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ABSTRACT: Rapid advances in imaging technologies have pushed
novel spectroscopic modalities such as Fourier transform infrared
spectroscopy (FTIR) and X-ray absorption spectroscopy (XAS) at the
sulfur K-edge to the forefront of direct in situ investigation of brain
biochemistry. However, few studies have examined the extent to which
sample preparation artifacts confound results. Previous investigations
using traditional analyses, such as tissue dissection, homogenization, and
biochemical assay, conducted extensive research to identify biochemical
alterations that occur ex vivo during sample preparation. In particular,
altered metabolism and oxidative stress may be caused by animal death.
These processes were a concern for studies using biochemical assays, and
protocols were developed to minimize their occurrence. In this
investigation, a similar approach was taken to identify the biochemical
alterations that are detectable by two in situ spectroscopic methods
(FTIR, XAS) that occur as a consequence of ischemic conditions created during humane animal killing. FTIR and XAS are well
suited to study markers of altered metabolism such as lactate and creatine (FTIR) and markers of oxidative stress such as
aggregated proteins (FTIR) and altered thiol redox (XAS). The results are in accordance with previous investigations using
biochemical assays and demonstrate that the time between animal death and tissue dissection results in ischemic conditions that
alter brain metabolism and initiate oxidative stress. Therefore, future in situ biospectroscopic investigations utilizing FTIR and
XAS must take into consideration that brain tissue dissected from a healthy animal does not truly reflect the in vivo condition,
but rather reflects a state of mild ischemia. If studies require the levels of metabolites (lactate, creatine) and markers of oxidative
stress (thiol redox) to be preserved as close as possible to the in vivo condition, then rapid freezing of brain tissue via
decapitation into liquid nitrogen, followed by chiseling the brain out at dry ice temperatures is required.
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The huge human and economic cost of neurodegenerative
diseases worldwide drives research into improved

therapies based on a more complete understanding of the
biochemical mechanisms underlying neuronal cell death.
Unfortunately, even the best microscopic techniques do not
provide a detailed biochemical picture, and biochemical assays
like nuclear magnetic resonance (NMR) or mass spectroscopy
generally lack the spatial resolution needed to link biochemical
changes with structural pathology. However, the combination
of synchrotron X-ray absorption spectroscopy (XAS),1−4 X-ray
fluorescence spectroscopy,5−18 and Fourier transform infrared
spectroscopy (FTIR)10,19−31 to analyze cells in situ can localize
a wide range of biochemical parameters with cellular or
subcellular spatial resolution.

A significant obstacle in the progression of studies in this
field has been the use of inappropriate sample preparation
methods, resulting in removal of important biochemical
information or the introduction of chemical artifacts.1,32 The
imaging capabilities available for in situ spectroscopic methods
using synchrotron light inherently imply that sample
preparation must preserve both cell morphology and
biochemistry. This is in contrast to traditional methods used
in the neuroscience field that require either preservation of
morphology or preservation of biochemistry, but not both.
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It is well established that rapid cryo-preservation of brain
tissue such as freeze-blowing, whole body immersion into liquid
nitrogen, or decapitation into liquid nitrogen is required for
bulk quantitative assay of metabolites and antioxidants at levels
as close as possible to those present in vivo. Failure to rapidly
cryo-preserve brain tissue results in significant alterations in the
levels of many key biochemical compounds during the
postmortem interval (PMI) due to ischemic conditions created
by disrupted blood flow at the time of death, autolytic processes
occurring after death, or oxidation of the tissue in air during
tissue dissection.33−42 The biochemical responses of the brain
to disrupted blood flow, lack of oxygen, and energy supply
begin within seconds and often peak and plateau within several
minutes.33−42 Therefore, biochemical differences between brain
regions or animal groups (i.e., “healthy” and “diseased”) that
were present in vivo may be lost.
The XAS, X-ray fluorescence, and FTIR biological

spectroscopic communities have been slow to adopt protocols
for the rapid in situ flash freezing of the brain that are common
practice for quantitative analytical biochemical analysis of the
brain, such as freezing the brain within the skull. Many
biochemical imaging studies use formalin-fixed tissue or brain
tissue that is dissected first and then flash frozen. While it has
been shown that the latter is superior to the former in
preserving the in vivo biochemistry,1,32 the time period for
tissue dissection (1−3 min) may still result in significant
biochemical alterations within the brain relative to the in vivo
state. Therefore, an analytical hypothesis-driven approach is
essential for biological spectroscopic studies of brain tissue,
with careful consideration of the biochemical alterations that
are likely to occur during all stages of sample preparation.
In this study we have performed the first detailed in situ

biospectroscopic investigation of the biochemical alterations
that occur following animal death. We compare biochemical
variations in the cerebellum of healthy untreated rats due to
preparation by three different methods: (A) decapitation into
liquid nitrogen (<0.5 min PMI), (B) brain dissection followed
by rapid flash freezing (2 min PMI), or (C) tissue dissection
and delayed flash freezing of brain tissue (30 min PMI). We
focus on alterations in the relative levels of four important
biochemical parameters: (1) lactate (studied by FTIR), (2)

protein aggregates (studied by FTIR), (3) phosphocreatine/
creatine equilibrium (studied by FTIR), and (4) thiol redox
status (studied by XAS at the sulfur K-edge). These four
biochemical parameters were chosen because they have
previously been extensively investigated in tissue homogenates
using biochemical assays, alterations in their concentration
within the postmortem interval are well characterized at the
bulk tissue level, and these parameters are widely used as
markers of various neurological disease states. We show that
even a short PMI results in changes to lactate, phosphocrea-
tine/creatine equilibrium, and thiol/disulfide ratios that are
detectable by FTIR and XAS. In addition, we have observed for
the first time a rapid decrease in thioether content of brain
tissue in response to ischemia induced by animal death. Since
the model we use is the most simple and earliest model of brain
ischemia without reperfusion, our findings have important
methodological implications for studying ischemic stroke. We
note that although FTIR spectroscopic imaging was performed
in this study, XAS at the sulfur K-edge was not used in an
imaging modality, but rather for in situ bulk measurement of
the average sulfur speciation. Nonetheless, this study highlights
the potential of this multimodal biospectroscopic approach
incorporating FTIR and XAS at the sulfur K-edge for future
investigation of cerebral ischemia using more elegant preclinical
stroke models that more closely resemble clinical stroke.

■ RESULTS AND DISCUSSION
Preparation of Brain Tissue. Brains from healthy rats

were prepared by one of the following three methods that
incorporate different postmortem intervals (PMI), as fully
described in Methods: (A) decapitation into liquid nitrogen
(<0.5 min PMI); (B) decapitation and removal of the brain
followed by rapid flash freezing (2 min PMI); (C) decapitation
as in (B) but followed by a delay of 30 min before flash freezing
(30 min PMI).

