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Objective: Stroke is the main cause of adult disability in the world, leaving more
than half of the patients dependent on daily assistance. Understanding the post-
stroke biochemical and molecular changes are critical for patient survival and stroke
management. The aim of this work was to investigate the photo-thrombotic ischemic
stroke in male rats with particular focus on biochemical and elemental changes in the
primary stroke lesion in the somatosensory cortex and surrounding areas, including the
corpus callosum.

Materials and Methods: FT-IR imaging spectroscopy and LA-ICPMS
techniques examined stroke brain samples, which were compared with standard
immunohistochemistry studies.

Results: The FTIR results revealed that in the lesioned gray matter the relative
distribution of lipid, lipid acyl and protein contents decreased significantly. Also at this
locus, there was a significant increase in aggregated protein as detected by high-levels
Aβ1−42. Areas close to the stroke focus experienced decrease in the lipid and lipid acyl
contents associated with an increase in lipid ester, olefin, and methyl bio-contents with
a novel finding of Aβ1−42 in the PL-GM and L-WM. Elemental analyses realized major
changes in the different brain structures that may underscore functionality.

Conclusion: In conclusion, FTIR bio-spectroscopy is a non-destructive, rapid, and
a refined technique to characterize oxidative stress markers associated with lipid
degradation and protein denaturation not characterized by routine approaches.
This technique may expedite research into stroke and offer new approaches for
neurodegenerative disorders. The results suggest that a good therapeutic strategy
should include a mechanism that provides protective effect from brain swelling (edema)
and neurotoxicity by scavenging the lipid peroxidation end products.

Keywords: photothrombotic, ischemic, brain, stroke model, FTIR imaging spectroscopy, LA-ICPMS, lipid
peroxidation, neurodegeneration
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INTRODUCTION

Stroke is the leading cause of adult disability in the world,
leaving more than half of those affected dependent on daily
assistance. Patients are often hospitalized and, or subjected to
intensive rehabilitation programs for long periods, with their
quality of life severely affected, socially and economically. Hence,
a more thorough understanding of the molecular and cellular
changes are required for the design of better therapies to treat
this debilitating illness (Ramasubbu et al., 1998; Sarti et al., 2000;
Snögren and Sunnerhagen, 2009; Lekander et al., 2017).

Ischemic stroke is caused by a reduction in blood circulation
in the brain vasculature, resulting in decreased supply of
oxygen and nutrients followed by an ischemic cascade, and if
not reversed results in neurodegeneration and ultimately cell
death (Deb et al., 2010; Xing et al., 2012; Hu et al., 2017).
Acute ischemic stroke causes unregulated cation influx, mainly
Na+, which initiates the cytotoxic edema (Liang et al., 2007).
Also, accumulation of Ca2+ inside forebrain neurons initiates
glutamate mediated excitotoxicity (Lai et al., 2014; Prentice
et al., 2015). This enhanced intra-cellular calcium-levels activates
numerous pathways including proteases which can degrade
proteins and membrane lipids and promote the generation of
free radicals and reactive oxygen species (ROS) which can lead
to neuronal damage, particularly of the cell membrane (Lee et al.,
2000; Bretón and Rodríguez, 2012). Furthermore, mitochondria
dysfunction can also result in apoptosis (Broughton et al., 2009;
Xing et al., 2012). Stroke insult, also weakens and disturbs the
blood–brain barrier (BBB) which can result in the development
of vasogenic edema (Dostovic et al., 2016). Vasogenic edema
causes disturbances in brain function, mass-effect (displacing
surrounding brain tissues) with distortion, tissue shift and
increased intracranial pressure and damage (Simard et al., 2007;
Michinaga and Koyama, 2015).

Tissue in adjacent regions also undergo morphological,
cellular and sub-cellular changes (Dirnagl et al., 1999; Lo et al.,
2003; Shichita et al., 2014; Hu et al., 2017), such as gliosis (Garcia,
1984; Li et al., 2005; Huang et al., 2014), lipid peroxidation
(Yamamoto et al., 1983; Yildirim et al., 2007; Zeiger et al.,
2009) and protein malformation (Brouns et al., 2010; Zhao
and Bateman, 2015). Perilesional changes are not necessarily
detrimental, as neuronal plasticity and tissue reorganization
in GM and WM may compensate and contribute to recovery
post ischemic stroke (Carmichael, 2003; Cheatwood et al., 2008;
Murphy and Corbett, 2009). Delay and ongoing tissue damage
post ischemic stroke results in impeding brain tissue repair and
recovery and contributes to brain dysfunctions. A model to study
ischemic stroke is the photo-thrombotic model of focal ischemia,
where photosensitive dye is excited by fluorescence causing a
blood clot (Pevsner et al., 2001). Conventional techniques, such
as magnetic resonance imaging (MRI) (Van Bruggen et al., 1992;

Abbreviations: CC, corpus callosum; CL-GM, contra-lesioned gray matter; CL-
WM, contra-lesioned white matter; FTIR, Fourier transform Infrared; GM,
gray matter; IHC, immunohistochemistry; LA-ICPMS, laser-ablation inductively-
coupled-plasma mass-spectrometry; L-WM, lesioned white matter; PL-GM,
perilesioned gray matter; PS-GM, primary stroke lesion gray matter; ROI, regions
of interest; TC-GM, time control gray matter; WM, white matter.

Pevsner et al., 2001), auto-radiography (Dietrich et al., 1986),
routine histology (Van Bruggen et al., 1992; Pevsner et al., 2001;
Kuroiwa et al., 2009), and IHC (Van Bruggen et al., 1992) have
been applied to characterize the biochemical and anatomical
alterations after stroke in many studies (Dietrich et al., 1986;
Pevsner et al., 2001; Kuroiwa et al., 2009). These techniques
provide important data, but for example, MRI is not sufficient
to study bio-chemical and bio-molecular changes at cellular and
sub-cellular levels. Whereas, histology and IHC give high spatial
resolution but again, only limited to certain biochemical markers
as well as disrupting the tissue morphology.

