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ABSTRACT: Sulfur containing molecules such as thiols, disulfides, sulfoxides, sulfonic
acids, and sulfates may contribute to neurodegenerative processes. However, previous study
in this field has been limited by the lack of in situ analytical techniques. This limitation may
now be largely overcome following the development of synchrotron radiation X-ray
absorption spectroscopy at the sulfur K-edge, which has been validated as a novel tool to
investigate and image the speciation of sulfur in situ. In this investigation, we build the
foundation required for future application of this technique to study and image the
speciation of sulfur in situ within brain tissue. This study has determined the effect of
sample preparation and fixation methods on the speciation of sulfur in thin sections of rat
brain tissue, determined the speciation of sulfur within specific brain regions (brain stem
and cerebellum), and identified sulfur specific markers of peroxidative stress following metal catalyzed reactive oxygen species
production. X-ray absorption spectroscopy at the sulfur K-edge is now poised for an exciting new range of applications to study
thiol redox, methionine oxidation, and the role of taurine and sulfatides during neurodegeneration.
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With aging populations, the development of effective
treatment(s) for neurodegenerative disease remains one

of the greatest challenges to modern medicine. Elucidation of
the biochemical mechanisms of disease pathogenesis is crucial
to guide drug and therapy design. However, despite extensive
research into neurodegeneration, abnormalities in some key
chemical pathways remain unclear.
Studying the metabolomics of sulfur compounds shows

strong potential to reveal new insight into the pathogenesis of
neurodegeneration during cerebral ischemia (i.e., stroke),1−12

Parkinson’s disease,13−19 Alzheimer’s disease,20−26 Friedreich’s
ataxia,27 and multiple sclerosis.28,29 Traditionally, biochemical
assays of the ratio of cellular thiols to disulfides, or more
specifically the reduced to oxidized glutathione ratio, have been
used as markers of peroxidative stress within brain
tissue.2−4,9,10,14,16,18 However, further research in this field
has been hindered by the lack of tools to show the distribution
of altered sulfur redox. For example, there is no isotope of
sulfur for which NMR or MRI measurements are practical.
Likewise, immunohistochemical methods have encountered
significant problems, with inconsistent tissue penetration of
labeling antibodies and stains resulting in conflicting
results.15,30 Two photon fluorescence imaging of glutathione
shows potential, however this method requires a suitable
fluorescence tag with uniform tissue and cell penetration.31

Analysis of microdissected tissue regions, or cellular and

subcellular fractions of tissue homogenates with enzymatic
assays, fluorescence assays or separation techniques (i.e.,
chromatography) coupled to mass spectroscopy can in part
compensate for the lack of more direct methods.32,33 These
techniques quantify specific sulfur molecules, but the methods
cannot be performed in situ. Due to the sensitive nature of
sulfur-containing molecules, redox alterations during sample
preparation can confound results with these ap-
proaches.2,3,9,10,32,33 Other techniques with strong potential to
study (image) the sulfur metabolome in situ are mass spectral
imaging (MSI) methods, such as time-of-flight secondary ion
mass spectrometry (TOF-SIMS) and matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS).
While analysis of hydrated sections is often problematic,
these methods have been applied to freeze-dried tissue sections,
at a spatial resolution of 50−100 μm.34−37

In addition to sulfur redox, other sulfur containing molecules,
such as taurine and sulfatides, play critical roles in several
signaling pathways during neurodegeneration.1,5−7,25 There-
fore, the study of the sulfur metabolome and the role of specific
sulfur species in addition to sulfur redox, during neuro-
degeneration, is of significant interest.
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In this study, we show how X-ray absorption spectroscopy
(XAS) at the sulfur K-edge (∼2469 eV) can be used to directly
investigate the speciation of sulfur and determine alterations in
sulfur redox, in situ, in brain tissue. Due to the large energy
range over which the K-edge of specific electronic states of
sulfur absorb (14 eV), this method is ideally suited to
discriminate between sulfur species of differing electronic
structure (i.e., disulfides, thiols, thio-ethers, sulfoxides, sulfinic
acids, sulfonic acids, and sulfates). Previous work using
synchrotron radiation as the incident X-ray source has yielded
high quality data within a short time period (several minutes)
for organic (coal) and biological samples (bacteria, blood,
plasma, erythrocytes, and onion tissue).38−43 Specifically, two
studies have already demonstrated the significant potential of
the method to study sulfur redox in situ within biological
samples.41,43 In addition, the method has recently been applied
to study neuromelanin within formalin-fixed paraffin embedded
brain tissue and isolated and purified human neuromelanin.44,45

