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Abstract

Global brain ischemia resulting from cardiac arrest and cardiac surgery can lead to permanent 

brain damage and mental impairment. A clinical hallmark of global brain ischemia is delayed 

neurodegeneration, particularly within the CA1 subsector of the hippocampus. Unfortunately, the 

biochemical mechanisms have not been fully elucidated, hindering optimization of current 

therapies (i.e., therapeutic hypothermia) or development of new therapies. A major limitation to 

elucidating the mechanisms that contribute to neurodegeneration and understanding how these are 

influenced by potential therapies is the inability to relate biochemical markers to alterations in the 

morphology of individual neurons. Although immunocytochemistry allows imaging of numerous 

biochemical markers at the sub-cellular level, it is not a direct chemical imaging technique and 

requires successful “tagging” of the desired analyte. Consequently, important biochemical 

parameters, particularly those that manifest from oxidative damage to biological molecules, such 

as aggregated protein levels, have been notoriously difficult to image at the cellular or sub-cellular 

level. It has been hypothesized that reactive oxygen species (ROS) generated during ischemia and 

reperfusion facilitate protein aggregation, impairing neuronal protein homeostasis (i.e., decreasing 

protein synthesis) that in turn promotes neurodegeneration. Despite indirect evidence for this 

theory, direct measurements of morphology and ROS induced biochemical damage, such as 

increased protein aggregates and decreased protein synthesis, within the same neuron is lacking, 

due to the unavailability of a suitable imaging method. Our experimental approach has 

incorporated routine histology with novel wide-field synchrotron radiation Fourier transform 

infrared imaging (FTIRI) of the same neurons, ex vivo within brain tissue sections. The results 
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demonstrate for the first time that increased protein aggregation and decreased levels of total 

protein occur in the same CA1 pyramidal neurons 1 day after global ischemia. Further, analysis of 

serial tissue sections using X-ray absorption spectroscopy at the sulfur K-edge has revealed that 

CA1 pyramidal neurons have increased disulfide levels, a direct indicator of oxidative stress, at 

this time point. These changes at 1 day after ischemia precede a massive increase in aggregated 

protein and disulfide levels concomitant with loss of neuron integrity 2 days after ischemia. 

Therefore, this study has provided direct support for a correlative mechanistic link in both spatial 

and temporal domains between oxidative stress, protein aggregation and altered protein 

homeostasis prior to irreparable neuron damage following global ischemia.
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1. Introduction

Global brain ischemia, with insufficient blood flow, oxygen and energy supply to the entire 

brain, can occur as a result of cardiac arrest and cardiac surgery, with an important 

consequence being neurocognitive impairment.[1] Unfortunately, without effective 

therapeutic intervention, neuron death can continue for days or weeks after global ischemia.

[2] Although tragic, this highlights an extended therapeutic window in time over which 

therapies could be administered to minimize or prevent further delayed neuron death. 

Numerous rodent models have been used to study the biochemical mechanisms of delayed 

neurodegeneration in brain regions susceptible to ischemia [1] and specifically that in the 

pyramidal neurons in the CA1 sector of the hippocampus.[2–5] However, the exact 

biochemical mechanisms activated by ischemia that drive delayed neurodegeneration remain 

incompletely elucidated. Expanded understanding of these mechanisms could drive 

optimization of proven treatment such as therapeutic hypothermia as well as the 

development of new combination treatment approaches. [1]

It is well established that production of reactive oxygen species (ROS) and oxidative stress 

occurs during brain ischemia and reperfusion. [6, 7] Specifically, the generation of ROS and 

oxidative stress result in protein oxidation and altered thiol redox (favouring oxidation of 

thiols to disulfides), promoting protein aggregation. [8–12] It has been hypothesized that 

oxidative stress may result in protein aggregation within 24 hours of ischemic insult, which 

could impair neuron protein synthesis and metabolism resulting in abnormal neuron function 

and inevitable neuron death. [13–22] Unfortunately, previous studies have not had access to 

direct biochemical imaging methods that quantify thiol redox, aggregated protein and total 

protein at the single cell level. Consequently, definitive proof of a cause and effect 

relationship between protein oxidation and delayed neurodegeneration following global 

ischemia has remained elusive.[23]

Current imaging methods to study protein aggregation within brain tissue sections are 

limited to indirect analyses. Electron microscopy and optical microscopy both reveal dense 

aggregated material in the soma of neurons after global ischemia. Although attributed to 
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aggregated proteins, direct confirmation is not provided by either of these techniques. [4, 13, 

24] Whereas the formation of protein aggregates of specific proteins, such as amyloid beta, 

can be imaged in diseases such as Alzheimer’s disease, using immunofluorescence and a 

protein specific antibody [25], this is inadequate for brain ischemia, for which many proteins 

are of interest. Likewise, intra-cellular machinery that “marks” protein aggregates for 

degradation, (i.e., the ubiquitin pathway) can be stained with immunocytochemistry to 

indirectly localize aggregated proteins. [13–15] However, this method is indirect, largely 

non-quantitative, and results are difficult to interpret because the disease itself can modify 

the ubiquitin pathways that label the aggregated protein. For example, subtle increases in 

ubiquitin staining with increased protein aggregation are reported in some studies after brain 

ischemia. [13–15] This is in contrast to studies of more severe ischemic damage in which it 

has been reported that protein aggregation can prevent normal ubiquitin function and 

diminish antigenicity such that increased protein aggregation results in decreased ubiquitin 

staining. [26] Therefore, a technique to directly image aggregated proteins is much needed. 

In addition to imaging techniques, aggregated proteins may be quantified by 

chromatographic analysis in homogenates prepared from micro-dissected tissue. However, 

the spatial resolution is limited to the size of tissue that can be dissected (i.e., hundreds of 

microns), and the biochemical signature obtained represents the average across the entire 

piece of dissected tissue. [27] Similarly, quantification of biochemical markers of thiol 

redox, such as reduced glutathione, oxidized glutathione, protein thiols and protein 

disulfides is often limited to bulk analysis of dissected tissue. [10] In addition, a large glial 

response occurs at the same time as delayed neurodegeneration within the CA1 region, [28] 

which presents a major challenge when studying micro-dissected tissue. In the past, the 

inability to distinguish between the glial and neuron chemical signature following tissue 

homogenization has produced serious errors or confounding results. [19, 21]

A promising technique to directly image aggregated proteins ex vivo within tissue sections is 