Spectroscopic techniques such as FT-IR imaging spectroscopy
and laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) are potentially attractive bio-imaging platforms
that can provide molecular (Kazarian and Chan, 2006; Petibois
and Desbat, 2010) and elemental images (Becker et al., 2014),
respectively. Both techniques offer high resolution (in the range
of 5–10 µm), yielding detailed information about bio-chemical
and chemical features at the cellular and/or sub-cellular level
(Lasch et al., 2002; Kumar et al., 2014; Harrison and Berry, 2017)
related to pathology. In contrast to standard histological staining
methods, FTIR imaging has the ability to detect, simultaneously,
discrete changes in molecular structure and composition of
tissues. Direct biochemical analyses of all macromolecular
components within tissue samples can be obtained from a
single data acquisition, without the addition of chemical stains
or reagents and without disrupting the tissue morphology
(Petibois et al., 2009; Miller et al., 2013). Infrared (IR) spectra
are dominated by macromolecular building blocks, such as
proteins, lipids, cholesterols, phospholipids, carbohydrates, and
nucleic acids (Carter et al., 2010; Srinivasan, 2010; Ami et al.,
2013). The IR spectral absorptions provide readouts about these
bio-molecules and produce a specific biochemical fingerprint
of the sample (Ami et al., 2013; Baker et al., 2014; Kohler
et al., 2015). FT-IR based techniques have been used to image
molecular alterations associated with neuro-degeneration in
animal models of Alzheimer’s disease (AD) (Miller et al., 2006;
Leskovjan et al., 2010; Liao et al., 2013; Benseny-Cases et al.,
2014), Parkinson’s disease (PD) (Szczerbowska-Boruchowska
et al., 2007), amyotrophic lateral sclerosis (Kastyak et al., 2010),
multiple sclerosis (Heraud et al., 2010), cerebral malaria (Hackett
et al., 2015b), epilepsy (Turker, 2012; Turker et al., 2014) and
hemorrhagic stroke (Ali et al., 2016; Caine et al., 2016; Balbekova
et al., 2017). These studies have shown the potential of FTIR
to assess molecular and neurochemical changes associated with
brain pathology.

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has been developed and established as a technique
in the generation of quantitative images of metal distributions
in thin brain tissue sections with applications in research related
to neurological disorders. This technique detects trace elements
that are essential for brain function, such as zinc (Zn), copper
(Cu), and iron (Fe) (Becker et al., 2014). Simultaneous analysis
of these trace elements in brain can yield important information
on the processes of neuronal (dys) function for example after PD
(Hare et al., 2009; Hare et al., 2010; Matusch et al., 2010, 2012),
AD (Matusch and Becker, 2012), stroke (Becker et al., 2011) and
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brain tumor (Becker et al., 2011). LA-ICP-MS is suitable for the
imaging of metals in thin cross sections of soft and hard biological
tissues with very low concentrations such as sub µg/g level (Hare
et al., 2009; Becker et al., 2011; Matusch and Becker, 2012; Becker
et al., 2014). The advantages of LA-ICP-MS is that it is highly
sensitivity, accurate, precise as well as being a unique technique
to scan the elemental distribution in the whole brain section.

In the present study, we combined FTIR and LA-ICP-MS
with routine histological/IHC to characterize the bio-chemical
and elemental changes in PS-GM, PL-GM, L-WM, CL-WM, CL-
GM, and CC following 1-week photothrombotic stroke in rat
brain sections. Our goal was to use FTIR and LA-ICPMS imaging
techniques with conventional histological studies to identify
alterations of specific bio-molecules and elements associated
with ischemic stroke. In addition, this study will advance
stroke bio-diagnostics and treatment and provide links between
tissue injury, plasticity and repair, as well as identifying novel
therapeutic targets and interventions.

MATERIALS AND METHODS

Animal Model
All experimental protocols and animal handling procedures
were in accordance with the National Institutes of Health
(NIH) recommendations and with guidelines of the European
Communities Council Directive. The experimental animals
protocol was approved by the by the University of Utrecht
Animal Research Ethics Board (DEC 2013.I.08.063), and adhered
to the Netherlands Council on Animal Care guidelines for
humane animal use (Ali et al., 2016; Balbekova et al.,
2017). A total of 12 male (11 week-old, Sprague-Dawley
rats; Charles River Laboratories International, Wilmington,
MA, United States), from which six animals were used in
the Photothrombotic stroke, which was induced in the right
sensorimotor cortex (Ali et al., 2016) and remainder six
rats served as age-matched controls. Data were analyzed by
comparing the lesioned generated values with the unlesioned
(contralateral) hemisphere.

Block and Tissue Preparation
One week after stroke induction, the animals were sacrificed
with an overdose of isoflurane followed by transcardial perfusion.
Brains were extracted, fixed in 4% paraformaldehyde (PFA) for
24 h and embedded in paraffin (Balbekova et al., 2017). Paraffin
embedded tissue blocks were serially cut into 5 µm slices using
a microtome (Leica RM 2155 semi-automated rotary microtome,
Germany). Thin coronal sections of brain were taken from central
location of the lesion (Bregma 1.20 mm). Serial and consecutive
sections were obtained for FTIR measurements, LA-ICPMS,
and hematoxylin and eosin (H&E) staining and IHC studies.
The brain sections for FTIR imaging were mounted on a CaF2
window and a transflective slide. The brain sections used for
the histology and IHC were mounted on Flex IHC microscopic
slides (Dako, Fisher Scientific, United States). Routine histology
was performed on control healthy rats to confirm normal tissue
morphology (Ali et al., 2016).

Immunohistochemistry
Slides of brain sections 5 µm sections were washed with
phosphate buffered saline (PBS) and maintained in 0.1 M PBS
with 0.2% Triton X-100, pH 7.4 (PBST) for 2 days at 4◦C. For
antigen retrieval, the slides were incubated in 10 mM sodium
citrate containing 0.05% Tween 20, pH 6.0 for 1 h at room
temperature. To block non-specific protein binding, sections
were incubated in 6% bovine serum albumin (BSA) in PBST
for 2 h at room temperature, then incubated for 3 days at
4◦C with the primary antibodies. The primary antibodies (all
Abcam, Ltd., Cambridge, United Kingdom, unless stated) were
rabbit polyclonal anti-amyloid precursor protein (APP) (1:1000
dilution; ab2072), rabbit polyclonal anti-Tau (1:1000 dilution,
ab47579), rabbit anti-GFAP (1:2000 dilution; ab7260), rabbit
anti-MAP2 (1:2000 dilution; ab5622), or mouse anti-myelin basic
protein (MBP) (1:2000 dilution; ab62631), or chicken anti-beta
amyloid (1:2000 dilution; ab134022). The primary antibodies
were diluted in 2% BSA in PBST. After the sections had been
rinsed three times with PBST (10 min each), sections were
incubated for 2 h at room temperature with Alexa Fluor 488-
conjugated donkey anti-chicken IgG, Alexa Fluor 647-conjugated
donkey anti-rabbit IgG, or Alexa Fluor 647-conjugated donkey
anti-mouse IgG (1:500; Thermo Fisher Scientific, United States).
Negative controls were subjected to the same protocol without
primary antibodies. After three rinses with PBST, the mounting
media containing DAPI (nuclear stain) were added to the slides
and then overlayed with cover slips. The slides were kept away
from light and examined using a fluorescence microscope.