Histology. Following spectroscopic analyses, tissue sections
were fixed in formaldehyde gas followed by staining with
hematoxylin and eosin (H&E). Cell and tissue structure of the
cerebellum prepared by each of the three methods, <0.5 min
(method A), 2 min (method B) or 30 min (method C), is
shown in the histology images presented in Figure 1A−C.

Figure 1. FTIR spectroscopic imaging of cerebellum prepared by (A, D, G, J, M) method A, <0.5 min after animal death; (B, E, H, K, N) method B,
2 min after animal death; (C, F, I, L, O) method C, 30 min after animal death. (A−C) H&E histology. (D−F) Three group cluster image from HCA
analysis of second-derivative spectra (1490−1000 cm−1). Red = molecular layer, green = granular layer (gray matter), blue = inner white matter. (G−
I) The relative lipid distribution generated from second-derivative intensity at 1742 cm−1. (J−L) The relative lactate distribution generated from
second-derivative intensity at 1127 cm−1. (M−O) The relative aggregated protein distribution generated from second-derivative intensity at 1625
cm−1. Scale bar = 50 μm. Relative intensity scale refers to the lipid, lactate, and aggregated protein images.
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Cerebellum tissue prepared after a 30 min PMI (method C)
displayed significant edema and tissue damage, relative to tissue
prepared after a PMI of <0.5 or 2 min (method A or B,
respectively). Histology of tissue prepared after <0.5 or 2 min
PMI displayed good preservation of cell and tissue structure
(Figure 1A−C). Therefore, based on the histology, one might
expect the greatest biochemical alterations to be observed in
cerebellum tissue prepared after a 30 min PMI, relative to <0.5
or 2 min PMI. However, as chemical alterations are the driving
mechanism behind alterations to cell and tissue structure,
chemical alterations may be present in tissues prepared after the
2 min PMI relative to <0.5 min PMI, which precede the
morphological alterations observed in tissues prepared by after
a 30 min PMI. This is particularly true for biochemical
alterations arising from altered cerebral metabolism and
oxidative stress that rapidly occur following the onset of
ischemia within the brain. The aim of this study was to
determine to what extent postmortem biochemical alterations,
detectable by in situ spectroscopic methods such as FTIR and
XAS, could be reduced with rapid cryo-preservation of brain
tissue.
Biochemical Assays. Triplicate frozen sections of tissue

(approximately 100 μm thickness) were collected for
biochemical assay of the average lactate and thiol to disulfide
ratio in the cerebellum (Table 1). The average concentration of

lactate was significantly greater and the thiol to disulfide ratio
was significantly decreased at the 2 and 30 min PMIs compared
with the <0.5 min PMI (p < 0.05). However, there was no
significant difference in lactate levels between 2 and 30 min
PMI, whereas there was a significant increase in the thiol to
disulfide ratio at 30 min relative to 2 min PMI.
As demonstrated in Table 1, a significant increase in the bulk

lactate concentration of the cerebellum is observed in brain
tissue after a 2 or 30 min PMI relative to the <0.5 min PMI, but
no significant difference was observed between the 2 and 30
min PMI, which is in strong agreement with the results
published by others for these sample preparation methods.41

Likewise, Table 1 demonstrates that the thiol/disulfide ratio
decreased as a function of increased PMI time, consistent with
the published literature.33,34,37−40 It is well established from
bulk biochemical assay of whole brain homogenates that lactate
levels increase rapidly during the postmortem time interval,
reaching a maximum within 2−3 min of ischemia.35,36,41,42 In
addition, the thiol group on the cysteine moiety of glutathione
(GSH) is readily oxidized to a disulfide (GSSG), or a mixed
protein glutathione disulfide adduct (Pr−S−S−G), and is a key
marker of oxidative stress. Therefore, for quantification of
cerebral metabolites and markers of oxidative stress, a rapid
method of cryo-preservation of brain tissue is required to

determine metabolic markers and levels of reduced and
oxidized glutathione, and Pr−S−S−G adducts that are
preserved at or near to in vivo levels.33,34,37−40 However, one
difference in the determination of thiol redox relative to
cerebral metabolites, is that tissue oxidation in air following
animal death may be a greater cause of artificial results than
ischemic conditions initiated by animal death.33,34,37−40

Regardless of the exact origin of artificial alterations in sulfur
redox following animal death, if a suitable protocol is not
employed, the GSSG/GSH ratio increases rapidly following
animal death, and differences present in vivo may be lost; this
has been the source of many confounding results in previous
studies.33,34,37−40

To identify whether altered metabolic status or oxidative
stress exists within the brain in vivo, rapid cryo-preservation of
the brain tissue is required, or the differences may be lost. The
three most common methods to rapidly preserve brain tissue
for biochemical analyses are whole body immersion in liquid
nitrogen, decapitation into liquid nitrogen, and freeze-blowing,
with the latter being the most rapid method yielding metabolite
levels closest to those in the in vivo state.35,36,41,42 However,
freeze-blowing is destructive, does not retain tissue morphol-
ogy, and is not suitable for imaging techniques.35,36,41,42 While
removal of the skull from live rats and in situ freezing of the
brain in the live animal, or whole body immersion of a live
animal into liquid nitrogen is established to better preserve
brain biochemical status,35,36,41,42 these methods do not
conform with standard procedures for euthanasia by animal
ethics boards. Therefore, decapitation into liquid nitrogen has
been employed in this study.
The aim of this investigation was not to determine the

optimum sample preparation procedure to preserve brain
biochemistry, or to discredit previous work, but rather to
demonstrate the nature of biochemical alterations detectable by
FTIR and XAS that occur during varying postmortem time
intervals.

FTIR Spectroscopic Imaging of Biochemical Markers
of Anaerobic Metabolism and Peroxidative Stress.
Discrimination Between Tissue Layers of the Cerebellum
Through FTIR Spectroscopic Imaging. The relative lipid-ester
distribution in the cerebellum was determined from the FTIR
image generated from second-derivative intensity at 1742 cm−1,
assigned to the ester ν(CO) band (Figure 1G−I).
Identification of the three main tissue structures of the
cerebellum (white matter, granular layer, molecular layer) was
determined via visual comparison of the H&E stained tissue
section (Figure 1A−C) with the relative lipid-ester distribution
(Figure 1G−I). In addition, hierarchical cluster analysis was
applied across the spectral region 1490−1000 cm−1 in vector-
normalized second-derivative spectra which separated spectra
into three clusters, correlated to the molecular, granular, and
inner white matter layers (Figure 1D−F), similar to previous
reports.21−23,27,30,43 The average spectrum calculated from each
cluster (Figure 2A) was used for the analyses of average
biochemical composition of each tissue layer.