This study extends from these previous reports, and
investigates sulfur speciation in specific regions of the rat
brain and how tissue fixation and peroxidatvie stress induced in
vitro may change these species. The goal is to build a solid
technical platform for future studies using XAS at the sulfur K-
edge to image and examine the role of sulfur-containing
molecules in the brain during neurodegenerative disease.

■ RESULTS AND DISCUSSION
Data Fitting and Elucidation of Sulfur Speciation. It

has been established that the near edge spectrum collected from
a sample comprised of multiple contributing chemical
components can be successfully fitted to a linear sum of the
individual spectra collected from each pure component.38,41

Previously, this method has been used to determine the
speciation of sulfur in coals, bacteria, onion tissue, blood, and
mammalian cell samples.38−43 In this study, model compounds
that reflect the range of sulfur functional groups known to be
present in brain tissue at concentrations of 10 μM or greater
were chosen as initial standards for fitting (Table 1). Using this
approach, sulfur K-edge spectra of brain tissue were fitted to a
linear combination of the pure spectra of compounds
representative of disulfides, thiols, thio-ethers, sulfoxides,
sulfinic acids, sulfonic acids, and sulfates (sulfate esters and
inorganic sulfate) (Figures 1 and 2). Inorganic sulfate was
removed from the fits, as it was not found to contribute

significantly. The relative concentrations of these compounds
present in the rat cerebellum, determined from the fitting
procedure are presented in Table 1. Due to the closeness of the
fits and low residuals obtained from the fitting method, it is
concluded that no other functional groups at levels detectable
by XAS are present. In all cases, the fit residuals were a value of
0.5 or less, which is less than values previously reported in the
literature.40

Effects of Sample Preparation. The sensitivity of sulfur
to redox chemistry is well established, and may be responsible
for many conflicting results within the literature.2,3,9,10,46,47

Therefore, sample preparation methods for in situ analyses of
tissue sections post mortem must be judiciously selected to
ensure the results reflect the original tissue composition prior
to death.

Table 1. Effect of Sample Preparation on the Speciation of Sulfur within Thin Sections of Rat Cerebellum (percentage
contribution of sulfur functional groups)a

method disulfide thiolb thio-etherb sulfoxide sulfinic acid sulfonic acid sulfate ester

frozen unfixed hydrated 2.6(6) ± 1.0 54(2) ± 4 25(2) ± 3 1.0(3) ± 0.6 1.1(4) ± 0.5 11.2(3) ± 1.5 4.4(2) ± 3.3
air-dried (60 s) 4.3(3) ± 0.9c 56(1) ± 18 23(1) ± 22 2.7(1) ± 0.1d nde 9.6(1) ± 1.8 4.1(1) ± 1.6
air-dried (1 week) 5.6(4)± 1.9c 50(1) ± 5 27(1)± 2 2.6(2)± 0.9c nde 9.5(2) ± 0.18 5.4(1)± 1.4
freeze dried 4.7(5) ± 0.9c 50(1) ± 5 28(1) ± 3 2.2(1) ± 0.3c nde 9.0(2) ± 1.0 6.2(1) ± 1.8
formaldehyde fixed 14.3(5) ± 3.7d 44(1) ± 14 31(2) ± 16 4.1(2) ± 0.4e nde nde 6.2(1) ± 5.1