Fourier Transform Infrared Spectroscopy
(FTIR)
Fourier transform infrared spectroscopy (FTIR) spectra were
recorded using an Agilent FTIR Cary 620 micro-spectrometer in
reflection mode within the range of 4000–700 cm−1 with 64 scans
per spectrum, 4 cm−1 spectral resolution and spatial resolution
80 µm. Background single beam spectra were measured on
a substrate without biological tissue by co-adding 64 scans.
FTIR chemical images were recorded using a 64 × 64 Mercury
Cadmium Telluride (MCT) Focal Plane Array (FPA) liquid
nitrogen cooled detector in mosaic mode. FTIR imaging was
performed with a 15× objective (numerical aperture = 0.62),
yielding a pixel size of 5.5 µm × 5.5 µm. The average size
of the brain is 1 cm × 1.2 cm. Three sections of the same
anatomy per animal were examined. From each region of
interest an area of 200 µm × 200 µm were analyzed. To
ensure consistency in the data and negate technical errors,
exemplar samples were mounted on CaF2 slides and measured
in transmission mode as well as in the trans-reflective mode
using transflective slides. In both modes, we obtained very
similar results. To circumvent the electric field standing wave
effect (EFSW) reported for variations in section thickness, we
repeated exemplar sections at 8 and 10 µm thickness, and
here again, we obtained very similar spectral profiles as the
measured samples. Supplementary Table S1 (Stable 1) shows
the FTIR assignments used in the medical and biomedical fields
(Goormaghtigh, 2016).
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Data Pre-processing and Analysis
All data processing and image generation were using either
Resolution Pro. Software, (version 5.0), or Cytospec, (version
2.00.03) and Origin software (version 8). The representative
FTIR spectrum acquired from brain WM region of a control
rat brain in the spectral range of 4000–800 cm−1 is shown
in Supplementary Figure S1 and the detailed spectral band
assignments are given in Supplementary Table S1 in which
different contribution to each band were presented (Kneipp
et al., 2000; Cakmak et al., 2012). Baseline correction was
performed on the full range of wavelengths for the spectra.
FTIR images of the functional groups were calculated using
the baseline areas under the FTIR absorption bands based on
the assignments in (Supplementary Table S1) (Kneipp et al.,
2000; Cakmak et al., 2012). In this study, the area under the
curve from specific bands were calculated in order to measure
different bio-chemical contents after photothrombotic ischemic
stroke induction and values were normalized to the contralateral
(unlesioned) hemisphere values. For example the total lipid was
represented by (C–H stretching region) in the spectral range of
3000–2800 cm−1; lipid acyl νs(CH2) groups at 2860–2840 cm−1;
lipid ester ν(C = O) at 1755–1715 cm−1; olefinic = CH
band at 3027–3000 cm−1; CH3 asymmetric stretching νas(CH3)
(methyl concentration) at 2960–2950 cm−1; amide I band (total
protein) at 1700–1600 cm−1; β-sheet aggregate at 1630 cm−1

and α-helix structures at 1655 cm−1 as detailed in Table 1 and
Supplementary Table S1 (Kneipp et al., 2000; Cakmak et al.,
2012).

The C-H spectral region is dominated by lipid contribution
and a small contribution from proteins, carbohydrates and
nucleic acids (Kneipp et al., 2000). Based on this understanding,
the following CH2 asymmetric, CH3 asymmetric; olefinic = CH
and lipid ester (C = O) lipid assignment were all good
approximate values. Lipid molecular and structural alterations
were investigated by evaluating the integrated area under specific
lipid spectral bands as follows: CH2 asymmetric (chain lipid
length); CH3 asymmetric (methyl concentration); olefinic = CH

TABLE 1 | The spectral regions used for analytical purposes.

Infrared band Integrated spectral range (cm−1)

Lipid components

CH2 symmetric stretching 2852–2800

CH2 asymmetric stretching 2915–2930

CH3 asymmetric stretching 2950–2960
∗C-H stretching 2994–2800

Olefin = CH 3000–3027

Carbonyl ester (C = O) stretching 1745–1731

Protein components

Amide I 1700–1600

Amide II 1555–1535

β-sheet aggregate 1630

α-helix structures 1655

∗Total lipid regions.

(unsaturated lipid) and lipid ester (C = O) (oxidative stress
by-products) as shown in Table 1. Raw spectra were vector
normalized and second derivative was computed by calculating
forward difference twice and smoothed using spline fitting.
The spline fitting used cubic spline interpolation of the second
derivative to smoothen spectra. Resonance Mie scattering can
affect the spectra from the border between a brain tissue and
a substrate which is commonly existing in biological samples
and spectra acquired from a substrate apart from brain tissue
area were eliminated from analysis (Bassan et al., 2010). The
contribution of different types of proteins was calculated by
fitting a linear mixed model of Gaussian bands centered at the
wavenumbers of the protein types. Relative distribution of β-sheet
aggregate protein were determined at 1625 cm−1 from the
second-derivative intensity spectrum (Pribic, 1994; Hackett et al.,
2015b; Caine et al., 2016). The relative amount of the protein
aggregation content was quantified from the curve fitting of
original absorbance spectra (Hackett et al., 2015b). Curve fitting
was performed with MATLAB (version 2014a, United States)
over the spectral range 1700-1600 cm−1.

Chemometric Data Pre-processing and
Analysis
Chemometric analyses, incorporating principal component
analysis (PCA) and hierarchical cluster analysis (HCA), were
used to differentiate the spectral types with the FTIR spectra of
the brain pre-processed prior to analysis using shape-preserving
piece-wise cubic interpolation (Pribic, 1994). The infrared spectra
were converted from Agilent system format to comma separated
values (CSV) to create data sets that were suitable for PCA
analysis using the “prcomp” function in the “stats” package in R
(Becker et al., 1988; Sanchez, 2011). Three principal components
(PCs) were used for analysis since they explained the highest
percentage of variations. The 3D scores plot of the PCs that
explain the majority of the variance in the dataset enabled
spectra to be grouped according to the chemical information they
contained (Pribic, 1994).

Hierarchical cluster analysis was applied using the A2R
package in R to compare the three brain regions (PS-GM,
PL-GM, and CL-GM) based on their PCA projections in the 3D
score space (Becker et al., 1988; Pribic, 1994; Sanchez, 2011).
HCA was used to group spectra that displayed the same degree
of similarity by calculating the Euclidean distance between all the
data sets using Ward’s algorithm. The result was visualized in a
dendrogram and the grouping of the three brain regions were
presented as images consisting of colors clusters according to the
heterogeneity scale (Becker et al., 1988; Sanchez, 2011).