Lactate Levels in the Cerebellum. The relative lactate
distribution and the change in relative lactate levels were
evaluated through second-derivative FTIR spectral intensity at
1127 cm−1 as previously described.21 The FTIR images
generated from the second-derivative intensity at 1127 cm−1

assigned to the lactate ν(C−O) stretch, for methods A, B, and
C, are presented in Figure 1J−L. Visual comparison of the
images suggests an increase in relative lactate levels in all three

Table 1. Biochemical Assay of Lactate and the Ratio of
Thiols to Disulfides from Cerebellar Homogenatesa

method lactate (mM) thiol/disulfide ratio

A 6 ± 2 3.3 ± 0.3
B 13 ± 2b 2.9 ± 0.1b

C 11 ± 2b 2.2 ± 0.1bc

aData shown as mean ± SD (n = 4). A significant difference was tested
using a two tailed unpaired Student’s t test with a 95% confidence limit
(p < 0.05). bDenotes significant difference of tissue prepared by
method B or C, relative to method A. cDenotes significant difference
of tissue prepared by method C relative to method B.
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structures of the cerebellum (white matter, granular layer,
molecular layer) at the 2 and 30 min PMIs, relative to <0.5 min
PMI. This was confirmed by analysis of the second-derivative
intensity at 1127 cm−1 for the average spectra of each tissue
layer, which revealed a significant increase in second-derivative
intensity at 1127 cm−1 at the 2 and 30 min PMIs relative to
<0.5 min (Table 2). Thus, FTIR confirmed the results of the
biochemical analysis of lactate (Table 1). Representative
examples of second-derivative spectra showing this relative
increase in lactate content are presented in Figure 2B−D. At all
time points, the highest relative lactate content was observed to
occur at the boundary of the granular and molecular layers,

consistent with the location of the Purkinje neurons. Our
previously published analysis of this region at higher resolution
with FTIR imaging showed that the highest lactate was found
in Purkinje neuron soma,21 and will not be discussed further in
this Article.
Although the same pattern of relative lactate distribution

(inner white matter < granular layer ∼ molecular layer) was
observed for all samples, there was a net increase in the relative
lactate content for each tissue layer in samples prepared after a
2 or 30 min PMI, relative to a PMI of <0.5 min, but no
difference was observed between the 2 or 30 min PMI. These
results are in direct accordance with those observed from

Figure 2. Effect of time period after animal death on FTIR spectra collected from cerebellum tissue layers. (A) Average spectra of tissue layers at the
0.5 min PMI. The lactate region is highlighted by gray shading. Representative examples of second-derivative spectra showing relative lactate levels
(1127 cm−1) in (B) white matter, (C) granular layer (gray matter), and (D) molecular layer after 0.5, 2, and 30 min PMI. Note: In second-derivative
spectra, increased lactate concentration results in more negative spectral intensity.

Table 2. Second-Derivative FTIR Spectral Intensity Analysis of Relative Levels of Lactate (1127 cm−1) in White Matter (WM),
Granular Layer (GL), and Molecular Layer (ML) of the Cerebelluma

method WM 1127 GL 1127 ML 1127

A (2.4 ± 0.4) × 10−3 (10 ± 1) × 10−4 (1.1 ± 0.1) × 10−3

B (1.7 ± 0.5) × 10−3b (7 ± 1) × 10−4b (9.2 ± 0.4) × 10−4b

C (2.0 ± 0.1) × 10−3b (6.3 ± 0.6) × 10−4b (8 ± 1) × 10−4b

aData shown as mean ± SD (n = 4). Note: In second-derivative spectra, increased relative concentration correlates to lower second-derivative
intensity values (i.e., increased intensity in the negative direction). A significant difference was tested using a two tailed unpaired Student’s t test with
a 95% confidence limit (p < 0.05). bDenotes significant difference of tissue prepared by method B or C, relative to method A. cDenotes significant
difference of tissue prepared by method C relative to method B.
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biochemical assay of bulk lactate content in this investigation
(Table 1), and the results reported by others.41 Therefore, the
combination of these tissue layer specific results and the results
from bulk biochemical assay highlights that in order to
successfully image regions with altered metabolic status closest
to the in vivo state, rapid cryo-preservation (within 30 s of
animal death) is essential.
Abundance of Crystalline Creatine Microdeposits. FTIR

spectroscopic images from absorbance at 1402 cm−1 (7.1 μm)
have been used previously to visualize the location of crystalline
creatine microdeposits in brain tissue.22,24,29,44,45 In this study
visible light microscopy was used to locate creatine deposits,
and the presence of creatine was confirmed by coarse resolution
FTIR imaging with a globar source and focal plane array (FPA).
To investigate the chemical composition of the creatine
deposits in greater detail, higher spatial resolution wide-field
synchrotron radiation Fourier transform infrared focal plane
array (SR-FTIR-FPA) imaging was employed. To enable
visualization of the creatine deposits at higher spatial resolution,
absorbance of the ν(N−H) stretch at 3300 cm−1 (3 μm) was
used (Figure 3A, B). No chemical differences were observed
between the crystalline creatine microdeposits at the different
PMIs (Figure 3C); however, there was a significant increase in
the number of deposits observed at the 2 and 30 min PMIs

relative to <0.5 min in the molecular and granular layers, but
not the white matter (Table 3), indicating that crystallization of

creatine is an early postmortem event in gray matter. There was
no significant difference in the abundance of the deposits
between the 2 and 30 min PMIs for any tissue layer (Table 3).
It is well established that depletion of high energy

phosphates, specifically dephosphorylation of phosphocreatine,
is one of the earliest indicators of oxygen and energy
deprivation.36,42 Therefore, an increased creatine to phosphoc-
reatine ratio would be expected in brain tissue collected after a
2 or 30 min PMI, relative to a PMI of <0.5 min. Due to the
complex and overlapping nature of absorbance bands in FTIR
spectra collected from brain tissue, a direct measurement of the
creatine to phosphocreatine ratio cannot be made. However,
increased abundance of crystalline creatine microdeposits have
been observed in the brain in several neurodegenerative
conditions (amylotrophic lateral sclerosis, Alzheimer’s disease,
epilepsy, and cerebral malaria).22,24,29,44,45 Further, it was
recently established in the case of malarial diseased mice that
the deposits do not occur in vivo, but rather are an ex vivo
artifact of tissue dehydration.22 As phosphocreatine is used as
an immediate high energy supply and converted to creatine
under conditions of oxygen and energy deprivation, regions of
high localized creatine concentration must exist. As creatine is
less soluble than phosphocreatine, the creatine crystallizes out
of solution during dehydration of the tissue sections.22 As such,
crystalline creatine microdeposits can serve as a valuable ex vivo
marker of the location of altered energy metabolism that was
present in vivo.22 As would be expected, a greater number of
creatine deposits were observed in the cerebellum tissue
prepared after a 2 or 30 min PMI, relative to a PMI of <0.5 min,
(Table 3, Figure 3), and no significant difference was observed
in the number of deposits between 2 and 30 min PMI. Again,
these results highlight the importance of rapid cryo-
preservation of brain tissue to successfully image the relative
concentration and distribution of energy metabolites as close as
possible to the in vivo state.