Fourier transform infrared (FTIR) spectroscopy.[29–37] Specifically, FTIR is well suited to 

study alterations in protein secondary structure, for example formation of high molecular 

weight aggregated protein. It is well established that the position of the amide I band for 

high molecular weight aggregated proteins occurs at ~1625 cm−1, different from the location 

of proteins with a β-sheet secondary structure (1640–1630 cm−1), or α-helix secondary 

structure (1656 cm−1). [31, 36, 38–40] Unfortunately, due to the long wavelengths of light, 

the diffraction limited spatial resolution associated with FTIR imaging (FTIRI) or FTIR 

micro-spectroscopy (FTIRM) is an order of magnitude poorer than conventional visible light 

microscopy. [41] Traditionally, diffraction limited spatial resolution (2–10 μm) has been 

achieved using FTIRM and a confocal microscopy optical configuration and point by point 

data collection. [41–44] However, the standard approach used for FTIRM results in a data 

collection time of many hours or days for an individual image, which limits potential 

biochemical applications of FTIRM. Fortunately, recent advancements have coupled high 

magnification and high numerical aperture objectives and focal plane array detectors with 

synchrotron light sources to perform rapid biochemical imaging within minutes at sub-

cellular spatial resolution. [32, 45, 46] This technique, wide-field synchrotron radiation-

Fourier transform infrared imaging (SR-FTIRI), has been recently validated and used for 

direct biochemical imaging of individual neurons within brain tissue sections. [32, 47–49] 
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The method has allowed protein aggregates associated with amyloid-beta plaques in 

Alzheimer’s disease to be studied at the sub-cellular level. [32, 50, 51] To date, the 

technique has not been used to image protein aggregates other than those associated with 

amyloid beta plaques or to image protein aggregates within individual neurons.

In addition to FTIRI, X-ray absorption spectroscopy at the sulfur K-edge is a promising 

novel technique to directly quantify thiol redox in situ[52, 53] that has been recently 

validated and applied to the field of neuroscience. [54, 55] Due to the wide energy range of 

the sulfur K-edge and sensitivity of the technique to both the oxidation state and molecular 

geometry of sulfur, multiple chemical forms of sulfur can be determined simultaneously. 

This property was recently used to demonstrate increased disulfide levels as a consequence 

of complete cerebral ischemia.[54]

In this investigation, we have used wide-field SR-FTIRI to study the levels of total protein 

and aggregated protein within individual rat hippocampal CA1 pyramidal neurons at 1, 2, 

and 5 day(s) after global ischemia. Our method incorporated routine haematoxylin and eosin 

(H&E) histology performed on the same neurons following SR-FTIRI to identify 

eosinophilic neurons, as a marker of irreparable neuron damage. In addition, serial sections 

were analysed with micro-X-ray absorption spectroscopy (micro-XAS) at the sulfur K-edge 

to determine the relative disulfide content of neurons within the CA1 sector. Serial tissue 

sections were also stained with Fluoro-jade B to assess neuron viability, and ubiquitin 

immunocytochemistry was performed to correlate biochemical alterations with alterations in 

proteasome status. The results of this study demonstrate for the first time a direct correlation 

between increased protein aggregation and decreased total protein in CA1 pyramidal 

neurons at 1 day after global ischemia, which occurs concomitant with increased disulfide 

levels, a direct marker of oxidative stress. These changes precede a massive increase in 

aggregated protein content and loss of neuron integrity 2 days after ischemia. Therefore, this 

study has provided direct evidence that supports a mechanistic link, in both spatial and 

temporal domains, between impaired protein homeostasis and protein aggregation, prior to 

irreparable neuron damage after global ischemia. Further, this study acts as a valuable 

template for the integration of SR-FTIRI and XAS at the sulfur K-edge into the field of 

neuroscience, where both techniques are expected to find widespread use to study sub-

cellular neuronal chemistry in both the healthy and diseased brain.

2. Materials and methods

2.1. Animal model

Male, Sprague-Dawley rats (8-week old) were acclimatized to the vivarium and 

subsequently randomized to sham surgery or global brain ischemia (2-vessel occlusion), as 

previously performed in our laboratory.[56] Brain tissue was obtained from the rats at 1, 2, 

and 5 days after brain ischemia (n=6 at each time) and from the sham rats at 1 day after 

surgery (n=6). Prior to, and following surgery, all 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.
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2.2. Sample preparation

To avoid introduction of chemical artifacts that can result during sample preparation of 

biological samples, [47, 55, 57, 58] all rats were anaesthetized with isoflurane, and 

humanely sacrificed through decapitation, with the head immediately frozen by dropping 

into liquid nitrogen, as described previously.[54] The frozen brain was chiselled out from the 

head on dry ice. A 10-μm-thick coronal section of the brain was cut with a cryo-microtome 

at −18 °C and was melted onto a CaF2 substrate, with three serial sections cut and mounted 

onto regular glass microscope slides and an additional serial section cut and mounted onto 

sulfur and metal free Thermanox plastic coverslips for micro-XAS analysis of sulfur 

speciation. All tissue sections were cut at coordinates between −2.7 and −3.3 mm relative to 

Bregma. Each sample on CaF2 or glass microscope slides was immediately air-dried at 

ambient laboratory temperature in a desiccator until the time of SR-FTIRI analysis. The 

latter was performed within 48 hours of tissue sectioning. The samples on microscope glass 

slides were immediately processed for H&E, Fluoro-jade B histology or ubiquitin 

immunocytochemistry. Hippocampal CA1 neuronal damage was assessed in both the left 

and right hemispheres for each animal, and bilateral damage confirmed with positive Fluoro-

jade B staining (days 1, 2 and 5) and the presence of eosinophilic cells (days 2 and 5) (data 

not shown). SR-FTIRI spectroscopic analysis was performed on tissue sections from the 

right hemisphere only. Tissue sections prepared for micro-XAS (right hemisphere only) 

were stored frozen at −80 °C until the day of analysis, when they were air-dried in an 

ambient helium environment at ambient room temperature (~ 23.5 °C) and analyzed 

immediately.

2.3. H&E Histology, Fluoro-Jade Histology And Ubiquitin Immunocytochemistry

Three serial tissue sections were analyzed with H&E, Fluoro-jade and FTIRI, respectively. 

In addition, following FTIRI analysis, the tissue sections mounted on CaF2 were 

subsequently stained with H&E. In general, histological evaluation of brain sections 

mounted on CaF2 revealed numerous tissue cracks and artifacts, a product of the high salt 

content and dehydrating nature of the CaF2 (see supporting information Fig. 1). Nonetheless, 

sufficient morphological information was obtained from tissue sections mounted on CaF2 to 

corroborate the presence of the eosinophilic neurons that were also observed on the serial 

sections prepared exclusively for histological assessment (see supporting information Fig. 