aValues given are the average percentages ± standard deviation of triplicate measurements; the values in parentheses are the average estimated
standard deviation from the individual fits (given as the last digit of the percentage) obtained from the diagonal elements of the covariance matrices
and assuming a constant variance across the range of individual spectra. The estimated standard deviation gives an indication of how well each
component is determined, whereas the standard deviation of the triplicate measurements gives an indication of how much variation is present
between different samples. We note that, as expected for slightly different individual fits, the average percentages do not total to 100%, although the
individual fits do total to 100%. A value of 0% was assigned for components that could not be detected (nd). bThe thiol and thio-ether components
possess similar spectra that are slightly displaced in energy and hence exhibit a high mutual correlation in the fit, which is reflected in the higher
values for the estimated standard deviation. cA significant difference in average percent composition values between frozen unfixed hydrated tissue
and tissues prepared with other methods was determined with the Student’s t test and a 95% confidence limit: p-value <0.05. dp-value < 0.01. ep-
value <0.001.

Figure 1. Sulfur K-edge X-ray absorption spectra of representative
sulfur species in aqueous solution at pH 7.4 (except for sulfate and
ester, pH 8.2). All spectra were normalized to the height of the edge-
jump after background removal. Spectra were vertically scaled as
indicated for clarity.
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Traditional methods in histology incorporate fixation and
paraffin embedding to preserve tissue morphology. Although
highly successful, an often overlooked fact is that these methods
best retain the morphology of relatively large tissue
components (i.e., proteins, organelles, and whole cells). It has
been demonstrated that significant leaching of smaller,
hydrophilic molecules and diffusible ions, as well as oxidation
of tissue components occur during fixation procedures.48 In this
investigation, the relative speciation of sulfur (disulfide, thiol,
thio-ether, sulfoxide, sulfinic acid, sulfonic acid, and sulfate) was
determined for frozen unfixed hydrated, formaldehyde-fixed,
unfixed air-dried (air-dried for 60 s and 1 week), and unfixed
freeze-dried rat cerebellum tissue sections (Table 1).
The results reveal that formaldehyde-fixed tissue contains the

lowest content of sulfonic acids, compared to sections prepared
by other methods (Table 1). Taurine, a small hydrophilic
molecule, is the most abundant sulfonic acid within the
cerebellum, present in millimolar concentrations.25,34,36,49−53

Therefore, the reduced sulfonic acid content within form-
aldehyde-fixed tissue is attributed to leaching of taurine during
immersion in the aqueous formaldehyde solution (see Figure

3A). In agreement with this conclusion, no difference in
sulfonic acid content was observed between the other
preparation methods, which did not involve immersion of the

tissue in an aqueous medium. In addition to a reduced relative
content of sulfonic acids, there was a reduction in the total
sulfur content of formalin-fixed tissue, further emphasizing the
effect of fixation induced leaching (data not shown).
In contrast with the reduction in sulfonic acid content,

formaldehyde-fixed tissue contained the highest relative
concentration of disulfides and sulfoxides (Table 1). As both
disulfides and sulfoxides are well-known products of thiol and
thio-ether peroxidation,46,47 this result strongly supports the
occurrence of tissue peroxidation during fixation. The most
likely source of the peroxidative damage is the aqueous fixation
medium which may mediate the production and propagation of
free radicals, as previously suggested.48 While these results
highlight the susceptibility of tissues to fixation induced
leaching and peroxidation artifacts, it must be noted that the
fixation procedure used in this study was performed on thin
tissue sections, rather than bulk tissue. It is possible that the
lipid rich exterior of a whole intact brain acts as a hydrophobic
barrier, minimizing the leaching effects that occur during
fixation of the whole brain compared to thin sections.
Similar to formaldehyde-fixed tissue a significant increase in