Laser Ablation ICPMS
An ICPQMS (Agilent 7700) laser ablation system (CETAC
Technologies, Omaha, NE, United States) with a Nd:YAG
laser at wavelength 266 nm was used throughout this work.
Table 2 shows the laser ablation and ICP triggering operational
conditions. The data were processed to generate elemental images
using a macro, and image processing software ‘ImageJ.’ The
scan speed of each line was 120 µms−1, and the ICP-MS was
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TABLE 2 | Parameters for measuring a brain samples by LA-ICPMS.

Parameters Condition

Spot size 100 microns

Space between lines 4 micron

Laser energy 15%

Laser shot frequency 20 Hz

Shutter delay 10 s

Scan rate 160

Number of lines 120

Integration time Varies from 0.02–0.06 s

Total integration time 0.614 s

Total acquisition time 67 s

configured in data-only mode to collect 185 readings per line scan
at a rate of 2 s−1 (Hare et al., 2010; Matusch and Becker, 2012).

Statistical Analysis
A paired t-test was performed to assess significant differences
between the molecular content of the PS-GM and PL-GM;
PS-GM and CL-GM and PL-GM and the CL-GM tissue. For each
group, a mean and standard deviation was generated for each
animal. Then the individual animal values were averaged for each
group. Mann–Whitney-U test was performed on all data to test
for significant differences (p < 0.05) between control and treated
groups. All t-tests were two tailed and the 95% confidence limit
was used to test for significance.

RESULTS

Histological and Immunohistochemical
Changes After Photo-Thrombotic Stroke
One of the major aims of this study was to correlate
molecular alterations after ischemic photo-thrombotic stroke,
by using FTIR spectroscopy and elemental distribution changes
(LA-ICPMS bio-imaging) and complement these results with
immunostaining analyses of specific biomarkers. Hematoxylin
and eosin (H&E) staining of the brain sections from unlesioned
rats (native time-matched controls) is presented in Figure 1A.
The locus of the photo-thrombotic ischemic stroke was
confirmed using H&E staining (Figure 1B). The image clearly
depicts loss of brain structure and integrity at the stroke focus and
results in an absence of H&E staining within the ischemic infarct.
The rim of the stroke region is the characteristic pale expression
of the H&E staining due to brain edema (see inset Figure 1B).
The contralateral hemisphere of the affected brain shows H&E
strong staining expression. The six ROI for this study were: (a)
the PS-GM; (b) PL-GM; (c) L-WM; (d) CL-WM; (e) CL-GM; and
(f) CC (Figure 1C).

To gain insights into the effects of stroke on nerve
cells in the lesion as well as the healthy areas of the
brain, IHC analyses using specific biomarkers was carried
out. Immunohistochemical analysis of lesioned tissue sections
(ipsilateral side) established neuronal degeneration in the infarct
region with immunofluorescence analyses highlighting GFAP

expression, the astrocyte marker, strongly localized within the
PL-GM, indicating astrogliosis post stroke (Figures 1D,E). The
infract region experienced neuronal loss, sections were tested
for the principal neuronal marker proteins: MAP2 and Tau
(Figures 1F–I). In both instances, we failed to detect these
proteins within the infarct region- validating neuronal loss.
Comparing the contralesion sections with the ischemic brain
sections, we documented APP (Figures 2A–D) and aggregated
Aβ1−42 (Figures 2C–H) in the GM and the PL-GM. Mis-
processed APP, (Aβ1−42) its extracellular aggregation is one
neuropathological marker used to classify Alzheimer’s disease
(AD) (Paul Murphy and LeVine, 2010; Esparza et al., 2016;
Wildburger et al., 2017). Surprisingly in the L-WM there was
an increase in Aβ1−42 aggregates (Figure 2G). Examination of
MBP showed loss in integrity and significant disorganization of
the myelin sheaths in the WM, at the ipsilateral side, below the
stroke point (Figure 2G). Interesting to note, that the contra-
lesioned white matter (CL-WM, Figure 2H) shows uniform MBP
staining throughout WM tracts as seen with the native control
(Figure 2E).

Molecular and Elemental Changes Due
to Stroke
FTIR Spectra and Images
Fourier transform Infrared bands assignments in this study
were based on the specific spectral bands as defined in the
Section “Materials and Methods” (Supplementary Figure S1 and
Supplementary Table S1). As an example, the FTIR spectrum for
the WM we observed that spectral bands corresponding to lipid,
protein, ester, nucleic acids, and carbohydrates dominate the
spectra (Supplementary Figure S1). All samples were prepared,
treated and processed in the same manner, it should be noted
that lipid, protein and other biochemical component values from
the lesioned (ipsilateral side) were normalized to the contra-
lateral side. Again, the contralateral hemisphere bio-chemical
components values were used as a base line values indicating
the stroke induced changes to the cortical region and the
surrounding WM.

In Hematoxylin and Eosin section captured by digital
scanning microscope, a parallel-unstained image of a control
brain section, captured by FTIR microscope bright field is
depicted together with the corresponding chemical FTIR
spectroscopic image (Figures 3A–C). Lipid and protein
distribution, as found in native healthy rat brain sections,was
represented in Figures 3D,E. In contrast to the even distribution
of protein and lipid in the control, the lesioned brain lipid
and protein show distinct distribution patterns (Figures 3F,G).
For example, in the PS-GM both lipid and protein levels were
greatly reduced and associated with increasing aggregated
protein. The PL-GM and L-WM regions experienced decrease
in the lipid and protein components associated with protein
aggregation (Figures 3F,G and see also Figure 3M). Figures 3H,I
depict the average FTIR spectra for different tissue regions
and the analysis of these spectra were performed on n = 6
animals. In the stroke PS-GM region, the FTIR spectra
revealed that the lipid, protein, lipid acyl bands νs(CH2),
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FIGURE 1 | Photothrombotic lesion in rat somatosensory cortex results in cell death and astrigliosis. (A) Hematoxylin and Eosin (H&E) staining brain section of native
control brain (magnification 5×). (B) H&E stained image 1-week post-stroke brain (magnification 5×). (C) Brain section scheme for the six regions of interest (ROI):
primary stroke lesion gray matter (PS-GM), perilesional gray matter (PL-GM), lesioned white matter (L-WM) and contra-lesioned white matter (CL-WM),
contra-lesioned gray matter (CL-GM), and corpus callosum white matter (CC). (D,E) Healthy control and lesioned brain sections labeled with GFAP and DAPI:
primary lesion gray matter (PS), perilesional gray matter (PL) indicated activated astrocytes (GFAP, red stain) around the ischemic region (peri-infarct region) and
degenerated neurons with shrunken nuclei (DAPI, blue stain). Infiltration of the astrocytes around the primary lesion PS-GM region with GFAP (red). The DAPI labels
(blue) degenerated cells. (F,G) Healthy control and affected stroke rat brains sections were labeled with MAP2 and DAPI. (H,I) Healthy control and affected stroke rat
brains sections labeled with Tau and DAPI to assist in comparisons. Scale bar = 100 µm.

the lipid ester band ν(C = O) decrease compared with the
PL-GM and CL-GM (Figures 3H,I). The stroke PS-GM FTIR
spectrum had a significant reduction in the absorption band
centered at 1227 cm−1 which arises from the P = O symmetric
stretching vibrations of the phosphodiester bonds in DNA/RNA
polysaccharide backbones (Carter et al., 2010; Srinivasan, 2010;
Ami et al., 2013).