1). We observed that degenerating neurons presented with birefringent properties in the 

unstained tissue sections and subsequent H&E staining revealed the same neurons to be 

eosinophilic (supporting information Fig. 2). This property allowed degenerating neurons to 

be selectively targeted for FTIRI imaging in the unstained tissue sections, which was then 

confirmed by H&E staining following FTIRI analyses. For all sections undergoing 

histological assessment, tissue sections were vapor-fixed prior to routine H&E or Fluoro-

jade B staining performed as previously described. [47, 59] Light microscopic images of the 

CA1 pyramidal neurons in the H&E stained sections were captured at 400 × magnification 

with a Nikon Eclipse 50i microscope and Nis Elements F3.0 software. The number of 

eosinophilic neurons were counted using a microscope grid of 200 μm width placed in the 

medial sector of the CA1 region in coronal sections obtained at coordinates between −2.7 

and −3.3 mm relative to Bregma (see supporting information Fig. 3). Light microscopic 

images of the CA1 pyramidal neurons that were Fluoro-jade positive were captured at 400 × 
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magnification with an Olympus BX 53 fluorescence microscope and Olympus CellSens 

software. The average Fluoro-jade optical density per neuron was calculated from tiff image 

files in Image J V1.36 (http://rsb.info.nih.gov/ij/download.html).

Tissue sections for ubiquitin immunocytochemistry were post-fixed in 10% buffered PFA. 

Immunocytochemical staining of ubiquitin was performed according to the manufacturer’s 

instructions using Pierce Peroxidase Detection Kit (Thermo Scientific). Briefly, sections 

were heated in citrate buffer (pH=6), followed by an overnight incubation at 4°C with a 

rabbit anti-ubiquitin antibody (1:50; Abcam ab7780). Following a washing step, slides were 

incubated with a horseradish peroxidase goat anti-rabbit secondary antibody (1:1000; 

Abcam ab6721) for 2 hours at room temperature and reacted with DAB (3,3′-

Diaminobenzidine) for 15 minutes. Sections were counterstained with hematoxylin. 

Microscope images of ubiquitin positive cells were captured as described for routine H&E 

histology.

2.4. Single-beam SR-FTIRI

SR-FTIRI images were collected from 5 pyramidal neurons from the medial section of the 

hippocampal CA1 region for each tissue section, for one tissue section per animal, for 6 

animals in each experimental group (6 rats in one experimental group × one tissue section × 

5 neurons per tissue section=30 neurons per experimental group). The 5 neurons were 

selected within a 200 μm wide region of the medial CA1 sector. Single-beam wide-field SR-

FTIRI was performed at the Canadian Light Source (CLS) with a Hyperion 3000 

microscope fitted with an upper objective of 52 × magnification and a numerical aperture 

(N.A.) of 0.65, and with a lower condenser of 32 × magnification and a N.A. of 0.65. This 

arrangement yielded 0.77 μm × 0.77 μm pixel size. The infrared beam was focused and 

aligned to the center of the array, then defocused such that an array area of approximately 20 

μm × 20 μm (26 × 26 pixels) was quasi-homogeneously illuminated.

Spectra were collected with the co-addition of 256 scans, at 4 cm−1 resolution. A 

background spectrum (256 co-added scans) was collected from blank substrate before each 

sample measurement, to minimize the effect of beam current decay on data. Normalization 

to beam current was not performed, as described previously.[47] During data processing 

individual images were cropped to a region consisting of 26 × 26 pixels.

2.5. Multi-beam wide-field SR-FTIRI

Multi-beam wide-field SR-FTIRI was performed at the Synchrotron Radiation Center (SRC) 

as previously described. [32, 46, 47] Images were collected from a Hyperion 3000 

microscope fitted with an upper objective of 74 × magnification and with a numerical 

aperture of 0.65, and a lower condenser of 15 × magnification and 0.6 numerical aperture. 

This arrangement yielded an effective pixel resolution of 0.54 μm × 0.54 μm. The incident 

infrared beam was focused and aligned to the center of the array, then defocused to cover the 

complete array (34.6 μm × 34.6 μm).

SR-FTIR-FPA Spectroscopic images were collected with a spectral resolution of 4 cm−1 and 

the co-addition of 256 scans. A background image was collected from blank substrate using 
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256 co-added scans. The background was collected immediately prior to each sample. 

Normalization to beam current was not performed.

2.6. Data processing and data analysis of FTIR spectra

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). 

False colour functional group images of total lipid and protein were generated from the 

integrated band area in un-normalized spectra. Areas were integrated in the range 1755–

1715 cm−1 for the lipid ester ν(C=O) band, and 1700–1600 cm−1 for the protein amide I 

band. A linear baseline was subtracted across the same range as integration. To calculate the 

average spectrum of each individual neuron, a region of interest was drawn to encompass the 

neuron soma. Drawing the region of interest around the neuron soma was guided by an 

overlay of H&E histology and FTIRI images of total lipid ester (sham, day 1 post-ischemic 

insult) or total protein (days 2 and 5 post-ischemic insult).

For analysis of relative amount and distribution of protein aggregates, spectra were vector 

normalized to the amide I band (1700–1600 cm−1), and second-derivatives calculated with a 

13 smoothing point Savistky-Golay function. Second-derivative intensity at 1625 cm−1 was 

used as a spectroscopic marker of the relative aggregated protein content. We have 

previously described the use, advantages and limitations of second-derivatives for 

biochemical imaging.[47]

To validate the results from second-derivative analysis of relative aggregate protein content, 

curve fitting of the amide I region (1700–1600 cm−1) was performed. Second-derivative 

spectra were used to guide the choice of the number and location of underlying bands. The 

vector normalized spectra were then fitted to 6 mixed Lorentzian and Gaussian curves, 

located at 1695, 1682, 1665, 1656, 1645, 1638 and 1625 cm−1, across the spectral range 

1700–1600 cm−1. The curve centered at 1625 cm−1 was assigned to aggregated protein, and 

the area underneath this curve was used to assess relative aggregated protein content. The 

results from curve fitting were in strong agreement with the results from analysis of second-

derivative intensity.

2.7. Micro-X-ray absorption spectroscopy at the sulfur K-edge

Micro-X-ray absorption spectra (micro-XAS) at the sulfur K-edge of CA1 pyramidal 

neurons within brain tissue sections were collected using a Si(111) double crystal 

monochromator with an upstream collimating mirror set at an angle sufficient to reject the 

Si(333) and higher harmonics (Beamline 14-3 Stanford Synchrotron Radiation Lightsource). 

The incident beam was focused to a spot size of approximately 5 μm × 7 μm (horizontal × 

vertical) using KB optics. The sample was mounted at 45° to the incident beam. 

Fluorescence emission spectra were recorded with a 4 element vortex detector at 90° to the 

incident beam. The incident beam intensity was measured with a helium gas filled I0 ion 

chamber. Prior to spectra collection, the sample chamber was purged with He until the 

relative O2 content within the chamber was less than 0.5%. A bright field microscope 

coupled to the X-ray instrumentation was used to align the beam such that spectra could be 

accurately recorded from individual CA1 pyramidal neurons (See Supporting Information 
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Fig. 5). X-ray absorption spectra were calibrated against the spectrum of an anhydrous 

Na2S2O3 powder solid standard, with the lowest energy peak assumed to correspond to 

2469.2 eV, as described previously [54, 55]. Spectra were collected across the energy range 

2450–2515 eV, with a dwell time of 1 second and total collection time of approximately 15 

min. For each sample, a spectrum was collected from 5 individual cells.

