been linked to a wide variety of neurological disorders; overexposure to Mn
results in a neurological condition known as manganism, first reported by Couper1.
Populations at risk include miners, smelters, and welders, professions where the airborne Mn
concentrations are high11-25; patients suffering from cirrhosis of the liver , which is
responsible for removal of Mn from the blood?6-32; and those who use methcathinone (or
ephendrone), an illegal substance produced using potassium permanganate33-32, Symptoms
of manganism include tremor, bradykinesia, impaired postural reflexes, dystonia, gait
problems, memory loss, apathy, and psychosis, several of these symptoms are also
exemplified in Parkinson’s diseasel7:29:36-38 Unlike those suffering from Parkinson’s
disease, patients with manganism do not respond to L-dopa therapy39-49,

Despite being described over 170 years ago, the molecular mechanism(s) resulting in
manganism are not well understood. Magnetic resonance imaging (MRI) has provided novel
insights; Mn2* is paramagnetic and therefore Mn exposure results in enhanced contrast of
the T relaxation time. Increased signal intensity in T{-weighted MRI has been observed in
the globus pallidus (GP) of occupationally exposed workers?® 4145 a5 well as in substantia
nigra reticulate3®. Additionally, MRI has been used to study the kinetics of Mn uptake in
rodent models#6-50. Using this method, it has been shown that Mn enters the cerebral spinal
fluid via the choroid plexus in less than 10 minutes following injection, spreading to the sub-
structures of the hippocampal formation (HPCf) such as the cornu ammonis 3 (CA3) in 4-24
hours#748. 50, MRI generally demonstrates Mn accumulation in the HPCf in rodents
exposed to Mn but not in the GP and/or the substantia nigra®?, in contrast to other
techniques such as atomic absorption spectroscopy (AAS)2, inductively coupled plasma
mass spectroscopy®3, and x-ray fluorescence (XRF) imaging®*. This discrepancy has not
been resolved, although it has been suggested that the Mn binding environment or speciation
can critically affect its MRI T4 relaxation properties®>>7.

XRF imaging provides a unique tool for studying metal distribution in situ under the
condition of Mn intoxication. Unlike MRI, XRF imaging can simultaneously measure the
concentration and distribution of multiple metals in a single scan, regardless of binding
environment?#9: 54, 58-65 and has previously been used to study the distribution of metals
within the HPCf49.61-63.66 Fyrthermore, XRF is regularly performed at resolutions on the
order of microns at a ‘typical’ synchrotron facility beamline or down to 30 nanometers at
specialized beamlines. Previously we reported quantitative XRF analysis of Mn distribution
in thin tissue brain sections from a rodent model of Mn intoxication, demonstrating
accumulation in the GP, thalamus, and substantia nigra compact>*. While Mn accumulation
in the basal ganglia is likely responsible for motor dysfunction, Mn accumulation in HPCf
might be related to mood stability, memory loss, and learning disorders7-68, Using XRF
imaging and cluster analysis we studied Mn, iron (Fe), copper (Cu) and zinc (Zn) content in
the HPCT in a rat model of chronic Mn exposure. XRF imaging allowed us to uncover a
strong correlation between Mn and Zn distributions in HPCf. We also report the first single
cell XRF imaging of Mn in brain slices, showing a diffuse Mn distribution in CA3 cells.

Metallomics. Author manuscript; available in PMC 2014 November 01.
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Experimental Procedures

