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Abstract

Lead (Pb) is a well-known neurotoxicant and environmental hazard. Recent experimental evidence
has linked Pb exposure with neurological deterioration leading to neurodegenerative diseases, such
as Alzheimer’s disease. To understand brain regional distribution of Pb and its interaction with
other metal ions, we used synchrotron micro-x-ray fluorescence technique (u-XRF) to map the
metal distribution pattern and to quantify metal concentrations in mouse brains. Lead-exposed
mice received oral gavage of Pb acetate once daily for 4 weeks; the control mice received

sodium acetate. Brain tissues were cut into slices and subjected for analysis. Synchrotron pu-XRF
scans were run on the PETRA 111 P06 beamline (DESY). Coarse scans of the entire brain were
performed to locate the cortex and hippocampus, after which scans with higher resolution were
run in these areas. The results showed that: a) the total Pb intensity in Pb-exposed brain slices was
significantly higher than in control brain; b) Pb typically deposited in localized particles of <10
um? in both the Pb-exposed and control brain slices, with more of these particles in Pb-exposed
samples; c) selenium(Se) was significantly correlated with Pb in these particles in the cortex and
hippocampus/corpus callosum regions in the Pb-exposed samples, and the molar ratio of the Se
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and Pb in these particles is close to 1:1. These results indicated that Se may play a crucial role

in Pb-induced neurotoxicity. Our findings call for further studies to investigate the relationship
between Pb exposure and possible Se detoxification responses, and the implication in the etiology
of Alzheimer’s disease.

Graphical Abstract
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INTRODUCTION

Metal toxicity has long been studied and linked to a number of negative health effects (Chen
etal., 2020, 2015; Liu et al., 2021; Strausak et al., 2001), particularly neurological effects
(Desai and Kaler, 2008; Miao et al., 2021; Okuda et al., 1997; Shaw and Tomljenovic,

2013; Zhu et al., 2017). One of the most widely present metals in the modern environment,
despite its known toxicity, is lead (Pb). The presence of Pb in the environment is due to its
extensive uses in modern industry, batteries, petroleum products and paint over the years,

in combination with water contamination from Pb pipes. Lead affects many bodily systems,
including, but not limited to, renal (Hou et al., 2019; Loghman-Adham, 1997; Wang et al.,
2018), cardiovascular (Fewtrell et al., 2004; Navas-Acien et al., 2007), and respiratory (Lu et
al., 2018; Mohammed et al., 2015). It has been shown that the main target of Pb toxicity is
the nervous system (Chen et al., 2016).

Studies showed that cumulative exposure to Pb is associated with a decline in cognitive
performance (Farooqui et al., 2017; Stewart and Schwartz, 2007; Weuve et al., 2009), motor
function (Fraser et al., 2006; Wasserman et al., 2000), and possibly neurodegenerative
diseases such as Alzheimer’s disease (AD) (Gu et al., 2012; Wu et al., 2008) and
Parkinson’s disease (PD) (Coon et al., 2006; Weisskopf et al., 2010). Results by magnetic
resonance imaging (MRI) technique revealed a reduced hippocampal volume in Pb-exposed
smelting workers compared to age-matched control workers (Jiang et al., 2008). Animal
studies showed Pb exposure can either affect the expression of amyloid precursor protein
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(APP) or inhibit the clearance mechanism and therefore increase beta-amyloid (AB)
accumulation in both rodent and nonhuman primate models (Basha et al., 2005; Behl et

al., 2009; Gu et al., 2012; Wu et al., 2008). Previous X-ray fluorescence studies showed high
levels of Pb present in beta amyloid plagues—one of the key indicators of AD (Gu et al.,
2012).

Despite the epidemiological evidences to show the association between Pb exposure and
neurological effects and neurodegenerative diseases, and the animal studies to show the
neurotoxicity of Pb exposure, the mechanism underlying the Pb neurotoxicity is still largely
unknown. Several neurotoxicological mechanisms have been proposed including disturbing
cell homeostasis by replacing other elements (Ca, Mg, Fe, etc.) (Boskabady et al., 2018),
production of free-radicals that induce oxidative stress (Shilpa et al., 2021; Wu et al., 2020),
and DNA myelination in AD pathology (Bihagi, 2019). In this project, we employed a
synchrotron micro-x-ray fluorescence (UXRF) technique to investigate the interaction of Pb
and other metals, especially selenium (Se) which is a known antioxidant and has been shown
to have an antagonistic effect on Pb (Huang et al., 2021; Jin et al., 2017; Yin et al., 2019), in
brain and to explore the possible mechanism of Pb neurotoxicity.