Bulk sulfur K-edge X-ray absorption spectra of model sulfur were collected using a Si(111) 

double crystal monochromator with an upstream collimating mirror set at an angle sufficient 

to reject the Si(333) and higher harmonics (Beamline 4-3 Stanford Synchrotron Radiation 

Lightsource). The incident beam was reduced to 1 mm × 3 mm by vertical and horizontal 

slits, and the intensity measured with a helium gas-filled ionization chamber, I0. Samples 

(model compound solutions) were mounted at 45° to the incident beam, and X-ray 

fluorescence collected with a Stern-Heald Lytle detector (The EXAFS Company, Pioche, 

NV) filled with nitrogen gas. Prior to spectra collection, the sample chamber was purged 

with He as described above. Spectra of calibration standards and model compounds were 

recorded at room temperature. Standard compounds used for fitting routines were 

representative of disulfides (oxidized glutathione), thiols (reduced glutathione), thio-ethers 

(methionine), sulfoxides (methionine sulfoxide), sulfinic acids (hypotaurine), sulfonic acids 

(taurine), O-linked sulfate esters (N-acetyl D-galactosamine 6-sulfate), N-linked sulfate 

esters (D-galactosamine 2-sulfate), and inorganic sulfates (Na2SO4) and were analyzed as 

solutions (to minimize the self-absorption artifacts) made up to 30–100 mM in PBS at pH 

7.4. Solutions were analyzed in sulfur-free custom-made polycarbonate cuvettes with a thin 

polypropylene window.

Spectra were processed using the EXAFSPAK suite of programs.[60] 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 refinement 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).

2.8. Data analysis and Statistics

All FTIRI and micro-XAS spectroscopic data and Fluoro-jade fluorescence microscopy data 

were considered as continuous semi-quantitative data. The number of eosinophilic cells was 

considered as interval data. A one-way ANOVA was performed to determine if there was a 

significant effect of global ischemia on total protein levels, relative aggregated protein 

content assessed from curve fitting, relative aggregated protein content assessed from 

second-derivative spectra, relative disulfide content from micro-XAS analysis, neuron 

damage assessed by Fluoro-jade fluorescence, and neuron damage assessed by eosinophilic 

cell counts. When the results from ANOVA indicated a significant effect, a two-tailed 

Dunnet T3 post hoc test that does not assume equal variance was performed. The 95% 

confidence limit was used (p < 0.05). All statistical analysis was performed on 6 animals for 

each group (n=24 total). All statistical analysis was performed with SPSS v. 13.
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3. Results

3.1. Histological assessment of neuron damage within the CA1 sector of the rat 
hippocampus after global brain ischemia

Routine haematoxylin and eosin (H&E) and Fluoro-jade B staining was performed to assess 

neuron viability following global ischemia. The intensity of Fluoro-jade B staining was used 

as a marker of the extent of cell damage, [61, 62] while the presence of eosinophilia was 

used as a marker of irreparable cell damage. Representative examples of the Fluoro-jade B 

staining are presented in Fig. 1A–D. A one-way ANOVA demonstrated significant 

differences in Fluoro-jade B staining (F(3,23)=78.900, p < 0.001) (Fig. 1E). Neurons within 

the CA1 region of the hippocampus from rats at 1, 2 and 5 days after global ischemia 

displayed a significant increase in the extent of Fluoro-jade staining relative to CA1 neurons 

from sham animals (p=0.001, < 0.001 and < 0.001, respectively; two-tailed Dunnet T3 post 

hoc test). CA1 neurons from rats at 2 and 5 days after global ischemia displayed a 

significant increase in the extent of Fluoro-jade staining relative to CA1 neurons from rats at 

1 day after ischemia (p=0.003, and < 0.001, respectively). Neurons within the CA1 sector of 

the hippocampus at 5 days displayed a significant increase in the extent of Fluoro-jade 

staining relative to CA1 neurons from rats at 2 days after ischemia (p=0.002).

Fig. 2 shows the results of the H&E staining. Numerous eosinophilic neurons were observed 

within the CA1 region of the rat hippocampus at both 2 and 5 days after global ischemia, but 

no eosinophilic CA1 neurons were observed in brain sections from sham rats or animals at 1 

day after global ischemia. A one-way ANOVA demonstrated significant differences in 

eosinophilic cell counts (F(3,23)=74.861, p < 0.001). The number of eosinophilic cells was 

significantly increased on days 2 and 5 post-ischemic insult relative to sham animals and 

animals 1 day post-ischemic insult (p < 0.001 for all cases; two-tailed Dunnet T3 post hoc 

test). No significant difference in the number of eosinophilic cells within the CA1 sector was 

observed between rats at day 2 and day 5 after global ischemia (p=0.998). Eosinophilic 

neurons within the CA1 region displayed irregular and “shrunken” cell morphology at both 

days 2 and 5 post-ischemia.

3.2. Immunocytochemical analysis of ubiquitination within CA1 pyramidal neurons

Representative images of ubiquitin immunocytochemistry are shown in Fig. 3. Whereas an 

even distribution of antigenicity to ubiquitin conjugates was observed in CA1 pyramidal 

neurons from sham animals indicative of background staining, a marked increase in 

cytoplasmic ubiquitination was observed in CA1 pyramidal neurons 1 day after ischemic 

insult, consistent with previous reports. [13] A loss of antigenicity was observed in severely 

damaged or dead CA1 pyramidal neurons (revealed by shrunken triangular nucleus) 2 days 

and 5 days post-ischemic insult, consistent with previous reports. [13]

3.3. SR-FTIRI analysis of the total protein and relative aggregated protein content of CA1 
pyramidal neurons following global ischemia

SR-FTIRI analysis was used to quantify the total protein and relative aggregated protein 

within individual cells of the CA1 pyramidal neuron layer of the hippocampus in sham 

animals and animals at 1, 2 and 5 days post-ischemic insult. In order to accurately define the 
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anatomical cell boundary, H&E histology was used as a guide alongside FTIRI molecular 

images of lipid ester distribution as previously described. [32, 47] Prior to irreparable neuron 

damage, the distribution of lipid ester was used to define the cell location, as neurons contain 

less lipid ester than the surrounding neuropil. However, as previously speculated, [47] this 

study demonstrated that as a consequence of ischemic damage the lipid ester distribution in 

neurons at 2 days and 5 days following global ischemia did not correlate to the cell 

morphology observed in the H&E images. Fortuitously, as the soma of neurons is rich in 

protein, [47] the distribution of total protein provided good correlation with cell morphology 

at these time points. Therefore, regions of interest were drawn to calculate the average 

biochemical composition of individual neurons using the lipid ester distribution for sham 

animals and rats at 1 day post-ischemic insult, whereas the total protein distribution was 

used for rats at 2 and 5 days post-ischemic insult.