Animal treatment

Animal selection and treatment closely follow those described in ©°. Briefly, 8 week old
Sprague-Dawley rats (Harlan, Indianapolis) were randomly divided into two groups (n =4
per group) and were housed in a temperature controlled, 12/12 hour light/dark room. Not all
animals were used for a given imaging experiment. Animals were allowed free access to de-
ionized water and food (Purina rodent chow 5001, 70 ppm Mn content). At the beginning of
the 9t week, animals received intraperitoneal (i.p.) injections of either 6 mg Mn/kg body
weight in solution (treated group) or an equal volume of saline solution (control group).
Injections were performed on weekdays for a period of four weeks and rats sacrificed 24
hours after the last injection. Plasma Mn concentrations for control and treated animals
following this protocol have been reported to be 3.5 + 0.3 pg/L and 34.8 + 2.3 pg/L
respectively, measured at 24 hours after the last injection®?. Following sacrifice, brains were
removed from the skull, blotted to remove excess blood from the exterior of the structure,
and snap frozen in liquid nitrogen. Samples were stored at —80 °C. Twelve hours prior to
sectioning brains were transferred to a —20 °C freezer; this ensures optimal sample
temperature and prevents cracking of the sample during sectioning. All experiments
complied with animal rights regulations and were approved by the Institutional Committee
on Animal Use at Purdue University.

Preparation of brain sections

Thin tissue brain sections were obtained using a Shandon Cryotome; a frozen sample was
attached to a cryocassette at the cerebellum using Tissue-Teck O.C.T. Compound (metal
free) and mounted to the cryotome cutting head. The cutting chamber temperature was
maintained at =12 °C during the cutting process. Tissue sections (10 um and 30 um thick)
were thawed on 4 um thick polypropylene film secured to plastic frames; 10 um thick
sections were also collected on glass slides (for immunohistochemistry). Bregma locations
of —2.64 mm and —-5.20 mm were chosen as they displayed the HPCf, as well as other brain
structures of interest for a different study. Locations were confirmed by cresyl violet
staining of adjunct sections and visual identification of structures. Once placed on the
substrate, sections were covered and returned to —80 °C for storage. To avoid modification
of metal distribution chemical fixation was not applied to the brain tissue.

Synchrotron based XRF

XRF imaging was performed at the Advanced Photon Source (APS); large area scans
(~mm2) of coronal sections were taken at Sector 18, the Biophysics Collaborative Access
Team (BioCAT) facilities’%-" and single cell imaging (~100 um?) was performed at Sector
2-1D-D"2, Unless otherwise noted, 30 um thick sections were used for XRF imaging;
samples were removed from dry ice, mounted to the beamline, and imaged at room
temperature in air (BioCAT measurements) or in helium (Sector 2-1D-D measurements).
Samples generally air dry within 2 minutes of removal from dry ice. Spectra were collected
on a pixel by pixel basis at a 10 keV incident energy and the MAPS program’3 was used for
fitting. Thin film standards (NBS-1832/33) allow for metal quantification. Table 1 lists the
XRF imaging parameters used for this study and Table S1 lists the minimum detection and
analyzable limits for the respective data collections. Data collected at BioCAT had the low Z
element contributions to the spectrum suppressed by placing two, 8 um aluminium filters
over the detector collimator affording a larger collection solid angle while preventing
detector saturation. The detector to sample distance was determined by optimizing the ratio
of signal to total counts of the unfitted Mn K peak thereby minimizing the background
contribution to the spectrum. Single cell measurements taken at Sector 2-ID-D were
performed in a helium bag to record the low Z element contributions to the spectrum.

Metallomics. Author manuscript; available in PMC 2014 November 01.
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Cluster Analysis

The HPCf was visually identified and its extent delineated by hand taking care to avoid the
central and lateral ventricles adjacent to the structure. As the substructures of the HPCf are
heterogeneous in metal content9:62.66.74 k_means cluster analysis was employed to
objectively identify separate regions. Clustering used both the Fe and Zn signals at equal
weights; Fe alone failed to identify the CA3 whereas Zn alone did not delineate the dentate
gyrus (DG). Contaminants and/or bubbles would result in a small cluster (<10 pixels) being
identified; such pixels were deselected and the analysis repeated. Blood vessels were
identified by their strong Fe content as compared to surrounding tissue and their circular
shape; vessels were removed before analysis. Five clusters were chosen as more clusters did
not delineate any additional, unique anatomical structures. As many as 8 clusters were used
on any sample that failed to identify clusters consistent with other samples; in this event,
clusters were then merged to form the five clusters. Statistical significance between groups
was determined by one-way analysis of variance (ANOVA); analysis of covariance
(ANCOVA) was used to determine the similarity of linear regression where appropriate. All
statistical analysis used a = 0.05 unless otherwise noted.