Aggregated Protein Levels in the White Matter, Granular,
and Molecular Layers of the Cerebellum. FTIR functional
group images of the relative levels of aggregated proteins were
generated from the second-derivative intensity at 1625 cm−1

(amide I band), as used in other studies.23,26,27 The false-color
images are presented in Figure 1M−O. Visual inspection of the
images and analysis of the second-derivative intensity of the
average spectra from each tissue layer revealed no significant
difference in the relative levels of aggregated proteins between
the three PMIs for any tissue layer (Table 4).
Based on the significant tissue damage and edema observed

in the cerebellum prepared after a 30 min PMI relative to a PMI

Figure 3. Wide-field SR-FTIR-FPA imaging of creatine microdeposits
in cerebellum tissue. (A) Bright field image of unstained tissue
highlighting region of analysis around creatine-microdeposit (white
dotted box) and an adjacent neuron (white arrow). (B) FTIR image of
creatine microdeposit generated from integrated area of the ν(N−H)
band at 3300 cm−1. (C) Representative FTIR spectra from creatine
deposit and surrounding molecular layer tissue. Red arrow indicates
the position of the band at 3300 cm−1 used to generate the image from
second-derivative spectra shown in B, while black arrows indicate the
position of other characteristic creatine bands at 1402 and 1311 cm−1,
used in previous studies. Scale bars = 5 μm.

Table 3. FTIR Analysis of the Mean Abundance of
Crystalline Creatine Microdeposits per Cerebellum Tissue
Sectiona

method WM GL ML

A ND 0.5 ± 0.5 0.8 ± 0.9
B ND 3 ± 2b 3 ± 1b

C ND 2 ± 1b 2.3 ± 0.9b

aData shown as mean ± SD (n = 4). A significant difference was tested
using a two tailed unpaired Student’s t test with a 95% confidence limit
(p < 0.05). bDenotes significant difference of tissue prepared by
method B or C, relative to method A.
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of <0.5 or 2 min, one might expect a substantial increase in the
levels of aggregated proteins. However, an important difference
between ischemic conditions created in the brain by animal
death in this investigation, and true ischemic conditions during
global brain ischemia, is the lack of reperfusion following animal
death. Therefore, although the brain tissue will suffer energy
deprivation, increased free radical generation, and antioxidant
depletion following animal death, the huge spike in free radical

production that occurs following the return of oxygen
(reperfusion) to ischemic tissue is not present in decapi-
tation-inflicted brain ischemia.33,34,37−39 Hence, levels of tissue
oxidation products (i.e., protein aggregates) following decap-
itation may be substantially lower than those in a clinically
relevant model of global brain ischemia with reperfusion.
Indeed, in this investigation, no significant differences in the
level of aggregated proteins (second-derivative intensity at 1625

Table 4. Second-Derivative FTIR Spectral Intensity Analysis of Relative Levels Aggregated Proteins (1625 cm−1) in White
Matter (WM), Granular Layer (GL), and Molecular Layer (ML) of the Cerebelluma

method WM 1625 GM 1625 ML 1625

A (9 ± 1) × 10−3 (1.0 ± 0.1) × 10−2 (1.2 ± 0.1) × 10−2

B (7.6 ± 0.8) × 10−3 (0.9 ± 0.6) × 10−2 (1.2 ± 0.1) × 10−2

C (8.4 ± 0.5) × 10−3 (1.0 ± 0.1) × 10−2 (1.9 ± 0.1) × 10−2

aData shown as mean ± SD (n = 4). Note: In second-derivative spectra, increased relative concentration correlates to more negative second-
derivative intensity. A significant difference was tested using a two tailed unpaired Student’s t test with a 95% confidence limit (p < 0.05). bDenotes
significant difference of tissue prepared by method B or C, relative to method A. cDenotes significant difference of tissue prepared by method C
relative to method B.

Figure 4. Sulfur K-edge XAS analysis of the effect of time period after death on sulfur speciation within the cerebellum. (A) Sulfur K-edge spectra of
model compounds of different chemical forms of sulfur. RSH, thiol; RSR, thioether; RSSR, disulfide. (B) Sulfur K-edge spectra of model compounds
scaled to the relative contribution to the fit presented in (C). (C) Representative example of sulfur K-edge XAS fit for cerebellum tissue. (D)
Alterations to the sulfur K-edge due to variation in thiol, thioether, and disulfide contribution. Black < 0.5 min, green = 2 min, red = 30 min post
death. Red arrow indicates increased absorbance at ∼2469.8 eV due to increased contribution of disulfides. Black arrows indicate shift of maximum
absorbance to lower energy due to increased contribution of disulfides, and decreased contribution of thiols and/or thioethers.

Table 5. XAS Sulfur Fitting Results of the Relative Contribution (%) of Different Chemical Forms of Sulfur to the Total Sulfur
Pool in Cerebellum with Varying Postmortem Intervala

method RSH RSR RSSR sulfoxide sulfinic acid sulfonic acid sulfate ester

A 43 (1) ± 7 32 (1) ± 2 6 (0.4) ± 1 1.7 (0.2) ± 0.4 1.2 (0.2) ± 0.1 7.7 (0.1) ± 0.4 9 (0.2) ± 5
B 54 (2) ± 10 16 (2) ± 7b 10 (0.6) ± 3b 2.1 (0.3) ± 0.5 1.3 (0.3) ± 0.3 9 (0.2) ± 2 8 (0.3) ± 4
C 46 (2) ± 9 21 (1) ± 5b 9 (0.6) ± 2b 1.5 (0.3) ± 0.2 0.8 (0.3) ± 0.1bc 6 (1) ± 2 16 (0.2) ± 6

aValues given are the average percentages ± standard deviation of replicate measurements from 4 animals. 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. The estimated standard deviation gives an indication of the precision of determination of the value in the least-squares fit whereas the
standard deviation of replicate measurements gives an indication of how much variation is present between different samples. As expected for slightly
different individual fits, the average percentages do not total to 100%, although the individual fits do total to 100%. A significant difference was tested
using a two tailed unpaired Student’s t test with a 95% confidence limit (p < 0.05). bDenotes significant difference of tissue prepared by method B or
C, relative to method A. cDenotes significant difference of tissue prepared by method C relative to method B.
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cm−1, which is an established marker of protein oxidation) were
observed in any cerebellum tissue layer as a result of
postmortem interval. This result is important, as it demon-
strates that although rapid cryo-preservation is required to
study metabolic and thiol redox status of the brain (discussed
next), investigation of the protein secondary structures and
protein oxidation may be performed on flash-frozen brain tissue
which is dissected first before flash-freezing, rather than after
decapitation into liquid nitrogen. The latter adds a significant
time investment to chisel out the frozen brain from the head.
XAS Analysis of the Effect of Time Post Death on the