the relative disulfide content (see Table 1) was observed in
partially and completely air-dried (60 s and 1 week,
respectively) and freeze-dried tissue (relative to frozen hydrated
tissue). The broadening and shift in the position of the
multicomponent (disulfides, thiols, thio-ethers) edge at ∼2470
eV as a consequence of the increase in disulfides is presented in
Figure 3). However, no difference in disulfide content was
observed between sections air-dried for 60 s or one week. This
result suggests that tissue peroxidation is mediated by free
radicals generated within the aqueous medium of hydrated
tissue, and therefore, ceases upon dehydration. As such,
thawing of the tissue sections was identified as the sample
preparation step most likely to introduce peroxidation artifacts
in nonformaldehyde-fixed tissues. With this in mind, one would
expect freeze-dried tissue sections, where water is removed via
sublimation from the frozen state, to display significantly less
peroxidation artifacts than air-dried sections. This hypothesis
was not supported by the results. However, it must be noted
that during transfer of tissue sections from the cryostat to the
freeze-dryer, the sections came into brief contact (several
seconds) with air at room temperature. It is believed that this
would have resulted in partial thawing of the tissue surface,
which could account for the relative increase in disulfide
content of freeze-dried tissue. Therefore, a modified freeze-
dryer setup that prevents tissue thawing during transfer could
potentially minimize or prevent tissue peroxidation and
preserve the sulfur redox status.
As shown in Table 1 and Figure 2, a sulfinic acid component

was included in the fitting process for all spectra; however, a
significant contribution to fits was observed only in frozen
hydrated tissue. Even in this instance, the average relative
contribution was 1.1%. Likewise, in the frozen hydrated tissue,
disulfides and sulfoxides contributed only 2.6 and 1.0%,
respectively, to the fits. Nonetheless, removal of any of these
minor components from the fits resulted in an increase in the
fit residuals (Figure 2).
Due to artificial oxidation the contribution of disulfides and

sulfoxides was significantly larger in spectra collected from
tissue prepared by the other methods. However, no
contributions from sulfinic acids were detected. The major
sulfinic acid expected to be present within brain tissue is
hypotaurine, which occurs at concentrations of approximately

Figure 2. Representative analysis of a sulfur K-edge spectrum collected
from a 10 μm thick section of frozen unfixed hydrated rat cerebellum
tissue to a linear combination of standard spectra. The normalized
experimental data are shown as points, with the results from the least-
squares fit shown as the black line. The reference spectra of pure
components, scaled to their relative contribution to the fit are also
shown: a, disulfide; b, thiol; c, thio-ether; d, sulfoxide; e, sulfinic acid; f,
sulfonate; and g, sulfate ester. The vertically displaced lower trace
shows the residual.

Figure 3. Representative spectra showing the effect of sample
preparation on the sulfur near-edge spectra. Spectra from frozen
unfixed hydrated sections (black) and formaldehyde-fixed sections
(red) are compared with air-dried sections (green). Arrows emphasize
differences between the spectra.
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10 μM which is near the detection limit of our measur-
ments.54,55 Hypotaurine is a relatively reactive intermediate,
which has been shown in vitro to enzymatically or
spontaneously (in the presence of UV) oxidize to taurine.54,55

As such, we propose that hypotaurine is likely to be converted
to taurine upon tissue thawing and therefore, the contribution
from sulfinic acids would be below detection limits in all
samples except frozen hydrated tissue sections. Based on these
results, we estimate a detection limit of 10 μM for these
measurements.
Another source of peroxidative artifacts during our analysis

are oxygen-based free radicals (e.g., hydroxyl) generated during
exposure of the samples to the X-ray beam. Indeed, visual
analysis of frozen hydrated tissue after data collection revealed
the presence color centers from hydrated electrons trapped in
the ice matrix (i.e., a pink stripe where the sample was exposed
to the beam). However, only on comparison of an initial
spectrum to the subsequent third or fourth spectra collected
from one sample were the effects of beam damage observed.
No alterations were observed between the first two spectra
recorded for a sample. However, this does not exclude beam
damage during collection of the first spectrum. If beam damage
due to free radical production was occurring to a significant
extent, it would be expected that significant differences in the
levels of oxidized and reduced sulfur species would be observed
between partially or completely air-dried tissue sections (due to
variation in the tissue water content). No significant difference
in the relative content of any of the sulfur species was observed
between partially or completely air-dried tissue. This
observation indicates that the results from this study are purely
due to oxidative changes induced during sample preparation,
and not preferential generation of radicals during data
collection.
These results have revealed that the in vivo sulfur redox state