Cell body identification

Results

Potassium (K) co-localized with both sulphur (S) and phosphorus (P), indicating that the
sample drying did not result in leaching from the cell (Fig 4). Therefore, delineation of the
cell was performed using the potassium (K) signal which presented good contrast between
the cell body and the surrounding space. Specifically, an exponential filter was applied for
contrast enhancement, followed by convolution with a 10 pixel median filter to despeckle
the region. The dynamic range of the image was then compressed to 8-bit grayscale and an
unsharp mask applied for edge detection. The largest continuous region was then taken to be
the cell body.

HPCf substructure delineation by cluster analysis

Coronal sections of the rodent brain displaying the HPCf were XRF imaged at 10 keV to
obtain Mn, Fe, Cu, and Zn distributions. Comparison with thin film standards allowed for
metal quantification. The HPCf is comprised of multiple substructures which demonstrate
varying degrees of metal accumulation; Fig. 1A presents a diagram of the HPCf with distinct
anatomical regions labeled. To delineate these regions in an objective manner, k-means
cluster analysis was performed, resulting in identification of the main anatomical
substructures (Fig. 1B). Substructures were grouped as follows: green (HPCf 1) stratum
oriens (So) and stratum raditum (Sr); blue (HPCT 2) entorhinal cortex (EC), hippocampal
fissure (hf), and molecular layer of the DG (MoDG); cyan (HPCf 3) CA3; magenta (HPCf
4) DG and CAL1,; yellow (HPCf 5) the polymorphic layer of the DG (PoDG). Fig. 1C shows
the distribution patterns of Mn, Fe, Cu and Zn in HPCf of control and treated animals. Mn
accumulation is readily seen in the CA2-3 and DG regions of treated samples but is still
noticeable in the control section (different intensity scale maximum). Fe was most notably
contained within the granular cell layer of the DG and the CA1 whereas Zn was primarily
located in the PoDG and the CA3-4. Cu was located along the hf and the upper portion of
the So. The circular areas of Fe content predominantly observed in the hf are blood vessels
(Fig. 1C); these areas were excluded prior to analysis. Using the aforementioned clustering,
average metal concentration of the regions was calculated and compared. This study found
statistically significant Mn increase in treated animals across five identified HPCf regions as
compared to control (Table 2). The only other statistically significant change in
concentration was a 27% decrease in the Fe content of the HPCf 4 in the Mn treated group
as compared to control.

Metallomics. Author manuscript; available in PMC 2014 November 01.
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Manganese correlation with other metals

Two color maps of Mn/Fe, Mn/Cu, and Mn/Zn showed that Mn co-localizes with Zn in the
CA3 and to a lesser extent with Fe in the DG (Fig. 2A). To further examine Mn co-
localization with biologically significant metal ions, scatter plots of the average metal
concentration (Fe, Cu, or Zn) in regions identified by cluster analysis versus Mn
concentrations were created and fitted with a linear regression weighted by data point
variance (Fig. 2B). For treated samples a strong, positive correlation between Zn and Mn (r
=0.68, p <0.01) and a weaker, negative correlation between Cu and Mn (r = —0.52, p =
0.01) were observed. The correlation between Fe and Mn was not statistically significant (r
= —0.33, p = 0.14). For control samples, the Cu/Mn and Zn/Mn correlations were not
statistically significant (r = 0.39, p = 0.27 and r = —0.06, p = 0.87 respectively), but a
strong correlation was observed in Fe/Mn (r = 0.87, p < 0.01). Curiously, correlations seen
in one sample group are anti-correlated in the other. Table 3 summarized the fit parameters
and correlation results.