A more detailed representation of the average FTIR spectra
of the PS-GM, CL-GM, CL-WM, and L-WM shown in
Figure 3H. This highlights that lipid acyl bands were severely
reduced in PS-GM and L-WM compared with CL-GM and
CL-WM, respectively. The CH3 (methyl concentration),
olefinic = CH (unsaturated lipid) and the lipid ester (CO)
(oxidative stress) were significantly increased while that of
the CH2 (chain lipid length) was decreased in the L-WM
spectrum. The average FTIR spectra collected from the
PS-GM, PL-GM, CL-GM and native control GM revealed
marked reduction in lipid, lipid-acyl and protein in the
ipsilateral compared with contralateral hemisphere; which
were reduced when compared with the native control
(Figure 3I).

Fourier transform Infrared analysis revealed that lipid content
(n = 6 animals) was markedly reduced in the primary PS-GM
(0.21 ± 0.010) when compared to the PL-GM (0.55 ± 0.028)
and L-WM (0.89 ± 0.045) in the ipsilesional hemisphere.
The amount of the lipid in PS-GM, PL-GM and L-WM were
greatly reduced when compared with the contra-lesioned white
matter (CL-WM) (1.1 ± 0.055) and contra-lesioned gray matter
(CL-GM) (0.72 ± 0.036). These results were further compared
with the healthy native control GM (0.79 ± 0.040) and WM
(1.32 ± 0.066), where higher lipid content in comparison with
the ipsilateral and contralateral hemisphere of the experimental
animals (Figures 3D,F and see also Figure 4L). The results also
revealed that the lipid acyl content (CH2) concentration in the
PS-GM (0.264 ± 0.019), PL-GM (0.522 ± 0.026), and L-WM
(0.563 ± 0.028) decreased compared to the contralateral region
(0.6012 ± 0.030) of the ischemic brain, and all values were less
than the healthy native animal (0.649 ± 0.035) as presented in
(Figures 4C,D,M).

In converse, the degree of unsaturated components
olefinic = CH increased, in the PL-GM (0.0049 ± 0.0002)
and L-WM (0.0062 ± 0.0003), compared to the contralateral
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FIGURE 2 | Immunohistochemistry staining identifying altered APP and Aβ1−42 in infarcted brain sections. (A,B) Contra-lesioned and lesioned hemispheres labeled
with APP and DAPI: primary lesion gray matter (PS) shows amyloid precursor protein (APP) and contra-lesioned gray matter (CL-GM) with normal homogenous
distribution of APP (red). (C,D) Contra-lesioned and affected stroke hemispheres were labeled with APP (red), DAPI (Blue) and Aβ1−42 (green). (E–H) Native control
and 1-week affected stroke rat brains sections labeled with myelin basic protein (MBP, red), DAPI (blue), and Aβ1−42 (green). (F,G) Primary lesion gray matter
(PS-GM) contains degenerated neurons (DAPI, blue) and disorganization of the myelin sheath (MBP, red) of the axonal neurons in the lesioned white matter (L-WM)
scale bar = 100 µm for (A–H).
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FIGURE 3 | Whole brain section-FTIR imaging of biochemical changes within contralateral and ipsilateral hemispheres following photothrombotic focal ischemic
insult to the somatosensory cortex. (A) H&E stained brain section captured by Digital Scanning Microscope Bright field (20×). (B). Representative unstained FTIR
light microscopic image of the healthy control rat brain (10×). (C). Representative FTIR chemical image of the unstained brain section showing main biochemical
components: lipid, phospholipid, protein, carbohydrates and nucleic acids. (D,E) FTIR image that represent the total lipid and total protein distribution in the healthy
control rat brain. (F,G) FTIR image that represent the total lipid and total protein distribution in the stroke affected rat brain. Scale bars = 100 µm. (H) Representative
FTIR averaged spectra in the range of 4000–400 cm−1 acquired from the cortical region of the PS-GM, L-WM, CL-GM, and CL-WM. (I) Representative FTIR
averaged spectra in the range of 4000–400 cm−1 acquired from the cortical region of the PS-GM, PL-GM, CL-GM and native control GM. (J) Representative
average second-derivative spectra of the amide I band in the spectral range of 1700–1600 cm−1 acquired from the primary lesion gray matter (PS-GM), perilesional
gray matter (PL-GM), and contra-lesioned gray matter (CL-GM) regions post ischemic. The spectra show α- helical secondary protein structure at 1655 cm−1 and
β-sheets protein conformation at 1630 cm−1. (K,L) Representative curve fitting of the amide I band in the spectral range of 1700-1600 cm−1 of the CL-GM and
PS-GM, respectively, to quantify the aggregated protein relatively. (M) Histogram of the aggregated protein comparing different regions of interest: native control,
PS-GM, PL-GM, L-WM with CL-GM. The FTIR images were colored-coded: red color corresponds to the highest content and blue color corresponds to the lowest
content as shown on the color bars in the figures. Statistical significance was determined from six animals with a paired t-test and the 95% confidence interval. Bars
represent mean ± SD. ∗p > 0.05, ∗∗p > 0.01 relative to CL-GM. σp > 0.05, σσp > 0.01 relative to PL-GM.

hemisphere (0.0026 ± 0.0002) and the healthy native animal
(0.0014 ± 0.0001) as shown in Figures 4E,F,N. These results
also indicated that the CH3 (methyl concentration) is severely
reduced within the PS-GM (0.0048 ± 0.0002). On the other
hand, the methyl concentration increased in the PL-GM
(0.0494 ± 0.003) and L-WM (0.0627 ± 0.003) in the ipsilateral
hemisphere in comparison to the contralateral hemisphere
(0.0276± 0.0014) and the healthy native brain (0.0111± 0.0005)
as represented in Figures 4G,H,O, respectively. Also documented
was that the value of lipid ester (C = O) in the PS-GM region
(0.11 ± 0.0055) was markedly reduced compared to PL-GM
(0.64 ± 0.032) and L-WM (0.75 ± 0.0375) regions. Interestingly,
lipid ester (C = O) amount in the contralateral hemisphere
(0.28 ± 0.014) and native healthy brain (0.15 ± 0.0075) was
lower than the PL-GM and L-WM as shown in Figures 4I,J,P.