of brain tissue is best preserved in frozen hydrated tissue, which
also prevents leaching of water-soluble species. It is
recommended that cryofixation and analysis of frozen tissue
sections be adopted as the standard for this research. Although
peroxidation artifacts were observed in air-dried or freeze-dried
tissue sections, these methods will retain the distribution of
sulfur containing molecules (i.e., no leaching artifacts).
Therefore, air-dried or freeze-dried sections may be suitable
for future imaging studies of higher oxidation state sulfur
species such as sulfonic acids and sulfates. Moreover, an
improved design on the current freeze-dryer apparatus may
completely prevent thawing of the tissue sections and,
therefore, better preserve the sulfur redox state.
As significant leaching and oxidation artifacts were observed

in formaldehyde-fixed tissue sections, this sample preparation
method is not recommended for future studies of this nature. It
is acknowledged that characterization of the sulfur containing
molecules that are not removed during immersion in an

aqueous medium (i.e., sulfatides) may allow a limited scope for
future XAS studies on formaldehyde-fixed tissue.

Effects of Tissue Thickness. The relatively low energy of
X-rays at the sulfur K-edge and associated short penetration
depth into biological tissue necessitates the need for thin
samples. Consequently, investigation of sulfur chemistry during
neurodegeneration will most likely be limited to in situ analysis
of thin sections of brain tissue, or in vitro studies of single cells.
One area of concern for analyses of tissue sections is ensuring
that the chemical composition of the section accurately reflects
the in vivo composition. During sectioning and melting of the
thin section onto a suitable substrate (i.e., therminox coverslip),
it is possible that artifacts may be introduced. To investigate
this effect, the relative composition of sulfonic acids and sulfates
in sections of brain tissue of 4, 6, 8, and 10 μm was investigated.
The major sulfonic acid species present in brain tissue is
taurine, a free water-soluble amino acid, whereas the major
sulfate species are sulfatides, structurally bound long chain
lipids. Therefore, artifacts induced in the sectioning process
would be expected to manifest as an increasing or decreasing
trend in the relative contribution of either or both of these
species across tissue sections of increasing thickness. As
expected, the relative contribution of taurine and sulfate,
when multiplied by the edge jump, shows an increasing trend
with greater tissue thickness (data not shown). However, no
such trend is seen in the normalized spectra, indicating that any
artifacts introduced during sectioning are independent of tissue
thickness, giving further confidence that the sulfur speciation
within unfixed frozen hydrated sections accurately reflects the
in vivo state. Further, the increasing trend did not display a
plateau at increasing tissue thickness, which suggests that self-
absorption (a common problem for XAS at the sulfur K-
edge)41,42 was not occurring.

Discrimination between Tissue Types. Until now the
speciation of sulfur within specific regions of the brain could
only be studied by microdissection followed by tissue
homogenization, extraction, and biochemical assay. Therefore,
past studies have been limited by sample preparation artifacts
that occur during these steps. In addition, the brain regions that
could be studied were limited to those that could be
successfully microdissected.
To investigate the ability of sulfur K-edge XAS to determine

sulfur speciation within different tissue types, spectra were
collected from thin sections of rat brain stem or cerebellum.
The results presented in Table 2 and Figure 4 show
significantly higher thiol, thio-ether, and sulfonic acid, and
lower sulfate content within the cerebellum, relative to the
brain stem. These differences are in direct accordance with the
known cellular composition of these two brain regions. For
example, myelinated axons of white matter are known to
contain higher sulfate concentration (predominantly sulfatides)
than neuron bodies within gray matter, which are known to
contain higher concentrations sulfonic acids (predominantly