The DG, where our analysis showed co-localization of the Fe and Mn signals (Fig. 2A), was
quite small and thus a scan of the crest of the DG was performed in treated rat at increased
pixel resolution (7 um x 7 um; Fig. 3A). This scan clearly showed Mn accumulation in the
blades of the DG which was 17% higher than the Mn concentration in the immediate
surrounding area. Fe was also concentrated in this area, although it appeared to be contained
within a narrower region. The mean metal concentrations and linear fit parameters are
presented in Table 2 and Table 4, respectively. Scatter plots of pixel metal concentrations
demonstrated that Mn moderately correlated with Fe (r = 0.35, p < 0.01) within the DG. Cu
did not correlate with Mn in any of the regions examined. Small “hotspots’ of high Cu
concentration were observed within the PoDG which were not visible at lower resolution (40
pm x 40 pum). These hotspots are likely the result of Cu accumulations in astrocytes8?. The
PoDG region was rich in Zn but did not show a significant correlation with Mn (r = —0.01,
p = 0.77). The strongest correlation was observed between Mn and Zn in HPCf2 (blue; r =
0.51, p <0.01).

Subcellular XRF imaging of Mn

Cells of the CA3 were selected for single cell imaging due to the high Mn concentration in
this area and the ease by which the CA3 is identified by its strong Zn content (Fig. S1).
Measured cells were likely neurons which demonstrate Zn accumulation within synaptic
vesicles®281, The majority of single cell measurements were performed on 30 pum thick
tissue sections to ensure sufficient statistics for fitting; imaging thinner sections was
prohibitively long for the available amount of beamtime. Pyramidal cells of the CA3 layer
have been reported to be between 17.6 — 31 um in diameter (soma area between 246 — 750
um?2)82 and therefore, assuming a pyramidal cell has been selected, less than two full cells
should be present through the depth of the sample. A total of 11 control and 9 treated cells
were measured (n = 4/3 control/treated; Figs. 4, S3, & S4). We do not think that sample
drying resulted in significant redistribution of elements. For instance, if such re-distribution
would occur, K would be the first element to re-distribute due to its high mobility. However,
K co-localizes with both S and P (Fig. 4), elements that are bound to bio-molecules and
therefore do not easily diffuse. Thus, K did not leach from the cell due to sample drying and
therefore re-distribution of other elements is similarly insignificant. Sample thickness
obscured the nucleus/cell body boundary and therefore subcellular divisions were not
considered. Nevertheless, localized Fe and Cu hotspots are easily visible; should highly
localized Mn accumulations occur they should similarly be detectable. Cellular trace metal
concentrations (Table 5) were higher as compared to the images of the bulk structures (i.e.
40 um x 40 um pixel size). This is likely due to heterogeneous distribution of metal inside
and outside the cells. Chronic Mn exposure resulted in the significant increase of Mn content

Metallomics. Author manuscript; available in PMC 2014 November 01.
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inside cells. Differences in average elemental content (P, S, K, Cl, Ca, K, Fe, Cu, & Zn)
between the control and treated cells were not statistically significant (Table 5 & Fig. S5).
The large standard deviations demonstrated a high degree of cell-to-cell variability in
intracellular metal contents (Fig. S5A). Potassium is distributed throughout the soma and
therefore can be used to delineate the extent of the cell body. From visual inspection, Mn is
distributed throughout the cell, although high Mn concentration appears in the areas of high
P and K content. The Fe distribution is highly heterogeneous inside the cells with small,
localized accumulations that do not co-localize with any other element. Cu hotspots, on the
order of microns in size, appeared at the extremities of the cell body; these are likely
occurred inside astrocytes or their processes which propagated between the measured
cells®O(Fig. S6).