Synchrotron pXRF offers high spatial resolution for elemental distribution mapping, on
the order of microns or nanometers, with the ability to measure multiple elements in one
scan. In addition, SXRF is not destructive. These virtues allow for the preservation of

the sample so that it can be used for more than one experiment, if needed. SXRF has

a high sensitivity for trace elements of biological importance, which, coupled with its
non-destructive characteristics, make it an extremely desirable technique for experiments
involving tissue samples. In this study, we used transgenic mice whose brains are known to
overexpress with amyloid plaques. By using synchrotron XRF, we scanned brain slices of
Pb-exposed and control mice, analyzed metal distributions including Pb and Se distribution,
and compared Pb and Se concentrations and distributions in different regions between
Pb-exposed and control mice. The results shed light on brain distribution of Pb and its
interaction with other metals in transgenic mice with or without subchronic Pb exposure.

MATERIALS AND METHODS

Animals

The Tg-SwDI APP mice were used in the study (Gu et al., 2012). Mice were purchased from
the Jackson Laboratory (Bar Harbor, ME) and bred in the laboratory of Animal Center at
Indiana University School of Medicine. We are interested in using this model to study the
role of Pb in amyloid plaque formation in future studies. Two groups of mice were used:

one exposed to Pb and one control group. A total of six animals were raised, with three in
each group. Animals were housed in collective cages with 3 animals per cage. They were
maintained in a 12-hour light/dark cycle facility with an average temperature of 22°C. They
were fed with Envigo Rodent Diet 2018 (Madison, Wisconsin). The datasheet provided by
Envigo indicated a Se content of 0.23 mg/kg and a Pb content below the detection limit.

Treatment for both groups began when the mice were two months of age. The mice in the
Pb-exposed group orally received 27 mg Pb/kg as 50 mg/kg Pb acetate (Sigma-Aldrich)

Neurotoxicology. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbb et al.

Page 4

(PbAC) in 100 ul water once daily for 4 weeks. The animals in the control group received
25 mg/kg of Na-acetate (NaAc). This is a standard procedure in Pb toxicity research to
balance the acetate in the Pb dose. This dose regiment was based on a previous study
showing Pb-induced cognitive impairment of Tg-SWDI mice (Gu et al., 2012). No animals
were lost due to the Pb treatment and no significant changes in body weight were observed
compared to the controls. The mice were sacrificed at 3 months of age and brains were
extracted. The mice were treated and handled according to the IACUC protocol which was
reviewed and approved by the Indiana University Animal Care and Use Committee and the
Purdue University Animal Care and Use Committee. This protocol is also in adherence to
the ARRIVE guidelines (Kilkenny 2010).

Sample Preparation

Brains were extracted from Pb-exposed and control mice and stored in a —80°C freezer.
They were taken out and sliced to 10 pm thin pieces along the sagittal plane using a
cryomicrotome. The brain slices were then attached to the surface of a 4 um Ultralene® thin
film (SPEX SamplePrep, New Jersey) which was fixed in a 24 x 36 mm plastic holder. An
example of the sample set up is shown in Fig. S1 in the supplemental material.

Four samples were scanned: two Pb-exposed (Pb5 and Pb7) and two control (Ct4 and Ct7),
with Pb5 and Pb7 from one Pb-exposed male mouse and Ct4 and Ct7 from one control male
mouse. The number refers to the slice of the brain scanned. Samples with minimal damage
from the cutting and mounting process were selected and each Pb-exposed sample was best
matched with a control sample of similar slice (i.e. Pb5 — Ct4; Pb7 — Ct7).

Samples were kept in a —80°C freezer. Prior to transporting the samples, two (Pb5 and Ct4)
were removed from the freezer, air dried, and stored in a room temperature container for
approximately 5 days before they were scanned. The remaining samples (Pb7 and Ct7) were
kept frozen on dry ice during the transportation process and were air dried immediately
before they were scanned.

Experimental Setup

The X-ray fluorescence measurements were performed at the Microprobe endstation of
Beamline P06 at the PETRA 111 storage ring at the Deutsches Elektronen-Synchrotron
DESY utilizing a Maia X-ray fluorescence detector system (Falkenberg et al., 2017).