Table 2. Differences in the Speciation of Sulfur between the Rat Cerebellum and Brain Stem (percentage contribution of sulfur
functional groups)a

tissue disulfide thiol thio-ether sulfoxide sulfinic acid sulfonic acid sulfate ester

cerebellum 2.6(6) ± 1.0 54(2) ± 4 25(2) ± 3 1.0(3) ± 0.6 1.1(4) ± 0.5 11.2(3) ± 1.5 4.4(2) ± 3.3
brain stem 4.6(8) ± 3.1 64(3) ± 5* 15(3) ± 8* 1.1(2) ± 1.6 0.2(2) ± 0.2* 3.8(4) ± 1.9* 11.0(2) ± 1.3*

aA significant difference in mean percent composition values between frozen unfixed hydrated cerebellum and brain stem tissue was determined with
the Student’s t test and a 95% confidence limit. Values are the mean percent composition ± standard deviation of triplicate measurements. The mean
esd values obtained from fitting are given in parentheses (see Table 1).
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taurine).25,34,36,49−53 Due to the high content of granular
neuron bodies within the cerebellum, and the sparse
distribution of cell bodies in the brain stem (which is
predominantly white matter), a higher sulfonic acid concen-
tration within the cerebellum, and a higher sulfate concen-
tration within the brain stem is expected. Moreover, it is known
that thiols and thio-ethers form a large component of proteins
within cell bodies, and would occur in greater concentration
within the cerebellum.
Although this level of biochemical information has been

previously reported,50−52 and can be obtained from a variety of
methods, this is the first study to reveal this information from a
single in situ measurement. These results highlight the ability of
sulfur K-edge XAS to determine sulfur speciation in situ, to
differentiate between different tissue types. This demonstrates
the significant potential of future microprobe and imaging
experiments, which will determine the speciation of sulfur from
a sample volume of <1 μm, in cryo-fixed tissue. The ability to
obtain this information without the need for microdissection,
homogenization, or extraction procedures is expected to reveal
unprecedented detail regarding the role of sulfur- containing
molecules in stroke and degenerative disorders.
Markers of Peroxidative Stress. It is well-known that

conditions of peroxidative stress occur during many brain
diseases or disorders, and result in an increase in the abundance
of disulfides and sulfoxides within biological samples. More-
over, the reaction pathways have been characterized such that
the initial conversion of thiols or thio-ethers to disulfides is
often followed by conversion of disulfides to sulfoxides.46,47 To
assess the ability of XAS to detect the sulfoxide end products of
excessive tissue peroxidation, sulfur speciation was determined
for tissue sections subjected to transition metal catalyzed free
radical production. As shown in Figure 5, a substantial increase
in the level of sulfoxides (4.9% to 13.2%) but not disulfides was
observed following incubation of tissue sections in Fe(II). The
increase in sulfoxides in the tissue section incubated with Fe(II)
was observed with a corresponding decrease in the relative
composition of thiols (56.5% to 35.4%) The absence of an
increase in disulfides is attributed to the severity of peroxidation
induced, with disulfide products being further oxidized to
sulfoxides, and/or leaching of disulfide products from the tissue
sections into the aqueous incubation medium.
It is known that peroxidative stress during disease can result

in the addition of sulfoxide functional groups to peptides and
proteins which drastically alters their function.46,47 In situ
images of the distribution of sulfoxides within the brain may
significantly increase our knowledge regarding the effects of

sulfoxide addition to proteins and cell physiology. Further, due
to many proposed roles for altered metal homeostasis during
brain diseases, future experiments that will image the
distribution of sulfoxides relative to redox active Fe and Cu
are an exciting prospect to understand further the role of metals
in brain function.

■ CONCLUSIONS
We note that a previous study has investigated the speciation of
sulfur in situ within formalin-fixed paraffin embedded human
brain tissue.44 This previous study assumed a priori that
consistent fixation and embedding protocol would not have
differential effects on the speciation of sulfur for control and
diseased sample groups. However, this assumption does not
take into account differential binding to certain tissues of redox
active metal contaminants in fixation media, redistribution and
differential binding to certain tissues of endogenous redox
active compounds, and the potential for differential leaching
between healthy and diseased tissue.48 Therefore, when
studying the underlying biochemical mechanisms of disease,
comparable effects of fixation between sample groups, even
with consistent preparation protocols should not be assumed
without prior investigation.
In this study, sulfur K-edge XAS has been used for the first