Due to the cell-to-cell variation in metal content, additional data processing was performed
to produce pixel scatter plots. For a given cell, the average metal content was subtracted
from each pixel value. Data were then binned and plotted as a 2-dimensional histogram (Fig.
S5B); linear regression parameters of un-binned data are reported (Table 6). For both control
and treated cells, the strongest correlations observed are between Mn/K for both control and
treated cells followed by Mn/Zn. Both Mn/K and Mn/Zn have a 60% decrease in scatter plot
slope in treated samples which is statistically significant according to ANCOVA.

In comparison with cells of the subventricular zone (SVZ) processed in a similar fashion
(data not shown), the P and K content were on the same order of magnitude whereas
dramatic differences were seen in Fe, Cu, and Zn contents. Astrocytes of the SVZ are known
to accumulate unusually high Cu on the order of 100 mM concentrations®®. Thus, the
average Cu concentration of CA3 cells was 20-30 times lower than that demonstrated for
SVZ cells. The average Fe content was a factor of four lower in CA3 cells than SVZ cells;
the reason for this difference is unclear. Zn was approximately 60% higher in the CA3 cells
likely due to Zn storage in synaptic vesicles. Comparison of Mn content was not possible as
SVZ cells were not imaged with sufficient dwell time for proper Mn counting statistics.

Discussion

Mn accumulation and distribution in the hippocampus has been studied previously by
MRI47-50.83-84 radiography8®, and XRF4°. From a survey of literature, it is clear that the
amount of Mn retained in HPCf depends on the Mn administration protocol and time
between last Mn injection and animal sacrifice. Thus, Mn accumulation and retention in
HPCf is presumably a highly dynamic process.

Qualitatively, Mn distribution in the hippocampus has been monitored by increased MRI T
weighted signal intensity for both acute*’~20 and chronic Mn exposure82. The strongest
signal enhancements were noted in the CA3 and DG with the weakest being in the
CA147-%8_Similar enhancement of the CA3 and DG has been noted for neonatal (P4) mice
24 hours post injection®. In agreement with previous studies*’~59, our data highlight the
CA3 and DG as targets of Mn accumulation in condition of chronic Mn exposure; the
PoDG, identified due to increased resolution, can also be included.

Quantitatively, considering the HPCf as a single unit, the average Mn content measured in
this study is only 30% higher than reported in”> where quantification was performed by
AAS. Both studies used the same animal treatment protocol, however, for our study the
post-injection time was only 24 hours rather than 2 weeks. Using neutron activation analysis
(NAA), Moldovan, Al-Ebraheem, Miksys, Farquharson and Bock’” reported a Mn content
twice as large as this study for the same absolute Mn exposure (120 mg Mn total), however
treatment was over a period of 4 days resulting in a higher daily dose. This shows that
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capacity of the HPCf in accommodating Mn was not saturated in our study. A study using a
single dose of 30 mg Mn/kg*® measured Mn concentrations 2—3 times higher than this study.
Fe values given in 77 and 7 are up to 2 times higher than reported here; Cu concentrations
are 3.25 times higher. For Fe, this discrepancy is due mainly to the precision of tissue
sampling; the specified studies dissected the hippocampal region without removal of the
blood vessels whereas the current study excluded all nearby blood vessels. It is known that
brain capillaries accumulate Fe, in both free and transferrin-bound forms, 108 times more
than the capillary-depleted parenchyma®. Hence, the increased Fe in hippocampus observed
in the previous study could be contributed by Fe accumulation in hippocampal capillary.
Similarly, inadequate separation of the HPCf from the SVZ could result in the inclusion of
high Cu accumulations which could skew Cu measurements to higher concentrations.
Daoust, Barbier and Bohic*® noted decreased Fe content in the HPCF as a result of Mn
exposure, in agreement with this study, although decreased Fe or Zn (Table 2) were
generally not significant.

Whether considering the HPCf as a single structure or as the 5 identified regions, Mn
concentrations in control samples were comparable to those of the cortex and the G4, Thus,
at the normal condition HPCf does not contain more Mn than other major brain structures.
For treated samples, Mn content in the HPCf3-5 (1.21 £ 0.22, 1.26 £ 0.13, and 1.21 + 0.08
na/g respectively) was approximately equivalent to concentrations measured in the
substantia nigra compacta (1.21 + 0.17 ug/g), thalamus (1.15 £ 0.12 pg/g), and the GP (1.53
+ 0.10 ug/g)®*; suggesting that the HPC3-5 are equivalently susceptible to Mn insult.