The undulator beam was monochromatized by a cryogenically cooled double crystal
monochromator at 18 keV, which allows optimum detection of Pb-L X-ray fluorescence.
The beam was focused to 1 x 0.6 pm?2 (hor. x ver.) using a rhodium (Rh) coated Kirkpatrick-
Baez (KB) mirror optic yielding a flux in the focused beam of ~ 2 x 1010 photons/s.

The Maia 384C detector is positioned between the KB system and sample in backscatter
geometry with the incident beam passing through a hole in the center of the detector. The
detector sensor is a 500 pm thick silicon (Si) monolithic array of 384 detector elements of 1
mm? area, shown in Fig. S2 in the supplemental material. The detector design is optimized
for a target-to-detector sensor distance of 10 mm, which corresponds to a total solid angle
of 1.3 sr. The detector sensor is sealed with a 50 pm thick beryllium (Be) window which is
recessed in the detector housing. The design distance from the housing to the sample surface
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is 2 mm. Scans of the 10 um thick mice brain samples generated several million counts per
second in the Maia detector at moderate detector deadtime and energy resolution (< 300

eV FWHM at 5.9 keV). Elements down to atomic number 15 (phosphorus) are detected.
Accurate positioning and motion control of the sample is achieved by an encoder-controlled
stage system providing 50 mm travel range with 20 nm precision. The incremental encoder
signals from the sample stages are fed directly into the Maia control unit to ensure accurate
correlation between detector signal and sample position in continuous scanning mode. Dwell
times per pixel can be as short as 0.1 ms, but for the mice brain analysis 10-150 ms
exposure per scan point was used in order to provide adequate statistics for trace element
analysis. For instance, an image of 0.5 x 0.5 mm? size could be measured in 10 hours with 1
pm? resolution and 150 ms dwell time.

The slides holding the brain samples were mounted to a holder with sticky tape (Fig. S1).
The slide holder was attached to the stage through a magnetic kinematic mount. The samples
were mounted normal to the beam to ensure an even scan. Precise alignment of the sample
was done under the optical microscope at the beamline. For each sample, a coarse overview
scan of the entire sample was performed initially. From this scan, a smaller region of interest
was located in the cortex for a finer scan. In the Ph-exposed samples, further smaller regions
including the hippocampus and corpus callosum were scanned. For the overview scans, 25
microns and 10 ms were used for the step size and dwell time, respectively. For the finer
scans, the step size was 1 micron and the dwell time ranged between 100-150 ms. Scan
duration and resolution needed were taken into consideration when choosing the step size,
dwell time and overall scan size.

and Image Processing

Spectral deconvolution and image frames were generated using the GeoPIXE software
using a Dynamic Analysis method. Reference metal foils (Mn and Au) were measured
for energy calibration and as external standard for quantification. GeoPIXE displays real-
time elemental images of the sample during the scan. Quantitative analysis is done after
completion of the measurement.

In order to calculate the fluorescence yield, the thickness, density, and chemical formula
of the tissue sample and Ultralene film were specified. The tissue is 10 pm thick

and is assumed to be equivalent to cellulose (density= 1.5 g/cm?3, formula= CgH10Os).
The Ultralene film is 4 um thick and has a density of 0.855 g/cm3 and a chemical
formula of C3Hg. The samples had the same elemental composition with variation in the
concentrationtherefore, the same fit model was applied to all of the samples. From the
spectra, dynamic analysis (DA) matrices were generated to create quantitative elemental
images.

Elemental distributions images for all the analyzed elements were produced based on the
concentrations in each pixel. Element maps were exported in TIFF format displaying counts
or areal density loading per pixel. Further processing and presentation of spectral and
elemental information including pixel thresholding, particle identification and correlation,
and statistical analysis was performed using the program package IDL (L3Harris Geospatial,
CO., USA).
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RESULTS AND DISCUSSION

Characteristics of brain samples and brain scans

Four samples were scanned, including two from control mice (Ct4, Ct7) and two from
Pb-exposed (Pb5, Pb7). All four samples were first scanned in their entirety with a low
resolution (25 pm), from which smaller areas were selected for higher resolution (1 pm)
scans. An area in the cortex region was scanned in all four samples (suffixed “~c” in later
notation), with an additional area scanned in the corpus callosum/hippocampus (suffixed
“~h” in later notation) in the two Pb-exposed samples, for a total of 6 higher resolution
scans. The regions for the smaller scans are shown with a white box on the coarse scan for
each sample in Fig. 1a-1d.