Average Speciation of Sulfur in the Cerebellum. The
average thiol, thioether, disulfide, sulfoxide, sulfinic acid,
sulfonic acid, and sulfate ester proportions for the cerebellum
at <0.5, 2, and 30 min PMI were determined in situ from bulk
XAS spectra collected at the sulfur K-edge, as previously
described.1 An example of the fitting process is presented in
Figure 4A−C, and representative spectra of the cerebellum
collected at each time point presented in Figure 4D. Levels of
sulfur species are expressed as the percentage of the total sulfur
detected (Table 5), and thus, the value for disulfide (RSSR) is
the percentage of sulfur atoms present as disulfide. Relative
disulfide levels were found to increase significantly, and relative
thioether levels found to decrease significantly, at time points 2
and 30 min PMI relative to <0.5 min (Table 5). There was no
significant difference in disulfides or thioethers between the 2
and 30 min PMIs (Table 5). In addition, there was a significant
decrease in the sulfinic acid content at 30 min relative to <0.5
and 2 min post animal death (Table 5).
Due to the rapid oxidation of tissue thiols to disulfides in

air,33,34,37−40 a method of in situ detection that does not require
tissue dissection, homogenization, or extraction would be
preferable. Although this was not previously available to the
neuroscience field, XAS at the sulfur K-edge may be one such
technique with these capabilities. The method has been
demonstrated as a novel approach to study thiol redox in situ
within biological samples,1,46−48 and recently validated to study
thiol redox and sulfur speciation in brain tissue.1 Further, the
use of a helium cryostream is compatible with XAS measure-
ments at the sulfur K-edge and has the advantage of minimizing
thiol oxidation due to air-exposure,1 minimizing spectral
distortion due to X-ray absorption by argon, and also
minimizing photo-oxidation of sulfur (see Supporting In-
formation Figure 1).49 Consequently, in situ determination of
thiol and disulfide levels in flash frozen tissue sections under
cryogenic conditions using XAS at the sulfur K-edge has
considerable advantages for determining thiol redox as close as
possible to the in vivo state. It should be noted that the spectral
alterations presented in Figure 4 are relatively subtle. However,
as can be seen in Supporting Information Figure 1, two
replicate spectra of the same sample are essentially super-
imposed. Likewise, Supporting Information Figure 1 demon-
strates that beam damage is not visually observable between
two replicate sweeps under inert (helium or vacuum)
conditions. Therefore, although the spectral alterations
presented in Figure 4 are subtle, they are not the result of
beam damage or experimental error, but reflect the subtle
biochemical alterations as a consequence of the PMI, which are
statistically significant as demonstrated from 4 biological
(animal) replicates (Table 5). The individual spectra from
the 4 biological replicates for method A and for method B are
plotted in Supporting Information Figure 2, which highlights
the reproducibility of the observed alterations.

There are several important considerations for the use of
XAS at the sulfur K-edge to study thiol redox, especially when
compared with the established literature on sulfur redox derived
from traditional biochemical assays. Tissue microdissection,
homogenization, and extraction prior to biochemical assay can
lead to artificial thiol oxidation, which is one disadvantage of
biochemical assays compared to direct in situ analysis using
XAS. However, the homogenization and extraction process,
along with the method of detection often add chemical
specificity to biochemical assays which can not be obtained
from XAS. For example, biochemical assays routinely quantify
reduced and oxidized glutathione, or quantification of protein
thiols and protein disulfides.34 In contrast, although it is
common practice to fit XAS spectra to reduced and oxidized
glutathione model compounds, only the total thiol and total
disulfide levels can be quantified.1,46−48 Further, it is essential to
take into account the contribution of nonthiol organic sulfides,
thioethers, in XAS measurements. In several studies, only a
total sulfide value (thiols + thioethers) was reported. Therefore,
conclusions drawn regarding oxidative stress from a total
sulfide/disulfide ratio from XAS data, may be inaccurate if the
contribution of thioether is neglected.
In this study, a significant increase in the level, relative to

total sulfur, of total disulfides, and a significant decrease in
thioether, but not thiols, were observed from XAS measure-
ments of cerebellum tissue prepared after 2 or 30 min PMI,
relative to a < 0.5 min PMI (Table 5). The increase in
disulfides is in strong agreement with the postmortem oxidation
of reduced glutathione to oxidized glutathione or Pr−S−S−G
adducts as previously reported.34 The decrease in thioethers
most likely results from consumption of S-adenosyl-methionine
(SAM) and a shift in equilibrium of methionine metabolism
toward homocysteine production to allow continued methyl-
ation and adenosine production under ischemic condi-
tions.50−53 As no increase in sulfoxides was observed, loss of
methionine due to oxidation to methionine sulfoxide is
unlikely. As biochemical assays demonstrate deceased reduced
glutathione and increased oxidized glutathione during ischemia
and/or the PMI, decreased thiols might have been expected to
occur concomitant with increased disulfides measured by XAS.
However, as XAS determines total thiols, a shift in methionine
metabolism back to homocysteine production during the PMI
would result in an increase in total thiols, which may negate the
loss of thiols due to oxidation to disulfides. These results
highlight several important considerations for interpretation of
XAS spectra at the sulfur K-edge. First, rapid cryo-preservation
of brain tissue is essential to prevent artificial oxidation and
formation of disulfides due either to ischemic conditions
created at the time of animal death, or to air-exposure during
tissue dissection. Second, although a simple measurement of
sulfides and disulfides can be made from XAS spectra, which
will likely be in good agreement with mechanisms of oxidative
stress following brain ischemia, this approach is too simplistic.
In fact, the total sulfide and disulfide levels are influenced by
not only thiol oxidation, but also methionine homeostasis,
methionine oxidation, and protein synthesis. Therefore, for a
more accurate “picture” of thiol redox status, XAS spectra at the
sulfur K-edge should be fitted to determine thiol, disulfide,
thioether, and sulfoxide contributions.
This investigation is the first report of rapid loss of thioether

due to onset of ischemic conditions within the brain, although
alterations in the methionine metabolic pathway have been
previously reported.55 As the decrease in thioether in this study
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did not correspond to an increase in sulfoxides, loss of thioether
is likely not the result of oxidation of thioether to sulfoxides.
More likely, the loss of thioether arises from a shift in
methionine metabolic homeostasis, or enzymatic degradation.55