The FTIR spectra revealed that total protein distribution in
the cortex, especially in the PS-GM and PL-GM was greatly
affected, due to stroke and, in the focal point of the stroke,
there was protein aggregation. These analyses revealed that the

protein level in the PS-GM (3.2 ± 0.16) was lower compared
to PL-GM (12 ± 0.61). PS-GM and PL-GM experience severe
reduction in protein in comparison to contralateral hemisphere
(14.6 ± 0.73) and native healthy brain (17.8 ± 0.89) as presented
in Figures 3E,G and see also Figure 4K. Moreover, the second
derivative of the FTIR, range 1700–1600 cm−1, specifically
protein band at the spectral range of 1630–1625 cm−1, indicates
protein aggregation in the affected stroke region (Figure 3J),
i.e., an increase in β-sheet and decrease in α-helix structures
at 1660–1655 cm−1 as shown in the CL-GM and PS-GM
spectra curve fitting (Figures 3K,L, respectively). The results
indicate that the PS-GM (1.2 ± 0.06) region had increased
aggregated protein content in comparison with the PL-GM
(0.48 ± 0.024) and contralateral hemisphere (0.18 ± 0.009) and
these two regions were having higher value than the native
control (0.08 ± 0.004) (Figure 3M). (These findings correlate
well with the histochemistry results see Figure 2). Here the
results identified a decrease in the relative amount of lipid and
protein bio-content in the PL-GM region of the ischemic brain
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FIGURE 4 | Functional group (macromolecular/sub-cellular/biochemical) images obtained of the native control ischemic stroke brain sections. (A–I). Representative
FTIR images of lipid/protein, lipid acyl group (CH2), olefin = CH, methyl (CH3) and lipid ester (C = O) distribution in the native healthy control brain tissue sections,
respectively. (B–J) The same function groups (above) obtained from the ischemic stroke brain sections. (K–P) Histogram of specific bio-molecules content such as
total protein, total lipid, lipid acyl group (CH2), olefin = CH, methyl (CH3), and lipid ester (C = O), respectively. The regions of interest were native control rat brain GM
and ischemic brain PS-GM, PL-GM, L-WM, and CL-GM. The FTIR images were color coded, red color corresponds to the highest content and blue color
corresponds to the lowest content as shown on the color bars in the figures. Statistical significance was determined from six animals. Statistical significance was
determined from six animals with a paired t-test and the 95% confidence interval. Bars represent mean ± SD. ∗p > 0.05, ∗∗p > 0.01 relative to CL-GM. σp > 0.05,
σσp > 0.01 relative to PL-GM.

in comparison to the native healthy control brain. Changes in the
lipid/protein ratio (Figures 4A,B) suggest that these biochemical
alterations associated with the stroke are due to triggering and
initiating specific mechanisms of neurodegeneration.

The FTIR assays identified that the CC in the experimental
animal (lesioned) brain, experienced reduction in lipid
content (0.91 ± 0.0455) in comparison to the native healthy
control animal (1.34 ± 0.067) (Figures 3D,G). The results
also showed that that the lipid acyl (CH2) amounts in
the lesioned CC (0.582 ± 0.0291) decreased compared
to the native animal (0.661 ± 0.033) (Figures 4C,D).
There is also an increase in the unsaturated components
olefinic = CH (0.0058 ± 0.0003) compared to the healthy
animal (0.0040 ± 0.0002) (Figures 4E,F). These results also
indicated that the CH3 (methyl group) concentration in the
lesioned CC (0.0574 ± 0.00278) increased compared to the
native animal (0.0439 ± 0.0022) (Figures 4G,H). The lipid ester
(C = O) concentration in the lesioned brain CC (0.64 ± 0.032)

also experienced an increase in comparison to native animal
(0.52± 0.026) (p = 0.73, n = 6) as shown in Figures 4I,J.

As a further analysis of the FTIR data, PCA was performed
on the spectral second derivatives in the range of 4000–
700 cm−1 (with the range of 2500–2000 cm−1 removed) for
the native control and lesioned rat brain sections (Figure 5A).
The differences were mainly significant in the region of 3994–
2800 cm−1, which correlates to the lipid bio-molecular changes
in the primary lesion. Also, there were molecular changes in the
spectral region of 1530–1680 cm−1 which is related to protein
structure in the tissue section. The scores plot revealed that
the spectral data collected from the rat cortices were clustered
into two distinct groups that correlate with healthy (native) and
stroke affected. The clear segregation between the two groups
in the PCA plots revealed that the molecular makeup of the
cortical tissue has changed due to ischemic stroke with the first
3PCs accounting for ∼98.5% of the total variation as shown in
Figure 5B. The PCA analysis also resulted in clustering of the
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FIGURE 5 | Principle component analysis (PCA) analyses of averaged FTIR spectroscopic studies. (A) Representative 3D score plot for PCA analysis based on the
average FTIR spectral data in the region of 4000–700 cm−1 (with the range of 2500–2000 cm−1 removed) collected from the time point of native healthy control and
stroke affected rat brain. (B). The score plot of the PCA shows that there are three main PCs that separate the time point native control healthy and the affected
stroke rat brains and are accounted for PC1 (93%), PC2 (4%), and PC3 (1%). (C) Represents the PCs plot that shows that there are the three main PCs that
separate PS-GM, PL-GM, and CL-GM spectra. (D) The score plot of the PCA and shows that there are three main PCs that separate the PS-GM, PL-GM, and
CL-GM spectra are counted for PC1 (95%), PC2 (1.5%), and PC3 (1%). (E) Represents the hierarchical dendrogram that shows a clear separation PS-GM, PL-GM,
and CL-GM regions in the ipsilateral side of 1-week post ischemic stroke. The hierarchical dendrogram shows that PS-GM is located in one group while the PL-GM
and CL-GM regions are located in the second group.
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PS-GM, PL-GM, and CL-GM (Figure 5C) from the scores plot
of the three significant components: PC1 (95%), PC2 (1.5%), and
PC3 (1%) as shown in Figure 5D. The first cluster contains the
spectra from the PS-GM region, while the second group contains
the spectra from PL-GM and CL-GM with this separation
clearly shown in the hierarchical dendrogram (Figure 5E). The
advantage of PCA is to allow the rat brain cortices to be clearly
distinguished into healthy (control) and stroke region. Moreover,
Figure 5B outlines an estimate that more than ∼98.5% of
the variance in the spectra can be captured by the first three
PCs. Furthermore, the PCA result makes it feasible to perform
hierarchical clustering, thereby, combining PS-GM region with
PL-GM and CL-GM regions using a dendrogram.