Representative examples of H&E staining and the SR-FTIRI molecular images of the total 

lipid, total protein and relative aggregated protein content for neurons from all experimental 

groups are presented in Fig. 4 and Fig. 5. Fig. 4 displays representative images collected 

with single beam SR-FTIRI. The majority of data was collected with this approach, and 

statistical analysis was performed on this data set. However, to validate the biochemical 

images obtained with single beam FTIRI, multi-beam FTIRI, which provides superior signal 

to noise and improved spatial resolution, was also performed. As can be seen from 

comparison of Figs. 4 and 5, identical scientific conclusions can be drawn from both 

methods of image collection.

The SR-FTIRI biochemical images in Fig. 4 and Fig. 5 demonstrate that a subtle increase in 

aggregated protein content within CA1 pyramidal neurons occurs concomitantly with a 

decrease in total protein, 1 day after global ischemia. In addition, a large increase in the 

relative aggregated protein content was observed at post-ischemic days 2 and 5. 

Interestingly, no decrease in total protein was observed at the later time points and in fact, 

total protein was increased. In addition to revealing an increase in the relative aggregated 

protein content at 1, 2 and 5 days after global ischemia, the SR-FTIRI analyses 

demonstrated that the highest relative concentration of aggregated protein is found at the 

periphery of the neuron cytoplasm. Although the spatial resolution of SR-FTIRI is not 

sufficient to resolve the cytoplasm from dendrite and somatic connections, the distribution of 

aggregated protein at the periphery of the cytoplasm is consistent with a sub-cellular 

localization to the cytoplasm and soma / dendrite interface. The pattern of distribution of 

aggregated protein is not consistent with localization within the nucleus of the neuron, or 

location in nuclear material that spreads from the center of the cell towards the periphery 

during neuron degeneration.

These visual observations from the representative images reflect statistically significant 

differences in the neuronal concentration of total protein and aggregated protein (Table 1). 

The relative aggregated protein content was determined from curve fitting of the amide I 

band, although analysis of the second-derivative intensity at 1625 cm−1 also produced the 

same scientific conclusions as curve fitting. Statistically significant differences were 

determined with one-way ANOVA for total protein levels (F (3,23)=18.770, p < 0.001), 

relative aggregated protein levels measured by curve-fitting (F(3,23)=71.583, p < 0.001), 
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and relative aggregated protein levels measured by second-derivative intensity 

(F(3,23)=41.622, p < 0.001). As the results from ANOVA indicated a significant effect, a 

two-tailed Dunnet T3 post hoc test that does not assume equal variance was performed. Total 

protein was significantly reduced in neuron soma 1 day after ischemic insult, relative to 

sham animals (p < 0.05). Total protein was significantly increased in neuron soma on day 2 

relative to sham animals and animals 1 day after ischemic insult (p < 0.001 in both cases). 

Total protein was significantly increased in neuron soma on day 5 relative to sham animals 

and animals 1 day after ischemic insult (p < 0.01 in both cases). No significant difference in 

total protein levels was observed in neuron soma between day 2 and day 5 post-ischemic 

insult. Levels of relative aggregated protein measured via curve fitting were subtly but 

significantly increased in neuron soma 1 day after ischemic insult, relative to sham animals 

(p < 0.001). Relative aggregated protein was significantly increased in neuron soma on day 2 

relative to sham animals and animals 1 day after ischemic insult (p < 0.001 and p < 0.01, 

respectively). Relative aggregated protein was significantly increased in neuron soma on day 

5 relative to sham animals, and in animals 1 and 2 days after and ischemic insult (p < 0.001, 

p < 0.01, p < 0.05, respectively). Levels of relative aggregated protein measured via second-

derivative intensity were subtly but significantly increased in neuron soma 1 day after 

ischemic insult, relative to sham animals (p < 0.01). Relative aggregated protein was 

significantly increased in neuron soma on day 2 relative to sham animals and animals 1 day 

after ischemic insult (p < 0.01 and p < 0.05, respectively). Relative aggregated protein was 

significantly increased in neuron soma on day 5 relative to sham animals, and in animals 1 

and 2 days after an ischemic insult (p < 0.01, p < 0.01, p < 0.05, respectively).

Representative raw spectra and second-derivative spectra from CA1 pyramidal neurons for 

each experimental group are presented in Fig. 6A and B, respectively. The spectra show the 

characteristic broadening of the amide I band to lower wave-numbers in the raw spectra, and 

increased second-derivative intensity at 1625 cm−1 that is associated with increased 

aggregated protein content. Representative examples of the curve fitting process for each 

experimental group are presented in Fig. 6C–F.

3.4. Micro-XAS analysis of thiol redox state within the CA1 pyramidal layer after global 
ischemia

We and others have previously described the capability of XAS at the sulfur K-edge for 

direct measurement of sulfur redox in situ within biological samples, [52–55] and we have 

demonstrated that the technique has immense potential for the field of neuroscience, 

particularly to study ischemia induced oxidation of thiols to disulfides. [54, 55] The 

technique differentiates between chemical forms of sulfur based on differences in sulfur 

oxidation state and molecular geometry. Although the method provides a wealth of 

information on the sulfur “metabolome” of a sample, the technique was used specifically in 

this study to quantify the relative disulfide content, as a marker of oxidative stress, within the 

CA1 pyramidal layer in sham animals and animals 1, 2 and 5 days post ischemic insult. The 

micro-X-ray beam was focussed to illuminate a 5 μm × 7 μm region of tissue. Accurate and 

precise X-ray beam alignment was achieved with the aid of a bright field microscope and 

was used to ensure all spectra were collected from the desired region of interest (i.e., cells 

within the CA1 pyramidal layer). Due to the small region of tissue interrogated by the 
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synchrotron X-ray beam, 5 adjacent spectra were collected across 5 cells within the 

pyramidal layer of the CA1 subsector, as demonstrated in Supporting Information Fig. 5. 

These 5 spectra were averaged together to provide a measurement of the average sulfur 

speciation for the CA1 pyramidal layer of each sample.

The relative content of thiol, thio-ether, disulfide, sulfoxide, sulfonic acid and sulfate ester, 

reported as percentage contribution to the total sulfur pool, for the CA1 pyramidal layer of 

all animals is presented in Table 2. A statistically significant effect of ischemia on disulfide 

content was determined with a one-way ANOVA (F (3,23)=23.406, p < 0.001). A two-tailed 

Dunnet T3 post hoc test demonstrated that disulfide levels were subtly but significantly 

increased 1 day after ischemia, relative to sham animals (p < 0.05). Disulfide was 

significantly increased in neuron soma on day 2 relative to sham animals and day 1 ischemia 

rats (p < 0.001 and p < 0.05, respectively). Disulfide was significantly increased in neuron 

soma on day 5 ischemia rats both relative to sham animals and relative to day 1 ischemia 

animals (p < 0.001, p < 0.05, respectively). Although the average disulfide content on day 5 

post ischemia was greater than on day 2 post-ischemia, the increase was not statistically 

significant. Representative examples of the micro-XAS spectra and the linear fitting process, 

which demonstrate the increased contribution of disulfide to the total sulfur pool after global 

brain ischemia are presented in Fig. 7.