The effect of Mn on Fe homeostasis has been implicated as one possible mechanism of Mn
induced neurotoxicity®®:87. Transferrin receptor mediated endocytosis has been proposed to
transport Mn into the cell in the form of Mn3*-transferrin complex®8. It has been shown that
Fe deficiency results in the up-regulation of transferrin and transferrin receptor
expression8%-90, and that dietary Mn exposure coupled with Fe deficiency results in an
increased Mn uptake into the HPC%-92, Our earlier studies of other brain areas also had
shown positive correlation between Fe content and Mn accumulation®*. Mn accumulation in
the DG, the area of highest Fe content, suggests that Fe transport may play a role in Mn
uptake in this structure. Furthermore, Fe content in this region was observed to decrease
significantly, possibly suggesting either competition between Fe and Mn for transport or a
saturation of transport into/storage within the cell. The slope of Mn/Fe scatter plot of HPCf
regions changes from positive to negative between control and treated brain (Fig. 2B) also
suggesting the saturation of Fe pathway for Mn transport in the HPCT. Visualization at
single cell resolution presents a picture with defined Fe accumulation inside cells of the CA3
which do not show Mn co-accumulation and are not altered with Mn exposure. Mn
distribution inside cell is diffuse whereas Fe is found in small concentrated regions (Fig. 4).
Thus, intracellular Fe and Mn are bound/localized differently.

The moderate Mn/Cu anti-correlation supports that sites of Cu accumulation do not
correspond to areas of high Mn content. Cu has been shown to accumulate in astrocytes,
both in culture93-95 and in brain tissue®. It is therefore plausible that Cu hotspots may
indicate, in part, astrocyte location. Astrocytes are thought to be one target of Mn
accumulation as the glia-specific enzyme glutamine synthetase96-97 can bind to as many as
8 Mn atoms per octamer®, accounting for roughly 80% of Mn in the healthy brain®. Under
normal physiological conditions, only 30% of glutamine synthetase is saturated with Mn,
providing capacity for cellular storage. Indeed, Mn has been observed to accumulate in the
hf, an area of the HPCf rich in astrocytes, as a result of an acute intracerebral injection®?; i.p.
injections used in the aforementioned study or our study do not demonstrate a similar
accumulation. Immunohistochemical staining of glial fibrillary acidic protein, a marker of
astrocytes, demonstrated the most intense expression in the hf where the lowest
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concentrations of Mn were observed (Fig. S6). The lack of any correlation between Mn and
Cu provides further evidence that astrocytes are not the primary target of Mn accumulation
in this rodent model in agreement with previous studies#9-54.

The strong Mn/Zn correlation (Fig. 2, Table 3) between regions identified by cluster analysis
suggests a rapport between the transport and/or accumulation of Mn and Zn in HPCf under
condition of Mn intoxication (note that correlations are weaker in control samples). It
appears to be unique to HPCTf since analysis of other brain structures shown only moderate
correlation for group of selected brain structures (see Figure 5 in °4). Two separate families
of proteins serve opposing functions for Zn transport in cells; the Zrt- Irt-like protein (ZIP)
family serves for cellular Zn influx while the Zn transporter family (ZnT) transports Zn
within and out of the cell?8-100, The ZIP8 protein is responsible for Zn2* transport across the
cell membrane but has also been established as a cadmium transporter. A competitive
inhibition between cadmium and manganese has been observed in cell cultures01-103 gnqd
cadmium resistant cells have shown a similar resistance to Mn accumulation93, Lastly,
Z1P8 is a symporter of bicarbonate which could explain increased Mn concentrations with
increasing extracellular pH levels03-105 A ZIP8 hypomorph modell% could be of use for
future investigations with regards to Mn intoxication. In HPCf the Zn transporter 3 (ZnT3) is
expressed in hippocampal mossy fibers as identified by Timm’s staining®l, suggesting that
ZnT3 is responsible for Zn accumulation in synaptic vesicles0’. A transgenic mice model
with ZnT3 knockout has shown decreased Zn in the HPCT highlighting the role of
ZnT3628L108 7n jons are released during synaptic transmission, however, their exact
physiological role(s) remain unknown. A recent study109 reporting a decrease in spatial
memory additionally suggests depletion of Zn in the HPCf may play a role in memory and
behaviour. This is in contrast to Cole, et al.119 which supports that spatial learning is not
impaired in this rodent model. As Mn distribution shows strong correlation with Zn, one can
propose that Mn in HPCf is stored in synaptic vesicles and released during synaptic
transmission; presumably interfering with Zn homeostasis, altering synaptic transmission
and, thus, contributing to neurological disturbances.