The spectra from all the pixels in the selected cortex and hippocampus/corpus callosum
areas, defined in Fig. 1, of the Pb-exposed and control slices were summed together to
compare the total Pb intensities. The resulting summed spectra for each cortex scan are
shown in Fig. 2. The results revealed the presence of Pb along with other biologically and
environmentally relevant elements. The Pb-L X-ray peak at approximately 10.5 keV (Ly1=
10.5515 keV and L= 10.4995 keV) was clearly observed in the Ph-exposed samples, and
less so in the control. As the Pb intensity was proportional to the amount of Pb present in
the sample, Fig. 2 showed that the amount of Pb deposited in the selected area of cortex

in the Pb-exposed mice was much higher than that in the control animals. The Pb Lg; and
Pb Lg peaks at 12.6137 and 12.6226 keV respectively, overlap the krypton K, peak, which
results from the excitation of the air environment and explains the prominent peak in both
the Pb-exposed and control samples.

The Pb containing pixels of the scanned arrays were further grouped and analyzed to
identify “particles” of Ph. This grouping was performed via a neighbor search of non-zero
Pb pixel values in the 8 pixels immediately surrounding a Pb containing pixel. The minimum
resultant particle size was 1 pixel. The resulting maps from this analysis for the selected
areas are shown in Fig. 3. These images correspond to the regions outlined in the cortex on
Fig. 1. Compton images for these regions are also shown for the Ct4-c (Fig. 3a) and Pb5-c
(Fig. 3b) samples. Binary mask maps of the Pb particles are shown in Fig. 3c—f. The binary
levels were set according to pixel values below (black) and above (white) the Pb minimum
detection limit (MDL) of an areal density of 10 ng/cm?. In both the Pb-exposed and control
samples, Pb is concentrated in micro scale particles, so the white pixels (determined to be
above the MDL) were then outlined by cyan polygons to make them easier to visualize.
Pixels below this MDL were excluded from further analysis. Comparing the control (Fig. 3c
and 3e) to the Pb-exposed (Fig. 3d and 3f), the number of Pb-containing particles appears
visibly greater in the Pb-exposed samples.

Table 1 lists the partical number and mass values of regions of interest (ROI) for cortex
scans. It became apparent that, when normalized for scan size, the number of Pb particles
per mm? was much greater in the Pb-exposed samples than controls. The Total Mass of

the Pb-containing particles and Mass-density were comparable across the Pb-exposed scans.
The disparity between the two controls seemed likely to be attributed to a large Pb particle
present in sample Ct7-c. There existed a large Pb particle close to the center of the scan as
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well as a ring of high-Pb particles on the right side (Fig. 3e, shown in red boxes). The center
particle was much greater in size (approximately 50 um?) than the average and had a high Pb
area density. This large particle could be an existing structure that preferentially accumulated
Pb molecules. It is possible that structures similar to this one may exist in the other samples,
but were missed by the small scan regions. This particle accounted for approximately 76%
of the total Pb mass in the scanned sample area. Comparing the Pb-exposed samples to
Ct4-c, it was evident that there was more Pb (by both mass and particle density) in the
Pb-exposed scans than in Ct4-c.

There was slight variation in the size and shape of the areas containing Pb particles,
however, the majority of such particles were contained within small areas, with an average
size of approximately 2 um? and an average mass in the order of 1 femtogram (1 x 10 ~1°
g). Examples of Pb-containing particles from each scan are presented in Fig. S3. It seemed
probable and even likely that the pixels were larger than the actual particle size, due to the
convolution with the finite beam profile and scan step size. With this areal size, it was also
likely the particles did not extend through the full depth of the tissue section (10 um).

Further investigation of these Pb-containing particles resulted in the discovery of a
correlation with Se. The relationship between Se vs. Pb for each sample is shown in
association plots of area density per pixel for the two elements (control: Fig.4a,b; exposed:
Fig.4c,d). Detection limits were selected of 10 ng/cm? and 4 ng/cm? for Pb and S,
respectively, as indicated by the crosshairs. Above these detection limits, a strong linear
association between Pb and Se became evident in the Pb-exposed samples particularly

at high area densities of both elements, i.e. the upper-right quadrant (Fig. 4c,d). The
association was much less strong in the control samples (Fig. 4a,b). The lower right-hand
quadrant of these figures showed a number of pixels with high Pb, but with no detectible Se.
These high-Pb, low-Se points in Fig. 4b were obtained from the one large particle and a ring
of high-Pb particles in Ct7-c (Fig. 3e, shown in red boxes).