The one-way ANOVA also revealed a significant decrease in sulfonic acid content following 

brain ischemia (F(3,23)=17.443, p < 0.001). Post-hoc analysis revealed that sulfonic acid 

content was decreased on day 2 and day 5 post ischemic insult relative to sham animals (Day 

2 p < 0.01, Day 5 p < 0.01) and day 1 animals (Day 2 p < 0.05, Day 5 p < 0.05), 

respectively. No significant difference in sulfonic acid content was observed between 

animals 1 day after ischemia and sham animals, or between animals 2 and 5 days after 

ischemia. No significant differences were observed for all other chemical forms of sulfur 

detected (thiol, thio-ether, sulfoxide, sulfate-ester). In this study, micro-XAS was performed 

specifically to elucidate the disulfide content of the CA1 pyramidal layer and not to study 

global changes in sulfur speciation. Therefore, although the decreased sulfonic acid content 

is of interest, these results will not be discussed further in this manuscript, but will be 

analyzed further in future experiments.

4. Discussion

4.1. Routine histology and immunocytochemistry reveal subtle damage and increased 
ubiquitination within CA1 pyramidal neurons 1 day after global brain ischemia and 
irreparable cell damage by day 2

The results from histological analysis indicate that irreparable cell damage, demonstrated by 

significantly increased Fluoro-jade staining and eosinophilia, occurs within the CA1 sector 

of the hippocampus within 2 days of global brain ischemia. These results are in direct 

accordance with those reports using electron microscopy to investigate the ultrastructure of 

CA1 pyramidal neurons following global ischemia. The latter demonstrated irreversible 

structural alterations evident by 2 days following ischemic insult, but not within the first day. 

[4, 24] Although irreparable ultra-structural alterations are not typically observed within 1 

day following an ischemic insult, some studies have identified subtle alterations in neuron 
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morphology within this time frame, including the possible appearance of intracellular 

molecular aggregates that were proposed but not definitively proven to be protein with an 

aggregated secondary structure.[4, 24] In addition, Fluoro-jade has been used previously to 

study neuron degeneration following global ischemia. Similar to investigations of neuron 

ultrastructure, Fluoro-jade staining indicated substantial neuron damage at 2 days post-

ischemic insult, as well as more subtle damage within the first day.[62] These previous 

studies parallel the results of this current study that revealed a subtle yet significant increase 

in Fluoro-jade staining within CA1 pyramidal neurons 1 day after brain ischemia, even in 

the absence of visual alterations to cell morphology in the H&E stained tissue. Therefore, 

the results of this current study agree well with previous histological investigations and 

suggest that mild structural damage to CA1 pyramidal neurons occurs within 1 day of 

ischemic insult, but the damage does not become “irreparable” until 2 days after global 

ischemia. That is, the neurons are still viable in the first day.

In addition to structural alterations to neuron morphology, previous work by others has 

revealed increased ubiquitination in the cytoplasm of neurons 1 day after global brain 

ischemia, concomitant with the appearance of molecular aggregates within the cytoplasm. 

[13] At later time points during cell death, the previous studies demonstrated a complete loss 

of ubiquitin immunoreactivity in severely damaged or dead neurons. [13, 14] The results of 

this current study are in direct accordance with the previous investigations, and show 

increased cytoplasmic protein ubiquitination 1 day after ischemic insult, with a loss of 

antigenicity at 2 days and 5 days when severe cell damage has occurred.

4.2. SR-FTIRI and micro-XAS in combination with histological analyses reveals an increase 
in aggregated protein, a decrease in total protein, and an increase in disulfide levels prior 
to irreparable CA1 cell damage after global ischemia

This study has provided strong evidence of a spatial and temporal correlation between 

increased protein aggregation and altered protein homeostasis within CA1 pyramidal 

neurons prior to irreparable cell damage following global brain ischemia. Previous 

investigations by others using tissue micro-dissection and biochemical assay have implicated 

protein oxidation and aggregation in neurodegeneration following global ischemia. [27] 

Similarly, indirect measurement of protein aggregates (ubiquitin immunoreactivity) has 

provided evidence of protein aggregate formation in neuron soma following global and also 

focal ischemia.[13, 14] Further, analysis of amino acid turnover has provided evidence that 

protein synthesis is decreased after both global and focal ischemia. [16–22] These previous 

studies helped formulate the hypothesis that oxidative stress within neuron soma promotes 

protein aggregation that may impair protein synthesis and cause neurodegeneration. [13–15, 

63] However, to date, no method has been able to study directly the levels of biochemical 

markers of oxidative stress (i.e., disulfide levels), total protein, protein aggregates and 

neuron integrity within the same neuron within brain tissue sections. Consequently, direct 

evidence for this hypothesis has remained lacking. In this investigation, wide-field SR-FTIRI 

has provided direct in situ sub-cellular biochemical imaging of total protein and aggregated 

protein levels in tissue sections from animals 1, 2, and 5 days post-ischemic insult, in 

combination with routine histology of the same neuron to provide direct biochemical 

evidence to test this hypothesis. Micro-XAS analysis of disulfide levels in serial tissue 
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sections provided the ability to observe if increased oxidative stress occurred concomitantly 

within the same tissue region as alterations in protein homeostasis and protein aggregation.

The results of SR-FTIRI in this study correlate well with the results from histological 

analysis and indicate that substantial levels of protein aggregation are present at the time of 

irreparable cell damage and cell death (day 2–day 5). Indeed, at these time points some 

portion of this increase in protein aggregates is likely a secondary effect caused by 

degeneration of the neuron. However, prior to the large increase in protein aggregates on day 

2, a subtle but statistically significant increase in protein aggregates was observed within the 

soma of neurons 1 day after ischemic insult. This early increase in protein aggregates 

occurred prior to histological evidence of irreparable neuron damage, since the neurons did 

not display eosinophilia. To the best of our knowledge, this is the first direct evidence, rather 

than indirect evidence from labelling with a dye or stain, that conclusively demonstrates 

protein aggregation prior to neuron death following global ischemia. This provides further 

evidence that protein aggregation is a key mechanism that occurs prior to neuron death, and 

thus it could well be a direct contributor and not simply a marker of the end stages of cell 

death.