Conflicting reports in literature discuss the preferential targets of Mn location inside the
intoxicated cells mainly focusing on mitochondria, the nucleus or the Golgi
apparatus®-111-112_Dye to mobile nature of the Mn2* ion in the brain tissue, significant care
must be taken for sample preparation. Perfusion of the brain results in approximately a 50%
decrease in Mn content!11 and any chemical treatment of brain tissue depletes majority of
Mn2* from the samples®*. Accordingly, unperfused, chemically untreated samples must be
used for imaging of Mn distributions. To the best of our knowledge there is only one
imaging study of Mn distribution in cells (PC12 cells culture) prepared by cryofixation®8.
Cell cultures are quite different from brain cells in situ as the brain barriers that regulate
trace metal access are absent. The strongest correlation observed in our single cell study is
for Mn/K (Table 6). Our results agree with Ayotte and Plaal13 which reports comparable
Mn concentration in the cytoplasm and nucleus up to 3 hours post-injection. However,
considering both the sample thickness used for this study and the sample variability
observed Fig. S5), additional work is necessary to examine subcellular accumulation in situ
using XRF imaging. Clearly no localized Mn accumulations were observed in examined
cells.

Conclusion

Here we present the quantitative imaging analysis of the effects of chronic Mn exposure on
metal accumulation within the HPCf as measured by XRF. Statistically significant increases
in Mn concentration were observed for all substructures of the HPCf as well as a decreased
Fe concentration in the DG (p < 0.01). Manganese was confirmed to preferentially
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accumulate in the DG, PoDG, and CA3 (~1.2 ug/g); this concentration is less than that
observed for the GP (~1.5 pg/g) but roughly that of the substantia nigra and thalamus (~1.2
Hg/g)®*. A strong Mn/Zn positive correlation (r = 0.68, p < 0.01) was found across the five
divisions of the HPCf. We suggest that this could be indicative of a global Zn associated
mechanism for Mn transport and/or storage within the HPCf, with potential involvements of
specifically ZIP8 or ZnT3 (transporter primarily found in mossy fibers of the HPCf). The
changed Mn/Fe scatter plot slope for treated samples as compared to control is possibly due
to a saturation of a Fe transport/storage mechanism; presumably this mechanism is more
strongly expressed in the DG thereby explaining the statistically significant decrease in Fe
concentration. Further study is necessary to solidify this inference.