The spectra from Pb-containing particles with Pb above the MDL were extracted and
compared in Fig. 5. The Pb peaks clearly existed in all of the samples, including the
control; yet the Se peak was prominent only in the Pb-exposed samples. This unexpected,
yet interesting observation suggested that some yet-to-be-identified mechanisms may be
activated upon Pb accumulated in brain regions, as suggested by others (Deng et al., 2015;
Rastogi et al., 1976).

The Pb peak observed in the Ct7-c spectrum, when only the Pb particles above the MDL
were considered, was comparable to that seen in the Pb-exposed spectra. Again, this was
the result of the large Pb particle, described above. Despite this high concentration of Pb in
ROI, the concentration of Se was comparable to that seen in Ct4-c, suggesting a different
mechanism underlying the observation in the Pb-exposed vs. control brain.

These Pb particles were further discriminated by their Se content: those with any Se above
the Se detection limit were deemed overall to contain Se, even if Se was not present in
all pixels of the Pb particle. From this point, the Pb particles with Se above the detection
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limit were referred to as Pb/Se particles, and those with Se below the detection limit, as Pb
particles.

Similar to the distribution maps presented earlier, the data in Fig. 6 present the Pb
distribution maps for the Ct4 and Pb5 cortex regions, respectively. Red polygons indicate
the presence of Pb/Se particles, whereas cyan indicates Pb with no detectible Se. From
these images, we observed that the number of Pb/Se particles was much greater in the
Pb-exposed sample, as indicated by the greater number of red polygons in Fig. 6b, than in
6a, where there were no Pb/Se particles observed. The cyan polygons in the Ct4 samples
were represented on Fig. 4a by the points in the lower right quadrant. Similar results were
observed in the Ct7 and Pb7 samples, with the only difference being the presence of six
Pb/Se particles in the Ct7 sample.

Figure 7 represents typical Pb/Se particles from each sample, with the exception of sample
Ct4 because it did not contain any detectible Se. Pixels that appear white have the highest
intensity of Pb and Se, whereas pixels with only detectible Pb or Se are shown in cyan

or red, respectively. As previously discussed regarding the Pb particles in Figs. S3, the

size and shape of particles show very slight variation across all scans, with the majority
being small and the particles being contained in area that was, on average, approximately 3
um2. The large Pb particle observed in Ct7-c previously discussed is shown in Fig. 7a. As
mentioned earlier, and indicated by the white pixels, there were Se pixels above the MDL
detected within this large particle, suggesting a possible relationship between Pb and Se,
albeit different from that observed in the Pb-exposed.

The mass of Pb and Se in each 1 x 1 um pixel was determined from the areal density of that
pixel, and then the masses of each pixel within the particle were summed to determine the
total mass of the particle. The relationship between Pb and Se with all identified particles

is shown in Fig. 8. The open and filled symbols represent those particles with Se below

and above the Se MDL respectively; the Se-below symbols were plotted with an arbitrary,
non-zero value of Se (1 x 1017 g) below the indicated Se detection limit, for visualization
on the logarithmic scale. There were no Pb particles containing Se found in the scanned
region of sample Ct4.

The quantitative relationship between Pb and Se was determined with a linear fit, with the
linear coefficients shown in Table 2. For all dosed samples, the linear fit to Se and Pb

mass in the particles gave gradients in the range 0.28 — 0.35, indicating a strong, consistent
correlation of these elements in these samples, and molar mass ratio of these elements
approaching 1:1. The intersections of the linear fits is small relative to the MDLs and can
essentially be neglected. The six Pb/Se particles of the Ct-7 sample showed Pb content to
be independent of Se content. The existence of Se in the high Pb-containing particles does
suggest the existence of an unidentified physiological process that controls brain Pb and Se
accumulation in these regions, albeit different from one that occurs in the Pb-exposed brain.

The number density of particles, per mm? of scan area, compared to the mass of the
particles is shown in Fig. 9. Pb particles (solid bars) and Pb/Se particles (hatched bars)
are indicated. The particle masses were binned into half-decade bins. The particle numbers

Neurotoxicology. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbb et al.

Page 9

were apparently dominated by lighter particles, with the number of particles decreasing
logarithmically with particle mass bin.