time for semiquantitative in situ determination of cerebral
disulfides, thiols, thio-ethers, sulfinic acids, sulfonic acids, and
sulfates, at the relative concentrations most likely to be present
in vivo. Comparison of the results obtained from several sample
preparation protocol revealed a significant increase in the
relative concentration of sulfur peroxidation products (disul-
fides and sulfoxides) upon thawing of brain tissue and/or
immersion in an aqueous medium. This strongly supports the
use of frozen, unfixed hydrated tissue and analysis under cryo-
conditions for future work. In the absence of suitable cryogenic
conditions, freeze-drying was shown to be most likely to best
preserve the sulfur redox state of the tissue. For studies not
concerned with sulfur redox, but purely aimed at imaging the
distribution of higher oxidation state sulfur species (sulfonic
acids and sulfates), air-dried sections would suffice. However,
due to the leaching and peroxidation artifacts associated with
formaldehyde-fixation, this sample preparation method should
be avoided.
Using frozen, unfixed, hydrated tissue, differences in sulfur

speciation between the brain stem and cerebellum were
characterized, and the results shown to be consistent with the
known composition of these two regions. To the best of our

Figure 4. Representative spectra from 10 μm thick sections of
cerebellum (solid line) and brain stem (broken line) showing the
differences in relative abundance of taurine and sulfate esters (arrows)
between these two brain regions.

Figure 5. Effect of peroxidative stress on the speciation of sulfur.
Representative spectra of tissue sections incubated in PBS (broken
line) and in a solution of Fe(II) (solid line), showing the relative
decrease in reduced forms (a, 2470.3 eV) and increase in sulfoxides (b,
2473.5 eV) together with more subtle changes in other forms.
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knowledge, this is the first direct in situ investigation of the
sulfur biochemistry between specific brain regions. As such, this
investigation opens the door to future microprobe applications
of the technique to image the distribution of sulfur containing
molecules at the cellular and subcellular level. An imaging
approach will be further valuable in minimizing artificial
peroxidation during sample preparation. Traditionally, animal
brains are perfused to remove blood which would contribute to
sulfur measurements. However, the act of perfusion creates
ischemic conditions within the brain, leading to peroxidative
stress. Using an imaging approach, sulfur speciation can be
determined for discrete brain regions of flash frozen brain tissue
that does not need to be perfused, without risk of
contamination from cerebral blood.
Finally, the ability to detect increases in sulfur oxidation

products under conditions of peroxidative stress was demon-
strated. This highlights the relevance of this technique to the
field of neurochemistry, where questions concerning free-
radical-mediated tissue damage, either by ischemia−reperfusion
or alterations in metal homeostasis, can now be addressed.

■ METHODS
Preparation of Cerebellum and Brain Stem Tissue Sections.

This work was approved by the University of Saskatchewan’s Animal
Research Ethics Board, and adhered to the Canadian Council on
Animal Care guidelines for humane animal use. Healthy 11 week old
male Sprague−Dawley rats (n = 3) were anaesthetised with isoflurane
(100% O2) inhalation and perfused with 0.9% NaCl solution. The
brains were rapidly removed and dissected on an ice-cold dissection
stage. The cerebellum and brain stem were embedded in a glycerol
based optimal cutting temperature (OCT) tissue embedding medium
and snap frozen in a liquid-nitrogen cooled iso-pentane slurry. As
previously described, due to the polar nature of the glycerol
components within the OCT, and the lipophilic exterior of the
brain, little to no penetration of OCT through the tissue occurred.48

The time from animal sacrifice to cryofixation was recorded and did
not exceed 5 min for any animal.
Thin sagittal sections (10-μm-thick) of tissue (referred to as