Single cell imaging of CA3 neurons revealed an increased Mn concentration, however cell
to cell variability prevents any other meaningful statement regarding other elements.
Cellular distribution of Mn was diffuse, confirmed by a strong correlation in with K (control
and treated, r > 0.50, p < 0.01) which is known to be present throughout the nucleus and
cytoplasm. The areas of higher Mn accumulation do not co-localize with the small, of high
Fe or Cu concentrations (r < 0.15).
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Abbreviation

ANCOVA Analysis of covariance

ANOVA Analysis of variance

APS Advanced Photon Source

AAS Atomic absorption spectroscopy
BioCAT Biophysics Collaborative Access Team
CAl-4 Cornus ammonis 1-4

DG Dentate gyrus

EC Entorhinal cortex

GP Globus pallidus

hf Hippocampal fissure

HPCf Hippocampal formation

i.p. Intraperitoneal

MRI Magnetic resonance imaging
MoDG Molecular layer of the dentate gyrus
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NAA Neutron activation analysis

PoDG Polymorphic layer of the dentate gyrus
So Stratum oriens

Sr Stratum raditum

Svz Sub-ventricular zone

XRF X-ray fluorescence

ZnT Zinc transporter family

ZIP Zrt- Irt-like protein
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Fig. 1. XRF imaging of the hippocampal formation

(A) Diagram of the HPCf identifying the main anatomical structures present. CA1-3, cornu
ammonis 1-3; DG, dentate gyrus; hf, hippocampal fissure; EC, entorhinal cortex; lv, lateral
ventricle; MoDG, molecular layer of the DG; PoDG, polymorphic layer of the DG; SO,
stratum oriens; SR, stratum radiatum. (B) A typical result of k-mean cluster analysis using
the Zn and Fe signals at equal weights where the HPCf is divided into five regions; HPCf1-
5 are green, blue, cyan, magenta, and yellow respectively. (C) XRF imaging of coronal
sections (Bregma —2.64 mm) of control and Mn treated samples. Note that the maximum
Mn concentration for control is 30% of that for the Mn treated. All numbers are given in g/
g. Scale bars represent a length of 1 mm.

Metallomics. Author manuscript; available in PMC 2014 November 01.

2N



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Robison et al.

A

Page 17

. {1 a .
: i ' ] &
- Sl 1 7 '
T B Ap—— I
LTS -1 15 o3 L IR 1.8 o2 Hn [l 1.2
H~zir T I L

Fig. 2. Analysis of the hippocampal formation regions

(A) Two colored images displaying Fe/Mn, Cu/Mn, and Zn/Mn respectively. Note that Mn
and Zn strongly co-localize in the CA3 of the HPCf, while a small portion of Mn also co-
localizes with Fe within the DG as indicated by white pixels in the images. Scale bar
represents a length of 1 mm. (B) Scatter plots of the mean concentrations of regions
identified by clustering. Points are color-matched to the regions specified in Fig. 1B and
bars indicate the standard deviation for the given data points. Data points from control/
treated samples are to the left/right of the vertical grey line respectively; n = 2/4 animals
(control/treated) for HPCf 1&2, and n = 2/3 for HPCf 3-5. One treated animal was measured
at both Bregma locations. Linear fit parameters and respective Pearson’s correlation
coefficients are given in Table 3. Fits were weighted according to the variance of the data
points. All numbers are given in ug/g.
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Fig. 3. XRF image of the crest of the dentate gyrus

(A) XRF image of the DG of a Mn treated sample take with 7 x 7 um2 pixel size. Cluster
analysis (k = 3) using Fe and Zn identified HPCf 2 (blue), HPCf 4 (magenta), and HPCf 5
(yellow). Tri-colored images demonstrate an accumulation of Mn in the DG which is
enriched with Fe but not in the PoDG. All numbers are given in pug/g. Scale bar represents a
length of 200 um. (B) Scatter plots of pixel data from these three regions are displayed. The
strongest correlations observed are Mn/Fe in HPCf4 (r = 0.35, p<0.01) and Mn/Zn in HPCf2
(r =0.51, p<0.01). A summary of fit parameters are given in Table 4.
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Fig. 4. XRF images of single cells of the CA3

Single cell XRF image from control (top) and Mn treated (bottom) samples [n = 4/3 animals
(control/treated); n = 11/9 cells (control/treated]. Note that the Mn scale is adjusted between
the control and treated samples. Potassium helps to identify the cell body. All numbers are
given in ug/g. Scale bar represents a length of 7.5um.
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