The mass distribution information of Fig. 9 was complemented by a statistical analysis

of the distribution of particle masses within each sample scan area, shown in the box-and-
whisker plot of Fig. 10. Lead and Pb/Se particles are shown in cyan and red, respectively.
The boxes show the middle two quartiles of particle masses either side of the median line,
and the whiskers bound the upper and lower quartiles. The mean particle mass is shown by
a black diamond. While there was significant overlap in the mass distribution, the bulk of Pb
particles appeared to show the tendency towards the lower mass, with lower means, than the
Pb/Se particles in the same sample scan area. Typically, the largest particles contained Se.

We also observed that for the selected cortex region, brain Pb in Pb-exposed mice was much
higher than those in the control animals. Lead largely deposited within very small areas
(approximately 2 pm? on average) with an average mass on the order of 1 femtogram (1 x
10715 g). The number density of Pb particles present in the Pb-exposed samples was greater
than that of controls. Lead strongly correlated with Se in some of these particles, which
tended to be heavier. In addition, we found that the number of these Pb/Se particles was
greater in the Pb-exposed than the control, the stoichiometric relationship between the two
elements was consistent across the Pb-exposed samples and the molar ratio ranged between
0.73 and 0.92. This value was not calculated in the control samples because there did not
exist any detectable Pb/Se particles in the scanned region of Ct4-c and Ct7-c did not exhibit
a reasonable linear fit gradient.

Pb and Se in hippocampus and corpus callosum regions

The same analysis was performed on the scans of the hippocampus/corpus callosum regions.
The region scanned in the sample Pb5 (denoted “Pb5-h") contained the part of both the
hippocampus and corpus callosum, whereas the region in sample Pb7 (denoted “Pb7-h")
contained mainly the corpus callosum. It is important to note that there were not control
match scans in this region; thus all results presented were compared to the Pb-exposed
cortex regions. Spectral data from these two regions are presented in Fig. S4 where a clear
Pb peak was observed. Similar to the cortex regions, the Compton maps are presented in Fig.
11(a,b) for the Pb5-h and Pb7-h, respectively, and in Fig. 11 (c—d) for Pb distribution maps
for these regions. Again, the cyan polygons outline particles with an areal density greater
than 10 ng/cm?.

Similar particle statistics are summarized in Table 3 for the Pb-containing particles in the
hippocampus/corpus callosum regions. When normalized, the particle and mass densities
were much greater in the Pb7-h scan. This could be due to the difference in areas scanned,
i.e., Pb5-h contained primarily the hippocampus, while Pb7-h primarily contained the corpus
callosum. The Pb-containing particles observed in the hippocampus/corpus callosum were,
on average, slightly less massive than those observed in the cortex and contained within in a
slightly smaller area (average of 2 um2).

The association of areal density per pixel for Se vs. Pb was plotted for both regions (Fig.
12). The same detection limits of 4 ng/cm? for Se and 10 ng/cm? for Pb were used. The
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results were similar to those seen in the Pb-exposed cortex regions, with a strong correlation
between Pb and Se, particularly at high concentrations of the two elements.

Spectral data for Pb particles above the MDL is presented in Fig. S5; similar to the cortex

region, a Se peak was observed in these two samples. The Pb/Se particles are shown in red
on Fig. 13, where the cyan polygons represent Pb particles that did not have detectable Se.
The results of this analysis were comparable to the results seen in the cortex region.

Noticeably, both of these scans were from the Pb-exposed mice. Although there were

no control-matched scans to the Pb-exposed hippocampus and corpus callosum regions,
the results from these scans again echoed that of the cortex region. Once normalized for
scan area, the mass-density of Pb was comparable in both regions and the average mass
of Pb particle and area containing the particle were comparable across the two regions.
This suggests that Pb deposits in a similar manner in the cortex and hippocampus/corpus
callosum regions that were scanned.

Other groups have observed the non-homogenous deposition of Pb in different brain regions
in human samples (Zoeger et al., 2005), but the co-deposition of Pb and Se in different
regions in Pb-exposed mouse was a new discovery. Previous studies (Rastogi et al., 1976)
have shown that higher concentrations of Pb do lead to higher concentrations of Se; but it
has not yet been seen that the two elements deposit in the same location.