Elemental Analysis by Laser Ablation
(LA-ICPMS)
Employing LA-ICP-MS can be used to assess the elemental
distributions of C, P, S, Cu, Fe, Zn, and Ca in the rat brain
section 1-week post-stroke (Figures 6A–G). Here element values
from the ipsilateral cortex (lesioned hemisphere) were compared
with those of the contralateral cortex. The LA-ICPMS results
provide three main observations: (a) a reduction in all element
concentrations (Ca, C, Fe, Cu, S, P, and Zn) inside the stroke
focus point (PS-GM) region; (b) Ca, Cu, and Zn were mainly
accumulated at the edge of the injured brain hemisphere; and
(c) significant and high accumulation of Fe around the PS-GM
and in the lesion rim, shown in detail in Figures 6H–N. Further,
the results indicate that the distribution of the brain elements
were greatly affected by the ischemic stroke. This abnormal
distribution might also effect brain functions involved in muscle
control, movement and memory (Prashanth et al., 2015; Chen
et al., 2016).

DISCUSSION

In this study diverse techniques were applied to delineate bio-
chemical and elemental alterations 1-week post-stroke in the PS-
GM, PL-GM, L-WM, CL-WM, CL-GM, and CC. A combination
of FTIR and LA-ICPMS with PCA analysis, yielded novel
results: significant changes in lipid values; protein conformation
and in elemental distribution in multiple regions, which may
correlate with morphological changes. For example, FTIR studies
identified significantly enhanced protein aggregation, which
included Aβ1−42 – one of the pathological markers of AD
(Prashanth et al., 2015; Baldassarre et al., 2016; Chen et al.,
2016). Moreover, we detected Aβ1−42 in the ipsilateral lesioned
WM – further proof that the site of stroke is more global
than originally thought. It should be noted that we do not
detect Aβ1−42 aggregates in the contra-lateral WM indicative
that the lesion induces APP/Aβ aggregation in the ipsilateral
side. Furthermore, the breakdown of MBP and decrease in the
myelin sheath thickness, post-ischemic stroke, which increases
the vulnerability of exposed axons and leads to a decline in
functional connectivity and behavioral deficits (Li et al., 2014;
Baldassarre et al., 2016). Notably, other studies have reported that
MBP dysfunction(s) were associated with physiological response

to stress and emotional states, including anxiety and depression
in adulthood, all possible indicators for commonalities in brain
traumas (Drevets et al., 2008; Edgar and Sibille, 2012).

Ischemic stroke causes extensive brain damage through the
generation of free radicals such as ROS O2

− (Olmez and
Ozyurt, 2012) which attack polyunsaturated fatty acid (PUFA)
containing structures (Allen and Bayraktutan, 2009). FTIR
imaging identified a change in the lipid/protein ratio in the PL-
GM region an event triggered by specific processes that lead
to bio-chemical changes. The histological data revealed that the
insulted brain experienced edema. Previous studies reported that
edema initiates oxidative stress and increased protein oxidation
and protein mis-folding and cell degeneration (Hackett et al.,
2015a). Edema and oxidative stress may be the driving factors in
lipid fragmentation, protein aggregation (mis-folding) (Hackett
et al., 2015a), neurodegeneration (Klein and Ackerman, 2003;
Uttara et al., 2009) and cell death (Ryter et al., 2007). Current
bio-diagnostic techniques, such as MRI and biochemical assays
are not sensitive enough to detect oxidative stress. Whereas,
FTIR imaging spectroscopy is, to our knowledge, the only
technique sensitive enough to detect these molecular changes
associated with oxidative stress (Kneipp et al., 2000; Wang et al.,
2005; Ozek et al., 2010; Caine et al., 2016). Thus, in order to
understand the lipid alteration associated with ischemic stroke,
FTIR spectra of lipids were analyzed. In the brain sections,
we found significant alteration in the lipid acyl (CH2), lipid
ester (C = O); olefinic = CH and methyl group (CH3). When
double bond sites of PUFA are attacked by free radicals this
leads to degradation of lipids into smaller fragments (Allen and
Bayraktutan, 2009; Olmez and Ozyurt, 2012; Caine et al., 2016).
Lipid peroxidation is associated with increased methyl (CH3)
concentration and the formation of degradation products such as
alkanes, carbonyl compounds, lipid aldehydes and alkyl radicals
(Lamba et al., 1994; de Zwart et al., 1999; Manda et al., 2007; Yin
et al., 2011).

Ischemic stroke caused reduction in the total lipid and lipid
acyl contents at stroke focal PS-GM, PL-GM, and L-WM in
the ipsilateral hemisphere. In PS-GM, total lipid decreased, as
expected, due to tissue loss, evidenced also as protein loss.
Hence, lipid acyl (CH2), lipid ester (C = O), olefinic = CH, and
methyl (CH3) all declined significantly. However, in contrast
to the PS-GM in the PL-GM, L-WM, and CC we observed
a significant increase in lipid ester (C = O), olefinic = CH
and methyl (CH3). An increase in the olefinic = CH content
at the ipsilateral hemisphere compared with contralateral and
native controls suggests that stroke induced an increase in the
unsaturated fatty acids. Although, lipid peroxidation should
result in loss of olefinic = CH bonds, but interestingly in our
study we observed an increase in the olefinic = CH bio-content,
which can be due to accumulation of double bond end products
through lipid peroxidation compensation mechanisms (Liu et al.,
2002; Severcan et al., 2005). Our results are in good agreement
with previous studies on the effect of the lipid peroxidation on
diabetic rat liver microsomal membranes and diabetic patients’
platelets (Liu et al., 2002; Severcan et al., 2005). These studies
highlighted that lipid peroxidation induced an increase in the
olefinic = CH content, which originated mainly from double
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FIGURE 6 | Qualitative elemental maps for whole rat brain sections. (A–G) Represent images of the elemental distributions of C, P, S, Cu, Fe, Zn, and Ca,
respectively, in the rat brain section 1-week post-ischemic stroke measured by LA-ICP-QMS. (H–N) Elemental concentration of C, P, S, Cu, Fe, Zn, and Ca,
respectively, from four regions of interest such as PS-GM, PL-GM, L-GM, and CL-GM. These LA images were color-labeled according to the calculated
concentration values, where red corresponds to the highest concentration and white corresponds to the lowest concentration as shown on the color bars in the
figures. Statistical significance was determined from six animals with a paired t-test and the 95% confidence interval. Bars represent mean ± SD. ∗p > 0.05,
∗∗p > 0.01 relative to CL-GM. σp > 0.05, σσp > 0.01 relative to PL-GM.
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bond lipid peroxidation products (Kar et al., 2004; Gouras et al.,
2010). Our results also show an increase in the lipid ester (C = O)
post stroke. Thus, our results emphasize that ischemic stroke
induced lipid peroxidation which results in marked decreases in
the total lipid and lipid CH2 contents associated with increases
in the lipid ester (C = O), olefinic = CH and CH3 bio-contents
(Lamba et al., 1994; de Zwart et al., 1999; Manda et al., 2007;
Cakmak et al., 2011). These bio-chemical alterations occurs at the
PL-GM, L-WM and the CC but were prominent at L-WM and the
CC due to higher lipid content.