One possible mechanism through which protein aggregation could promote cell death is 

through impaired function of the proteasome. It has been demonstrated that increased levels 

of protein aggregates can disrupt the normal function of the proteasome resulting in altered 

protein homeostasis within cells. [64, 65] Indeed, decreased protein synthesis within brain 

tissue has been demonstrated after both global and focal brain ischemia. [16–22] Our results 

demonstrated a net decrease in total protein content within CA1 pyramidal neurons 1 day 

after ischemic insult. Further, the ability of SR-FTIRI to study multiple biochemical 

parameters within the same neuron revealed that the decrease in total protein was 

concomitant with increased levels of aggregated protein within the same neuron 24 hours 

after ischemia. Therefore, this study has provided direct biochemical evidence of a spatial 

and temporal mechanistic link between impaired protein homeostasis and protein 

aggregation prior to irreparable cell damage after global brain ischemia.

Interestingly, the total protein content of neurons did not decrease 2 days and 5 days after 

ischemic insult, but rather increased at these times. This observation is likely due to 

shrinkage of the cell and concentration of the cell contents into a small volume during the 

final stages of cell death. This effect would act to enhance the local concentration of 

chemical components, such as protein.

A homogenous distribution of aggregated protein was not observed within neurons at any 

time after global ischemia, but rather was highly localized to the neuron periphery. Although 

not conclusive evidence, this distribution pattern supports a mechanism of protein 

aggregation occurring from the periphery of the cell inwards. Such an event would be likely 

to occur during excitotoxicity and increased intracellular Ca2+ concentration, which could 

accelerate action of the electron transport chain of mitochondria within the dendrites and 

cytoplasm and drive excessive free radical production, as proposed by others. [6, 66] This 

pattern of development of protein aggregation is consistent with necrotic cell death within 

Hackett et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 13.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



CA1 pyramidal neurons following ischemic insult, [67] and would indicate that oxidative 

stress holds a key role in the formation of the protein aggregates.

Our results and that of others [13] have shown increased cytoplasmic ubiquitination 

concomitant with increased protein aggregates 1 day after brain ischemia and a complete 

absence of ubiquitination in severely damaged or dying cells. These results suggest that the 

early formation of protein aggregates is not due to an impaired ubiquitin pathway, but rather 

is driven by another mechanism. Likely, the ubiquitin system initially performs its designed 

role tagging protein aggregates for degradation, but is either saturated by continued 

production of protein aggregates or is damaged itself by the same process responsible for 

aggregated production. Either way, there is a substantial increase in protein aggregation, a 

loss of ubiquitination and overall destruction of the cell (i.e., the results observed on day 2 

and day 5 post ischemic insult). A potential pathway driving protein aggregation within the 

cytoplasm of pyramidal neurons within the first day after global brain ischemia is oxidative 

stress and free radical production, as proposed by others. [13] However, the previous work in 

this field has not been able to correlate increased oxidative stress with protein aggregation, 

depressed protein synthesis and increased ubiquitination, to prove this hypothesis. The 

results of this current study, obtained by using a suite of direct bio-spectroscopic techniques 

in combination with traditional histology and immunocytochemistry, provide the first direct 

spatial and temporal correlation between increased protein aggregates and cytoplasmic 

ubiquitination, oxidative stress, and altered protein homeostasis at 1 day following global 

brain ischemia. The results suggest that free radical induced protein oxidation is a likely 

cause of the protein aggregation, and therapies that mitigate this process may be of high 

clinical value. However, it is acknowledged that the results demonstrate a correlation 

between oxidative stress and increased protein aggregation only, and indeed, these processes 

could occur concomitantly but independently of each other. Similarly, although these data 

support the involvement of necrotic mechanisms in cell death after global brain ischemia, it 

does not rule out apoptotic pathways.

5. Conclusion

Elucidation of the biochemical mechanisms driving delayed degeneration of CA1 pyramidal 

neurons following global ischemia has long been sought. Accurate knowledge of the 

mechanisms will help drive development of improved, targeted therapies for patients with 

stroke, cardiac arrest, and potentially other neurodegenerative conditions for which cerebral 

ischemia is a component of disease pathogenesis. This investigation has provided a direct 

biochemical correlation between a biochemical marker of oxidative stress (increased 

disulfide levels) and protein aggregation, which occurs prior to irreparable neuronal damage. 

Further, there is a spatial and temporal correlation between increased levels of protein 

aggregates and decreased total protein content after global brain ischemia. This highlights 

the need to further understand the relationship between protein aggregation and altered 

protein homeostasis, which manifest following oxidative stress induced by brain ischemia. 

Such future insight may identify novel therapeutic strategies for brain ischemia victims. The 

study results also demonstrate the immense potential for future use of wide-field SR-FTIRI 

and micro-XAS at the sulfur K-edge, to study protein aggregation and thiol redox alongside 
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many other important biochemical parameters at the sub-cellular level, in a wide range of 

applications in the field of neuroscience.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the online version at http://

dx.doi.org/10.1016/j.freeradbiomed.2015.08.029.

Hackett et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 13.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

http://dx.doi.org/10.1016/j.freeradbiomed.2015.08.029
http://dx.doi.org/10.1016/j.freeradbiomed.2015.08.029


Fig. 1. 
Fluoro-jade staining of degenerating cells demonstrates global ischemia in the rat induces 

neuron damage in the CA1 sector of the hippocampus at coordinates between −3.3 and −2.7 

mm relative to Bregma. Staining was assessed from a 200 μm wide sector, as described in 

methods Section 2.6 and supporting information Fig. 3. (A) Sham (B) 1 day after global 

ischemia (C) 2 days after global ischemia (D) 5 days after global ischemia (E) 

Quantification of mean ± SD fluorescence intensity (n=6 rats for each time point). Scale 

bar=50 μm. *** p < 0.001 relative to sham. †† p < 0.01 relative to ischemic day 1. ††† p < 

0.001 relative to ischemic day 1. ᵻᵻp < 0.01 relative to ischemic day 2. Although subtle relative 

to day 2 and day 5 animals, positive Fluoro-jade staining was observed 1 day post ischemic 

insult; see Supporting Information Fig. 4.
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Fig. 2. 
Increased presence of eosinophilic neurons (a marker of dead or dying cells) was observed 

within H&E stained tissue, and demonstrates that global ischemia in the rat induces neuron 

damage in the CA1 sector of the hippocampus. Results are expressed as mean ± SD (n=6 

rats at each time point). No eosinophilic neurons were present within the hippocampus in 

sham animals or in animals 1 day after ischemic insult. Large numbers of eosinophilic cells 

were present within the CA1 sector of the hippocampus on day 2 and day 5 after ischemic 

insult. No significant difference in the number of eosinophilic neurons was observed 

between animals on day 2 and day 5 (p=0.998).
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Fig. 3. 
Representative images of ubiquitin immunocytochemistry. Ubiquitin staining was observed 

in sham animals, including co-localization with cell nuclei (black arrows). CA1 neurons 

showed strong staining within the cytoplasm 1 day after global brain ischemia (black 