The reason for this coexistence in the Pb-exposed samples is still unknown, though this
relationship has been studied previously (El-Ansary et al., 2017; Othman and el Missiry,
1998; Rastogi et al., 1976). It has been suggested that Se, a known antioxidant, is capable
of interacting with Pb in some way to counteract the toxic properties of Pb through
selenoprotein P (SEPP). SEPP is responsible for transporting Se across the blood brain
barrier (El-Ansary et al., 2017). It is known that SEPP quickly migrated to the brain in
Se-starved mice once they were fed with selenocysteine containing compounds. SEPP has
been reported by Chen et al. to have metal binding properties, including the ability to bind
to Pb (Burk and Hill, 2005). The role of SEPP also extends to invoke glutathione peroxidase
function, which is an enzyme that reduces free radical oxygen molecules. Similarly, Se has
been shown to have antagonistic properties to Pb (Jiayong et al., 2020; Wu et al., 2020; Yin
etal., 2019).

The existing data in literature have also suggested that Se counteracts the toxicity of
other heavy metals. For example, the survival of mercury (Hg)-exposed zebrafish larvae
significantly increased when pretreated with Se, suggesting that Se reduces the toxic
properties of Hg (Dolgova et al., 2019). Other groups have also found that Hg(lI1) and
Se(-I1), the two most abundant species of the respective elements, can form inert Hg-Se
nanoparticles in the brain (Gajdosechova et al., 2016; Manceau et al., 2021). The formation
of such insoluble nanoparticles decreases the bioavailability of Hg, thereby neutralizing
the Hg-induced neurotoxicity. It is possible that a similar reaction may be occurring with
toxic Pb(lIl) and Se(-1l), as Wu et al. has shown that Se-containing peptides can protect
against oxidative damage from Pb(l1) (Wu et al., 2020). In both cases, i.e., the HgSe
nanoparticles in literature and the particles discovered here, the molar ratio of the two
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elements was approximately 1:1. Thus, the hypothetical stable Pb-Se complex deserves
further investigation.

The result that the Pb:Se molar ratio in the Pb-containing particles of the Pb-exposed
samples differs from that observed in the control suggests that there may be a threshold

of Pb concentration in the brain, above which the protective mechanisms may be activated
to counteract Pb toxicity. Se at high levels is toxic; but at the appropriate level it may
detoxify Pb in the brain. The use of Se as a treatment in neurodegenerative diseases has
been studied, although the results are inconclusive. Some researchers suggest that Se can
attenuate beta-amyloid production and subsequently beta-amyloid induced neurotoxicity
(Deng et al., 2015), while others report no preventative outcomes with increased Se intake
(Kryscio et al., 2017). Further studies in this line of investigation to explore the precise
subcellular co-localization and ensuing interactions between these two metals with regards
to their concentration ratios, molecular species, and the exact moiety of Pb-Se complexes in
specific brain regions will shed light in understanding the role of Se in protecting against
Pb-induced neurotoxicity and possible Pb-associated AD pathoetiology.

CONCLUSION

Through the use of synchrotron micro x-ray fluorescence, different brain regions of a
Pb-exposed mouse and a control mouse were scanned for elemental distribution and
concentration. The results show a higher concentration of Pb in the brain of Pb-exposed
mouse. Lead molecules deposit largely in small particles of brain slices with an average size
of 3 um2. In addition, there is a strong correlation between Pb and Se in these particles,
suggesting co-localization of Pb with Se in these particles. These results indicate that Se
may play an important role in the detoxification of Pb neurotoxicity.

Future work will be conducted to confirm these results as well as to further investigate the
relationship between Pb and Se. Histological and pathological stains will be obtained to
fuse with the elemental distribution mapping to determine the structures the elements are
deposited in. We also plan to expand our study to include mice that have been exposed to
a combination of Pb and Se as well as Se only to further clarify the role Se plays in Pb
exposure and neurotoxicity in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Synchrotron XRF was used to map lead distribution in mouse brain tissue
. Lead deposited in small, localized spots (<10 um?) in selected brain regions
. Selenium co-localized with lead in brains of exposed mice
. Molar ratio of selenium:lead in exposed brains approached 1:1
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1 mm

Figure 1. SXRF scans of the four mice brain samples under investigation utilizing the Compton
scatter signal.