cryosections herein) were cut on a cryomicrotome, cooled to −16 °C,
and mounted on sulfur-free Thermanox (Thermo Scientific) plastic
coverslips. Five sets of tissue sections (frozen unfixed hydrated,
formaldehyde-fixed, air-dried for 60 s, air-dried for 1 week, and freeze-
dried) were prepared from the cryosections. To prepare the frozen
unfixed hydrated sections, the cryosections were transported in a
sealed vessel from the cryotome on dry ice and then stored for one
week at −80 °C until required for analysis. To prepare formaldehyde-
fixed sections the cryosections were air-dried for 60 s and then
immersed in a 10% buffered formaldehyde solution (Sigma-Aldrich)
for one hour at pH 7.4. Following fixation the sections were air-dried
and stored above desiccant until required for analysis. Complete or
partially air-dried sections were prepared from the cryosections, and
were air-dried (over desiccant) either for one week (complete air-
drying) or for 60 s (partial air drying) prior to analysis. Freeze-dried
sections were prepared from cryosections via placement under vacuum
conditions at −80 °C for 12 h. Triplicate samples were prepared for
each of the above sample preparation methods.
Investigation of the Effects of Tissue Thickness. In addition to

the 10-μm-thick tissue sections cut, as described above, an additional 5
replicate sections were cut at 4, 6, 8, and 10 μm thickness (20 sections
total). These sections were mounted on therminox coverslips and air-
dried above desiccant for 1 week prior to analysis.
Incubation of Cerebellum Tissue with Fe(II). To investigate the

effects of transition metal-catalyzed peroxidation on the speciation of
sulfur within brain tissue, spectra were collected from two 10-μm-thick
cryosections of cerebellum, prepared as described above and incubated
for one hour at room temperature in either PBS (pH 7.4) or a solution

of 1 mM of Fe(II) (FeCl2) in PBS (pH 7.4). The sections were air-
dried for 60 s prior to analysis.

Standard Compounds. Standard compounds (Sigma-Aldrich)
representative of disulfides (oxidized glutathione), thiols (reduced
glutathione), thio-ethers (methionine), sulfoxides (methionine sulf-
oxide), sulfinic acids (hypotaurine), sulfonic acids (taurine), sulfate
esters (dextran sulfate), and inorganic sulfates (Na2SO4) functional
groups were analyzed as solutions (to minimize the artifacts previously
reported),41,42 made up to 30 −100 mM in PBS at pH 7.4 (except for
dextran which was analyzed at pH 8.2). Solutions were analyzed in
sulfur free polycarbonate cells with a polypropylene window (built in
house).

Data Acquisition. All sulfur K-edge XAS data were collected at the
Stanford Synchrotron Radiation Lightsource, using beamline 4−3, and
employing a Si(111) double monochromator. The incident beam was
reduced to 2 × 6 mm by vertical and horizontal slits, and intensity
measured with a helium gas filled I0 ion chamber. The approximate
monochromatic beam intensity at the sample was 1011 photons/
second. Samples (tissue sections and solutions) were mounted at 45°
to the incident beam, and X-ray fluorescence collected with a Stern-
Heald Lytle detector filled with nitrogen gas. Prior to spectra
collection, the sample chamber was purged with He (to remove any
water vapor that may condense on tissue surface) until the relative O2
content within the chamber was less than 0.5%. X-ray absorption
spectra were calibrated against the spectrum of a Na2S2O3.5H2O
powder solid standard, with the lowest energy peak set to 2469.2 eV,
as described previously.39−42,56 Spectra acquisition was controlled with
XAS data collect software,57 with spectra collected across the energy
range 2450 − 2515 eV, with a total collection time of approximately 5
min. For frozen tissue sections a helium cryostream was used. The
temperature of the therminox coverslip, as measured with a
thermocouple, was approximately −40 °C. All other spectra were
recorded at room temperature. Samples were transferred from an
airtight sealed container on dry ice into the cryostream in less than 5 s.
Evidence for ice crystal formation on the tissue surface (i.e., X-ray
diffraction peaks in spectra) was only observed in tissue sections for
which transfer took longer than 30 s.

Data Processing. Spectra were processed using the EXAFSPAK
suite of programs.58 Using the DATFIT program, spectra collected
from tissue sections were fitted with a linear combination of reference
spectra (see standard compounds). Standards were excluded from the
refinements algorithm if they contributed to 0.5% of the total spectra,
at a value greater than three times their standard deviation of
measurement (calculated from the diagonal elements of the variance-
covariance matrix). A significant difference in the composition of the
individual sulfur was determined with a student’s t-test and a 95%
confidence limit.
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