As decapitation is a simple and one of the earliest animal
models of brain ischemia without reperfusion, this result is of
direct relevance to future studies of biochemical alterations
induced in a more clinically relevant model of global brain
ischemia with reperfusion, such as the two-vessel occlusion
model. As S-adenosyl-methionine is crucial for methylation
reactions and protein synthesis,55 and decreased protein
synthesis is observed after global ischemia,56 this could account
for the neuroprotective properties of SAM administration in
animal models of brain ischemia.57 Therefore, the ability to
directly monitor (and potentially image) thioether levels in situ
will be of great benefit in future studies aimed at understanding
the exact biochemical mechanisms of delayed neurodegenera-
tion several days after ischemic insult.58 This could be of great
importance for the development of improved patient therapy.
Both the XAS and biochemical assay results of this

investigation highlighted alterations in sulfur speciation, with
increased disulfides (XAS) or increased disulfide to thiol ratio
(biochemical assay) as a consequence of a 2 min PMI (relative
to <30 s). However, the XAS detected no significant difference
in disulfide levels between the 2 and 30 min PMI, whereas the
biochemical assay identified an increase in disulfide to thiol
ratio during this period. A possible explanation for this result is
a greater fraction of non-GSSG disulfides in the supernatant
fraction of brain homogenates assayed from tissue prepared
with a PMI of 30 min. Significant edema was evident on
histological examination at this time point, and therefore
autolytic processes were likely to have begun, including
proteolysis. The latter could result in a large increase of
peptide disulfides in the supernatant fraction of brain
homogenates. Therefore, the fact that the biochemical assay
detection is not specific to GSH or GSSG, but rather detects
total thiols and disulfides in the supernatant fraction of tissue
homogenates (for which GSH and GSSG are normally the
major components) should be kept in mind when interpreting
these results. In addition, the XAS analysis was performed with
a 2 × 4 mm2 beam, centered on a tissue section approximately
5 × 5 mm2 in size. Therefore, the outside edges of the tissue
were not analyzed by XAS, whereas these tissue components
were analyzed by biochemical assay. As it is well established
that air-oxidation at the sample surfaceis a major contributor to
an increased disulfide to thiol ratio,1,39 this could also explain
the differences observed between the XAS and biochemical
assay results, as the surface of the sample was not anlayzed in
the XAS measurement (i.e., the beam was positioned within the
sample and did not encompass the sample edge).
As it is known that taurine is rapidly released from brain cells

under ischemic conditions, differences in the sulfonic acid levels
at the cellular or subcellular level would be expected between
the different tissue preparation methods used in this study. As
taurine is chemically and metabolically stable (relative to
thiols), alterations in sulfonic acid levels would be expected to
result from redistribution rather than chemical alteration.
Therefore, as an imaging modality was not employed in this
study, alterations in cellular distribution could not be
investigated, and it is not surprising that no significant
differences in the bulk levels of sulfonic acid were detected.
However, hypotaurine, a reactive intermediate in the pathway
to taurine synthesis, is likely to be the major contributor to the

sulfinic acid signal detected by XAS at the sulfur K-edge.1 As a
metabolic/catabolic and redox active intermediate,59 hypotaur-
ine levels are not likely to remain stable in brain tissue, which
would account for the decreased sulfinic acid signal observed in
cerebellum tissue prepared by the longest, 30 min PMI, relative
to 2 and <0.5 min PMI. However, it must be noted that the
small sulfinic acid signal detected in this study is likely only
present in concentrations that are just sufficient for detection.
Small variations in noise may have a large effect on the
determined concentration. Supporting Information Figure 3
shows a representative example where two minor chemical
components (sulfoxide and sulfinic acid) are included in the fit,
and then the fitting process repeated without each of the
individual components. Removal of sulfoxide results in the
residuals increasing by a factor of 2, however, removal of the
sulfinic acid component results in only a very subtle increase in
the residual. Indeed, the fitting process without the inclusion of
sulfinic acid visually appears “reasonable”. Therefore, inter-
pretation of the results for sulfinic acid must be viewed with
care due to its small and variable contribution to the total sulfur
pool.

Future Work. Liquid nitrogen, though readily available and
commonly used for rapid freezing of samples in many
laboratories, may not be the ideal cryogenic freezing agent.
This is because the well-known Leidenfrost effect, arising from
a skin of gaseous (nitrogen) vapor that provides thermal
insulation will substantially increase the time to freeze the
sample. The Leidenfrost point signifies the onset temperature
of formation of the stable gaseous film, and while this is difficult
to estimate without measurement it will be at least 100 °C
above the boiling point of a liquid gas. Thus, for a sample at 37
°C, a cold liquid gas below its Leidenfrost point, such as liquid
isobutane (freezing point, −160 °C; boiling point, −12 °C)
may provide faster freezing than liquid nitrogen. Alternatively,
the use of a cold liquid that will not form a gaseous film such as
isopentane (freezing point, −160 °C; boiling point, 28 °C)
provides another option, although unfortunately isopentane
tends to become very viscous at temperatures approaching its
freezing point and thus may not be ideal. Rates of cooling are
obviously complex, and future work will investigate different
cryogens to provide more optimal freezing conditions.

■ CONCLUSION
This study is the first to demonstrate that the same
experimental considerations for bulk biochemical analyses of
metabolic and antioxidant species are also required for in situ
spectroscopic studies, an often overlooked fact. For determi-
nation of markers of altered brain metabolism such as lactate or
crystalline creatine microdeposits that accurately reflect the in
vivo state and for determination of thiol redox as close as
possible to the in vivo state, rapid cryo-preservation (i.e.,
decapitation into liquid nitrogen) and analyses of frozen
hydrated sections under cryogenic conditions is essential. Many
previous biospectroscopic studies have used flash-frozen tissue
that was frozen after the brain was first dissected from the head,
which is in direct contrast to protocols recommended for
analysis of metabolites and oxidation products; such methodo-
logical oversights could potentially remove differences between
a control and disease state that were present in vivo. Despite
the alterations observed for metabolites (lactate and creatine)
and oxidation markers (thiol/disulfides), other biochemical
markers of oxidative stress, such as aggregated protein content,
appeared unchanged. The extent that biochemical alterations in
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the window between animal death and tissue freezing may
confound studies of disease pathogenesis was not studied in
this investigation and remains to be determined. As such, this
study should not serve to discredit any previous work, but
rather highlight that the choice of protocol for obtaining
representative brain tissue and the postmortem time interval
are critical considerations for future biospectroscopic inves-
tigations. If brain tissue is dissected from the animal and then
frozen, the biochemical results should not be considered to
truly represent the in vivo state. Rather, the tissue represents a
mildly ischemic brain, even in the control animal group. This
study is the first report of rapid loss of thioether following onset
of ischemic conditions in the rat brain, and may have significant
relevance to impaired neuron function and delayed neuro-
degeneration after brain ischemia, which will be investigated
further in future studies. To the best of our knowledge, this is
the first ever report of FTIR and XAS analysis of brain tissue
prepared by rapid cryo-preservation (decapitation into liquid
nitrogen). It is expected that this sample preparation protocol
will be of great benefit for future in situ investigation of the role
of anaerobic metabolism, antioxidants, and peroxidative stress
during brain ischemia and neurodegenerative conditions.