From immunohistochemical studies we noted high GFAP
expression, an indicator for astrogliosis, and from elemental data
enhanced Fe levels-a possible marker for increased mitochondria;
in all, a likelihood that glia are metabolizing lipids esters and
olefins, including removing necrotic tissue. In the WM, below
the site of the lesion, we again noted a decrease in total lipid
content, which was associated with significant increase in lipid
ester, olefin, and CH3 indicative that possibly degradation of long
chain fats was occurring, including cell membranes. Intriguingly
at this locus, we detected only Aβ1−42, which is thought to be
formed due to exposure to reactive oxygen species.

Protein exposure to reactive oxygen results in protein cross-
linking, aggregation, fragmentation, and denaturation, resulting
in loss of function. The levels of the total protein and aggregated
protein were calculated from the amide I band at 1700–
1600 cm−1 and curve fitting at 1630 cm−1, respectively. As
expected from histological data the FTIR amide I data indicated
a loss of protein from the lesioned GM (PS-GM) compared
with the control samples. Interestingly, we observed that there
is an increase in the band absorption of β-sheets at 1630 cm−1

and associated decrease of α- helical protein band absorption
at 1655 cm−1 indicating protein aggregation. This protein
conformational change was not detected on the contra-lateral
side, which indicate that stroke induces protein alterations.
The PS-GM and PL-GM regions experienced a decrease in
total protein levels (amide values), with the most surprising
and dramatic change in aggregated protein in these areas.
Histochemical studies identified significant changes in APP in
the infarcted area (closely associated with glial cells) and tests for
Aβ1−42- which has been previously reported to increase, not only
in stroke, but also in other neurodegenerative disorders (Paul
Murphy and LeVine, 2010; Esparza et al., 2016; Wildburger et al.,
2017). It should be noted no Tau protein was detected in the
lesioned area, thus it was inferred that the protein aggregation
was exclusively APP derived and was Aβ1−42. Moreover, it
is tempting to speculate that Aβ1−42 accumulation due to
ischemic stroke might also trigger other neurological deficits and
subsequent neurodegeneration (Kar et al., 2004; Gouras et al.,
2010).

Elemental studies clearly defined significant loss of C, P, and S
from the PS-GM, PL-GM, and the L-WM as these are the major
components of nucleic acids, protein and lipids that make up
cells. Sulfur concentration were greatly reduced in the ipsilateral
hemisphere. Sulfur is a constituent of the anti-oxidant enzymes
glutathione peroxidases (GP) and thioredoxin reductases (TR)
and of the metabolic enzyme S-adenosylhomocysteine (S-ACH)
(Zima et al., 1996; Birben et al., 2012; Li et al., 2013). In
several neurodegenerative disorders loss of these enzymes has

been postulated as a corollary of enhanced cell pathology (Zima
et al., 1996; Birben et al., 2012; Li et al., 2013). Surprisingly,
in the cortices we identified significantly high levels of Ca and
Fe. From studies in the hippocampus, high Ca2+ levels were
found to be excitotoxic (Dong et al., 2009) and in the brain
Fe ions can increase the formation of reactive radicals and
thus lipid peroxidation (Halliwell and Gutteridge, 1986). This
change can also be attributed to an increase in to astroglial
cells that metabolizing necrotic tissue. In our study, a small
change in Cu values was found, but this could be linked to
the fact that Cu and Zn are bound to synaptic termini and
regulate exocytosis (Sadiq et al., 2012), thus the possibility is
that release of these metals into the micro-environment may
account for the increased neuronal excitability that has been
reported by others after stroke (Li and Zhang, 2012). Our results
indicate that ischemic stroke can induce significant changes in
the stroke focus point, the GM, as well as in the adjacent WM
of the affected hemisphere. Furthermore, the enriched lipid brain
regions, especially brain WM are vulnerable to ischemic stroke
and can be highly affected by the production of free radicals and
bi-products of oxidation.

The chemometric analyses, PCA in the spectral range of
3500–900 cm−1 and the hierarchy dendrogram from HCA,
delineated a clear separation between the control and the lesioned
sections. From the PCA plot, it was clear that the primary stroke
PS-GM clustered in one group while both PL-GM and CL-
GM clustered together. This clear separation reveals that the
stroke focus region PS-GM has significant molecular changes
in its bio-chemical makeup. One of these major bio-molecular
alterations was found by curve fitting of the second derivative
of the protein bands in the PS-GM spectrum. It revealed an
increase in the β-sheet content and an associated decrease in α-
helical secondary structure- again the interpretation being that
protein aggregation, a marker for neurodegeneration, occurred.
The data also indicate that the effects of stroke are much
more global on the ipsilateral side than originally thought.
Thus, newer or more improved ischemic stroke management
in the sub-acute phase should prioritize treating edema and
the oxidative stress damage in order to have a successful
outcome to maintain and improve the PL-GM and L-WM brain
tissue.

Our findings suggest that edema and oxidative stress are the
major factors that affect the integrity, structure and functionality
of the brain as well as leading to bio-molecular and elemental
alterations 1 week post-stroke. However, it has been found that
24 h post stroke, the molecular and elemental alterations are
mainly due to tissue swelling following edema but oxidative-
damage is not responsible for the these alterations especially
at perilesional gray matter (PL-GM) region (Caine et al.,
2016). Our results show that FTIR bio-spectroscopy is a non-
destructive, rapid, and a refined technique to characterize
oxidative stress bio-markers not obtained by routine approaches
for lipid degradation. Also, we can detect secondary structure
protein changes such as β-sheet formation. Normally, detection
of these changes requires biochemical methods that include
tissue homogenization and, or treatment for immunoblotting or
IHC, destroying the spatial-temporal integrity of the brain. In
summary, these results suggest that a good therapeutic strategy
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should include a mechanism that provides protective effect from
brain swelling (edema) and neurotoxicity by scavenging the
lipid peroxidation end products. This strategy can include the
protection of the blood–brain barrier (BBB) endothelial cells.
Thus, we conclude that FTIR can complement and expedite
research into stroke.
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FIGURE S1 | The representative FTIR spectrum of white matter (WM) in a native
control rat brain in the spectral range of 4000–700 cm−1 and mechanical
properties of the native and lesioned brain sections. Representative FTIR spectra
of WM in the native control rat brain from region 4000–700 cm−1.

TABLE S1 | Fourier transform Infrared (FTIR) spectral bands and their
corresponding bio-chemical assignment.
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