arrows). Cells with a normal morphology still displayed ubiquitin antigenicity 2 days after 

ischemic insult (right black arrow on the panel), whereas damaged cells with a shrunken or 

distorted nucleus did not display antigenicity (left black arrow). Nearly all cells on day 5 

post-ischemic insult displayed a shrunken or distorted nucleus (i.e., dead cells), and 

ubiquitin antigenicity was not observed (black arrows). Scale bar=50 μm.
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Fig. 4. 
Macromolecule levels in representative single CA1 neurons following global ischemia 

visualized with single beam FTIRI. Single beam FTIRI analysis of total protein and relative 

levels of aggregated protein in CA1 pyramidal neurons from (I, M) sham animal, (J, N) 

animal 1 day after global ischemia, (K, O) animal 2 days after global ischemia, and (L, P) 

animal 5 days after global ischemia. (A–D) H&E histology of the same neurons analyzed 

with FTIRI, which highlights that neurons 2 days and 5 days after ischemia are strongly 

eosinophilic (i.e., bright pink staining). (E–H) The lipid ester distribution (integrated band 

area 1755–1720 cm−1), which was used to visualize neuron morphology in sham animals 

and animals 1 day after global ischemia. (I–L) Total protein levels, showing a decrease in 

total protein 1 day after global ischemia and a large increase in total protein 2 days and 5 

days after ischemia. (M–P) Relative levels of aggregated proteins, showing a significant 

increase for protein aggregation with time following ischemic insult (See Table 1). Scale 

bar=5 μm. Units for the intensity scale are arbitrary absorbance units.
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Fig. 5. 
Macromolecule levels in representative single CA1 neurons following global ischemia 

visualized with multi-beam FTIRI. Multi-beam FTIRI was used to validate the results from 

single beam FTIRI. (A, E, I, M) sham animal, (B, F, J, N) animal 1 day after global 

ischemia, (C, G, K, O) animal 2 days after global ischemia (D, H, L, P) animal 5 days after 

global ischemia. (A–D) Visible light microscopy of the same neurons analyzed with FTIRI. 

The soma of neurons 2 days and 5 days after global ischemia was substantially darker than 

in the sham animal or animal 1 day after ischemia. Supporting Information Fig. 2 

demonstrates that darkened soma observed on visible light microscopy of unstained tissue 

correlates with eosinophilic cells in H&E stained tissue. (E–H) The lipid ester distribution 

(integrated band area 1755–1720 cm−1), which was used to visualize neuron morphology in 

sham animals and animals 1 day after global ischemia. (I–L) Total protein levels, showing a 

significant decrease in total protein 1 day after global ischemia and a large increase in total 

protein 2 days and 5 days after ischemia (See Table 1). (M–P) Relative levels of aggregated 

proteins, showing an increasing trend for protein aggregation with time following ischemic 

insult. Scale bar=5 μm. Units for the intensity scale are arbitrary absorbance units.
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Fig. 6. 
(A) Representative spectra showing the decreased total protein content 1 day after global 

brain ischemia. (B) Representative second-derivative spectra showing the relative increase in 

aggregated protein content (intensity at 1625 cm−1) with time after global ischemia. Second-

derivative spectra were calculated from vector normalized (1700–1600 cm−1) raw spectra. 

(C–F) Representative examples of curve fitting spectra to show the increase in aggregated 

protein content (band centered at 1625 cm−1, in red) with increased time after global 

ischemia.
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Fig. 7. 
Linear fitting of micro-XAS spectra at the sulfur K-edge to reveal the disulfide contribution 

(red spectrum) in pyramidal neurons from (A) sham animals, (B) animals 1 day after global 

brain ischemia, (C) animals 2 days after ischemia, (D) animals 5 days after ischemia. The 

disulfide contribution of sham animals is also shown as a paler red-dashed line in panels B–

D, to demonstrate the increase in disulfide content that occurs following ischemia.
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Table 1

Total Protein and Relative Aggregated Protein Content in CA1 Pyramidal Neurons After Global Ischemiaa.

Sham Ischemic Day 1 Ischemic Day 2 Ischemic Day 5

Total Protein 23.1 ± 5.2 18.8 ± 2.9 * 28.6 ± 5.5 ***,††† 32.0 ± 6.1 **,††

Aggregated Protein (Curve Fit) 4.5 ± 1.6 8.2 ± 1.2 *** 10.1 ± 1.5 ***,†† 13.4 ± 2.2 ***,††,ᵻ

Aggregated Protein (2ndDerivative) (5.78 ± 0.24) × 
10−4

(4.17 ± 0.58) × 10−4** (1.12 ± 0.22) × 10−4**,† (−1.20 ± 0.33) × 10−4**,††,ᵻ

a
Data are shown as mean ± SD. n= 6 rats (10 CA1 neurons/rat, averaged to give one data value per rat). Units for total protein are absorbance units. 

Units for relative aggregated protein content are arbitrary.

*
p < 0.05 relative to sham.

**
p < 0.01 relative to sham.

***
p < 0.001 relative to sham.

†
p < 0.05 relative to ischemic day 1.

††
p < 0.01 relative to ischemic day 1.

†††
p < 0.001 relative to ischemic day 1.

ᵻ
p < 0.05 relative to ischemic day 2.
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Table 2

XAS Sulfur Fitting Results of the Relative Contribution (%) of Different Chemical Forms of Sulfur to the 

Total Sulfur Pool Following Global Brain Ischemiaa.

Animal RSH RSR RSSR Sulfoxide Sulfonic Acid Sulfate Ester

Sham 46 (± 2) ± 2 27 (± 2) ± 4 3.5 (± 0.7) ± 1.4 4.0 (± 0.3) ± 0.8 18 (± 4) ± 3 2.4 (± 0.03) ± 1.4

Day 1 43 (± 2) ± 5 27 (± 1) ± 4 6.6 (± 0.7) ± 1.5 α 3.7 (± 0.2) ± 1.4 17 (± 0.2) ± 1 2.6 (± 0.2) ± 1.5

Day 2 43 (± 3) ± 1 30 (± 2) ± 1 8.3 (± 0.1) ± 0.6 α,β 4.3 (± 0.4) ± 0.8 11 (± 0.4) ± 1 α,β 2.9 (± 0.9) ± 1.7

Day 5 48 (± 4) ± 3 24 (± 3) ± 5 10 (2) ± 3 α,β 3.4 (± 0.6) ± 1.8 12 (± 1) ± 3 α,β 1.8 (± 0.5) ± 0.9

a
Values given are the mean percentages (± estimated standard deviation from individual fits) ± standard deviation of replicate measurements from 6 

animals. The values in parentheses are the average estimated standard deviation from the individual fits 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, quoted without parentheses, 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%. Individual values for each animal were calculated from the average of 5 spectra collected from 5 separate cells.

α
Denotes a significant difference relative to sham.

β
Denotes a significant difference relative to Day 1.
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