The locations of the high-resolution scans on the respective coarse scan are indicated. (a).
Cortex region of the Ct4 sample. (b). Cortex region of the Ct7 sample. (c). (1) Cortex region
of the Pb5 sample, and (2) Hippocampus/corpus callosum region of the Pb5 sample. (d). (1)
Cortex region of the Pb7 sample, and (2) Hippocampus/corpus callosum region of the Pb7
sample
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Figure 2. Summed spectra from all samples in cortex region.
The Pb-L X-ray peak existed at approximately 10.5 keV and a second Pb-L X-ray peak was

at 12.6 keV.
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Figure 3. Distribution maps from the cortex region of each sample.
Cyan polygons indicate presence of Pb-containing particle. (a). Compton map of Ct4-c (900

x 301 pixels). (b). Compton map of Pb5-c (1210 x 321 pixels). (c). Pb mask image from
Ct4-c (900 x 301 pixels). (d). Pb mask image from Pb5-c (1210 x 321 pixels). (e). Pb mask
image from Ct7-c, with two regions of interest outlined in red (1000 x 301 pixels). (f). Pb
mask image from Pb7-c (1000 x 301 pixels)
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Figure 4. Association scatterplots showing Se vs. Pb in the cortex region of all samples.
(a). Ct4-c; (b). Ct7-c; (c). Pb5-c; (d). Pb7-c. The selected detection limits were indicated by

crosshairs. A linear correlation can be seen in the Pb-exposed samples.
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Figure 5. Spectra from Pb particles above the MDL in scanned cortex region.

The Pb-L X-ray peak existed at approximately 10.5 keV and a second Pb-L X-ray peak was

at 12.6 keV. The Se-K X-ray peak existed at approximately 11.2 keV.
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Figure 6. Distribution maps from the cortex region of each sample.
Cyan indicates Pb particle with no detectible Se, red indicates Pb particle with Se. (a) Pb

mask map from Ct4-c. (b). Pb mask map from Pb5-c.
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Figure 7. Examples of Pb particles with detectible Se.
(a,b). Examples from Ct7 cortex. (c,d). Examples from Pb5 cortex. (e,f). Examples from Pb7

cortex.
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Figure 8. Scatterplot of Pb vs. Se mass for all detected Pb containing particles.

Pb particles with Se above (filled symbols) and below (open symbols, arbitrary Se value)
the Se detection limit. A linear fit has been applied to the Pb/Se particles within each
sample, with the linear coefficients indicated in Table 2. The MDLs for each element are as

indicated.
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Figure 10. Box and whisker plots of particles within each sample scan area, presenting quartile
ranges of sample sizes.

Pb and Pb/Se particles are indicated in cyan and red respectively, and mean mass values are
indicated by black diamonds.
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max

min
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Figure 11. Distribution maps from the hippocampus/corpus callosum region of each sample.
Cyan polygons indicate presence of Pb-containing particle.

(). Compton map of Pb5-h (800 x 200 pixels). (b). Compton map of Pb7-h (300 x 200
pixels). (c). Pb mask image from Pb5-h (800 x 200 pixels). (d). Pb mask image from Pb7-h
(300 x 200 pixels).
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Figure 12. Association scatterplots showing Se vs. Pb in the hippocampus/corpus callosum region
of Pb-exposed samples.

(a). Pb5-h; (b). Pb7-h. A strong linear correlation is seen.
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100 um Pb

Figure 13. Distribution maps from the hippocampus/corpus callosum region of each sample.
Cyan indicates Pb particle with no detectible Se, red indicates Pb particle with Se. (a). Pb

mask map from Pb5-h. (b). Pb mask map from Pb7-h.
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Table 1.
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Sample | #Pb Particles | Particle # density Total Mass Pb particles Mean Mass Pb particles Mass-density (x 10715
(particles/mm?) (x 10715 g) (x 10715 g) g/mm?)

Ctd-c 6 22 10.1 1.69 37.3

Ct7-c 26 86 206 7.94 686

Pb5-c 69 177 86.6 1.25 223

Pb7-c 69 229 64.3 0.931 213

Note: values represent the ROI from cortex scans.
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Table 2.
Coefficients of lines in Fig. 8

Sample | Linear fit gradient, Se, Pb, mass | Intersection Molar ratio
Ct4-c - - -

Ct7-c 3.7 x 107 1.03x107% | -

Pb5-c 0.35 -3.70 x 10717 | 0.92

Pb5-h 0.31 1.33x 10718 0.82

Pb7-c 0.33 -1.36 x 1077 | 0.88

Pb7-h 0.28 -7.28x10718 | 0.73
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Table 3.

Particle statistics from hippocampus/corpus callosum scans.
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Sample | #Pb Particles | Particle # density Total Mass Pb particles (x | Mean Pb Particle Mass Mass-density (x 10715
(particles/mm?) 10715 g) (x 10715 g) g/mm?)

Pb5-h 18 111 133 0.738 82.6

Pb7-h 20 353 133 0.666 236
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