■ METHODS
Chemicals. Unless stated otherwise, all kits and chemicals were

purchased from Sigma-Aldrich.
Animal Handling and Tissue Preparation. Cerebellum was

obtained from healthy 6 week old male Sprague−Dawley rats (n = 4).
Rats were housed with a 12 h light/12 h dark cycle with ad libitum
access to chow and water. 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.
Animals were anesthetized with isoflurane and humanely sacrificed
through decapitation. Following decapitation, three sample prepara-
tion protocols were followed to yield postmortem intervals of less than
30 s, 2 min, or 30 min. With method A, the head was immediately flash
frozen in liquid nitrogen cooled isopentane. We estimate that the time
for complete freezing was less than 30 s. The brain was then chiseled
out from the frozen rat head at dry ice temperature. With method B,
the brain was rapidly dissected from the skull, placed in optimal cutting
temperature (OCT) medium, and flash frozen in liquid nitrogen
cooled isopentane, which took approximately 2 min. With method C,
the brain was dissected from the skull, placed in OCT, and allowed to
stand for 30 min before flash-freezing as described for method B. All
samples were stored at −80 °C until required for analyses.
Tissue Sectioning for Spectroscopic Analyses and Biochem-

ical Assays. The cerebellum was chosen in this investigation due to
its ordered structure, and the fact that it is a well characterized brain
region, which makes it ideal for methods-based and proof of principle
studies. Further, altered neurochemistry of the cerebellum is
implicated in certain neurological diseases and disorders, making the
results of this study valuable from both a methods based and a disease
mechanism point of view. Triplicate, 10 μm thick sections of the
cerebellum from 4 animals from each of the three sample preparation
groups were cut on a cryo-microtome at −16 °C and melted onto
either glass microscope slides for routine histology, CaF2 membranes
(Crystran Inc.) for FTIR spectroscopic analysis, or Thermanox plastic
coverslips for sulfur K-edge XAS analysis. Tissue sections were air-
dried and immediately analyzed (within 2 h) for FTIR spectroscopic
analyses, or maintained at dry ice temperature (or below) for a period
of 2−5 days prior to sulfur K-edge XAS analysis. Due to the known
effect of storage conditions on infrared spectra collected from
biological samples,60 sections were stored in a desiccator, in the
dark, and at room temperature prior to analyses. In addition to tissue
sections for spectroscopic analyses, an additional six 100-μm-thick
sections were cut from each brain for biochemical assay. Three

sections from each set of 6 were used for assay of brain lactate, and
three sections were used for assay of the GSSG/GSH ratio.

Lactate Assay. The supernatant fraction of brain homogenates was
prepared from three pooled 100 μm thick tissue sections. The tissue
sections were reduced to a fine powder via pulverization under liquid
nitrogen, and the powder dissolved in phosphate buffered solution.
The supernatant was separated from the pellet via centrifugation at
10 000g and deproteinized with a 10 kDa MWCO spin filter to remove
endogenous lactate dehydrogenase. The lactate concentration of the
supernatant was determined using an enzymatic lactate assay kit
(MaAK065 Sigma-Aldrich) according to the manufacturer’s instruc-
tions.

GSH and GSSG Assay. The supernatant fraction of brain
homogenates was prepared from three pooled 100 μm thick tissue
sections. The tissue sections were reduced to a fine powder via
pulverization under liquid nitrogen, and the powder dissolved in
phosphate buffered solution. The supernatant was separated from the
pellet via centrifugation at 10 000g. The thiol component of the
supernatant fraction, for which reduced glutathione is the dominant
source, was quantified by absorbance at 412 nm following reaction
with 5,5-dithiobisnitrobenzoic acid (Sigma-Aldrich). The disulfide
component of the supernatant fraction, for which oxidized glutathione
is the dominant source, was quantified by absorbance at 340 nm
following incubation with glutathione reductase and NADPH.

FTIR Spectroscopic Analyses. Globar-FTIR-FPA spectroscopic
images were collected at the Canadian Light Source (CLS) with a
Hyperion 3000 microscope fitted with an upper objective of 15×
magnification and a numerical aperture of 0.6, combined with a lower
condenser of 15× magnification and 0.4 numerical aperture. This
arrangement yielded a pixel size of 2.65 μm, which was later subjected
to 2 × 2 pixel binning to yield an effective image pixel size of 5.3 μm.
Globar-FTIR-spectroscopic images were collected with a spectral
resolution of 4 cm−1 and the coaddition of 128 scans, with a
background image similarly collected from blank substrate using 128
coadded scans. The background was collected immediately prior to
each sample. We note that FTIR spectroscopic analyses were
performed under ambient laboratory conditions, and not cryogenic
conditions as for XAS analyses. Please refer to Supporting Information
Figure 4 for a discussion of this topic.

SR-FTIR-FPA spectroscopic images of microcreatine deposits were
collected at both the Canadian Light Source and at the Synchrotron
Radiation Center (SRC) in Wisconsin. At the CLS, images were
collected with a Hyperion 3000 microscope fitted with an upper
objective of 52× magnification and a numerical aperture of 0.6,
combined with a lower condenser of 15× magnification and 0.4
numerical aperture. This arrangement yielded a pixel size of 0.77 μm.
The incident infrared beam was focused and aligned to the center of
the array, and then defocused such that an array area of approximately
28 μm × 28 μm (36 × 36 pixels) was illuminated by light. During data
processing individual images were cropped to a region consisting of 36
× 36 pixels, and 2 × 2 pixel binning performed to yield a final image of
18 × 18 pixels (1.54 μm effective pixel size), with adequate spectral
signal-to-noise within each pixel. SR-FTIR-spectroscopic images were
collected with a spectral resolution of 4 cm−1 and the coaddition of
1024 scans, with a background image collected from blank substrate
using 1024 coadded scans. The background was collected immediately
prior to each sample. Normalization to beam current was not
performed. At the SRC, images were collected similar to methods
previously described.61 In general, images were collected from a
Hyperion 3000 microscope fitted with an upper objective of 74×
magnification and a numerical aperture of 0.65, and a lower condenser
of 15× magnification and 0.6 numerical aperture. This arrangement
yielded an effective pixel size of 0.54 μm × 0.54 μm. The incident
infrared beam was focused and aligned to the center of the array, and
then defocused to cover the complete array (34.6 μm × 34.6 μm). SR-
FTIR-spectroscopic images were collected with a spectral resolution of
4 cm−1 and the coaddition of 512 scans. A background image was
collected from blank substrate using 1064 coadded scans. The
background was collected immediately prior to each sample.
Normalization to beam current was not performed.
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FTIR Spectroscopic Data Analysis. All data processing and
image generation was performed using Cytospec software (Cytospec,
version 1.2.04) and Opus software (version 6.5, Bruker, Ettlingen,
Germany). Raw spectra were vector-normalized to the amide I band
(1690−1610 cm−1), and second-derivatives calculated with a Savitsky-
Golay 9 point smoothing average. False color functional group images
of the relative concentration of lipid, β-sheet aggregates, and lactate
were generated from second-derivative intensities at 1742,23 1625,27

and 1127 cm−1,21,62 respectively. Due to the strong increase in signal
intensity due to the highly ordered structure of crystalline creatine,
images of crystalline creatine deposits were generated from integrated
band area of raw spectra at 3300 and or 1402 cm−1.22,24,29,44,45,63

Hierarchical cluster analysis was performed using the fingerprint
spectral region 1490−1000 cm−1 to assign spectra to three clusters,
which correlated strongly with the histological location of the
cerebellum molecular layer, granular layer (gray matter), and inner
white matter layer. The average spectra from each cluster were then
used for statistical analysis to compare biochemical differences within
each tissue region among the three different sample preparation
methods (A, B, C). A significant difference in the mean FTIR second-
derivative spectral intensity from triplicate tissue sections prepared
from four animals between each sample preparation method (i.e., a
total of 12 tissue sections per method) was determined with a
Student’s t test and a 95% confidence interval (p < 0.05). For each
animal, the average spectral intensity was calculated, and then the t test
was performed. Specifically, a separate t test was performed to
compare the lactate, creatine, or aggregated protein content of brain
tissue prepared by method A versus B, A versus C, and B versus C.
The p values from the statistical analyses are presented in Supporting
Information Tables 1−5. We note that second-derivative analysis of
FTIR spectra is often unreliable for analysis of total concentration of
chemical species. However, under the assumption of constant
bandwidth, this method is widely used for study of relative changes
in chemical composition, as described and justified previously.21,27

Sulfur K-edge XAS Data Collection. All sulfur K-edge spectra of
cerebellum tissue to compare the effects of the time period after
animal death 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 mm2 by
vertical and horizontal slits, and intensity was measured with a helium
gas filled I0 ion chamber. 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
air and any water vapor that may condense on the 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.46−48,64,65 Spectra acquisition
was controlled with the XAS-Collect data collection software,66 with
spectra collected across the energy range 2450−2515 eV, with a total
collection time of approximately 5 min. Tissue sections were analyzed
under cryogenic conditions with a helium cryostream, as previously
reported.1 The temperature of the Thermanox coverslip, as measured
with a thermocouple, was approximately −40 °C. Spectra of
calibration standards and model compounds 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. Model compounds used for fitting
routines were representative of disulfides (oxidized glutathione), thiols
(reduced glutathione), thioethers (methionine), sulfoxides (methio-
nine sulfoxide), sulfinic acids (hypotaurine), sulfonic acids (taurine),
sulfate esters (dextran sulfate), and inorganic sulfates (Na2SO4)
functional groups and were measured as solutions (to minimize the
self-absorption artifacts and spectral differences due to crystal packing,
as previously reported),48,64 made up to 30−100 mM in PBS at pH 7.4
(except for dextran sulfate which was analyzed at pH 8.2). Solutions

were analyzed in sulfur free polycarbonate cells with a polypropylene
window (built in house).

To investigate the effect of radiation damage on the speciation of
sulfur within brain tissue, sulfur K-edge XAS data were collected at the
Canadian Light Source, using the soft X-ray microcharacterization
beamline (SXRMB) and employing a Si(111) double crystal
monochromator. The incident beam was reduced to 2 × 4 mm2 by
vertical and horizontal slits, and intensity measured with a helium gas
filled I0 ion chamber. Samples (tissue sections and solutions) were
mounted at 45° to the incident beam, and X-ray fluorescence collected
with a 4 element Si drift detector. Prior to spectra collection, the
sample chamber was purged with He until the relative O2 content
within the chamber was less than 0.5%. Duplicate spectra were
recorded. Following spectra collection, the purge was broken and the
sample exposed to beam for 1 min under ambient conditions.
Following the 1 min “beam + air” exposure, the sample chamber was
purged as described above, and duplicate spectra collected again. 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. Spectra were collected across the
energy range 2450−2515 eV, with a total collection time of
approximately 10 min. All spectra were recorded at room temperature.

Sulfur K-edge XAS Data Analysis and Processing. Spectra
were processed using the EXAFSPAK suite of programs.67 Using the
DATFIT program, spectra collected from tissue sections were fitted
with a linear combination of reference spectra (see standard
compounds discussed above). Standards were excluded from the
refinements algorithm if they contributed to <0.5% of the total spectra,
at a value less than three times their standard deviation of
measurement (calculated from the diagonal elements of the
variance-covariance matrix). A significant difference in the mean
composition of the individual sulfur components between sample
preparation methods A, B, and C was determined with a Student’s t
test and a 95% confidence limit (p < 0.05). For example, an individual
t test was applied to determine if a significant difference was present
between the average thiol content of brain tissue prepared by method
B versus method A. A separate t test was performed to test for a
significant difference in the thiol content of method C versus method
A. A separate t test was applied to test for a significant difference in the
thiol content between method C and method B. This process was
repeated for each of the different chemical forms of sulfur. The average
and standard deviation was calculated for each experimental group
using four biological replicates (separate animals) within each group
(i.e., n = 4). The p values from the statistical analyses are presented in
Supporting Information Tables 1−5.

Histology. Routine histology was performed for tissue sections
mounted on glass microscope slides, as well as all tissue sections
mounted on CaF2 membranes and Thermanox plastic following
spectroscopic analyses. Tissue sections were fixed with formaldehyde
vapor released from heating dry paraformaldehyde powder at 80 °C
for 2 h. The tissue sections were allowed to equilibrate back to room
temperature and remained sealed in the presence of formaldehyde
vapor for a further 2 h. Tissue sections were then stained with Mayer’s
hematoxylin and eosin for routine histological analysis.

Statistics. For all experiments, a significant difference was tested
for with a two tailed unpaired Student’s t test with a 95% confidence
limit (p < 0.05). For each experiment, three separate t tests were
applied to determine if a significant difference was present between the
average analyte content of brain tissue prepared by method B versus
method A. A separate t test was performed to test for a significant
difference in the analyte content of method C versus method A. A
separate t test was applied to test for a significant difference in the
analyte content between method C and method B.

■ ASSOCIATED CONTENT

*S Supporting Information
The nature of photo-oxidation of tissue samples during
experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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