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� Traumatic injury results in brain
metabolic dysfunction.

� We assessed brain biochemistry using
Fourier transform infrared
spectroscopy.

� We observed a reduction in lipid acyl
chains with an increase in methyl (–
CH3) and unsaturated lipids
olefin = CH.

� Brain injury induces a reduction in
total lipid and total protein in
different brain areas.
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Acute injury is one of the substantial stage post-traumatic brain injury (TBI) occurring at the moment of
impact. Decreased metabolism, unregulated cerebral blood flow and direct tissue damage are triggered
by acute injury. Understating the biochemical alterations associated with acute TBI is critical for brain
plasticity and recovery. The objective of this study was to investigate the biochemical and molecular
changes in hippocampus, corpus callosum and thalamus brain regions post-acute TBI in rats. Fourier
Transform Infrared (FTIR) imaging spectroscopy were used to collect chemical images from control
and 3 hrs post-TBI (Marmarou model was used for the TBI induction) rat brains and adjacent sections
were treated by hematoxylin and eosin (H&E) staining to correlate with the disruption in tissue morphol-
ogy and injured brain biochemistry. Our results revealed that the total lipid and total protein content
decreased significantly in the hippocampus, corpus callosum and thalamus after brain injury.
Reduction in lipid acyl chains (–CH2) associated with an increase in methyl (–CH3) and unsaturated lipids
olefin = CH concentrations is observed. Furthermore, there is a decrease in the lipid order (disorder),
which leads to an increase in acyl chain fluidity in injured rats. The results suggest acute TBI damages
brain tissues mechanically rather than chemical alterations. This will help in assessing successful thera-
peutic strategy in order to mitigate tissue damage in acute TBI period.
� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Table 1
Spectral regions used for analytical interpretation for TBI study.

Infrared band
assignment

Spectral
range
(cm�1)

Comments

Amide I 1700–
1500

Total protein region

Protein
components

Amide I 1700–
1600

Specifically sensitive to
protein secondary
structure

b-sheet 1610–
1635

Functional protein,
related to secondary
structure of protein

a-helix 1660–
1650

Functional protein,
related to secondary
structure of protein

Random coil 1645–
1630

Related to secondary
structure of protein

C-H region 3100–
2800

Total lipid region

Lipid component msCH2 2852–
2800

to measure lipid acyl
chain length

masCH2 2915–
2930

masCH3 2950–
2960

to measure concentration
of methyl content

m (C = O) 1755–
1715

to measure oxidative
stress

m
(olefinic = CH)

3000–
3027

to measure unsaturated
lipid content

m = stretching vibration; mas = asymmetric stretch; ms = symmetric stretch. *Reso-
lutions Pro data analyzing software (V5.0), Cytospec (V2.00.03), Origin Lab (2019),
Matlab (V2018b) and Cytospec (2.00.06) were used intensively to process all
spectra and spectral images.
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1. Introduction

Traumatic Brain Injury is defined as damage to the brain from
an external force, affecting over 10 million people globally, and is
believed to surpass many diseases as the leading cause of mortality
in the year 2020 [1,2]. The uneven topography of the inner surface
of certain skull regions are factors that result in heightened vulner-
ability to impact forces (shear, tensile, and compression forces) for
certain brain regions [3,4]. TBI has maximum impact on axons and
blood vessels, tissue tears, and intracerebral hematomas [3,5].
Early traumatic injury results in metabolic, mitochondrial dysfunc-
tion, cellular and molecular alterations causing ultimate cell death
(apoptotic and necrotic), neurotransmitter and excitatory amino
acid release, inflammation and tissue damage [6–8]. Interstitial
levels of excitatory amino acids, such as glutamate, are increased
which leads to depolarization, cellular swelling, calcium influx,
and neuronal cell death. Cerebral glucose utilization is consider-
ably increased in response to released ions and excitatory amino
acids which is called hyper glycolysis [9,10].

Cognitive, emotional, behavioral, and sensorimotor distur-
bances are the principal clinical manifestations of TBI throughout
the early post injury period [8]. Certain regions have a heightened
vulnerability to this injury including the corpus callosum, the ros-
tral brainstem, focal cortical contusion and diffuse subcortical
(such as hippocampus and thalamus), the deeper midline struc-
tures including the basal ganglia and the sub frontal white matter
[5,8,11,12]. Brain injuries are diagnosed by using computerized
tomography (CT) and/or Magnetic Resonance imaging (MRI). CT
and MRI are designed to detect areas of bleeding or after a period
of time remnant of blood called (hemosiderin) [13]. Large quantity
or red blood cells must hemorrhage from blood vessel or blood ves-
sels to be detected by CT or MRI. Unless of blood vessel or multiple
vessels are torn creating relatively large bleed. These technologies
failed to demonstrate and find the presence of multiple, wide-
spread and microscopic axonal injuries that could have devastating
neuropsychological deficits.

Rapid advances in imaging technologies have pushed forward
innovative spectroscopic modalities such as Fourier transform
infrared spectroscopy (FTIR) to the forefront of direct in situ inves-
tigation of brain biochemistry [14]. In contrast to the standard his-
tological staining methods, FTIR is the ‘‘state-of-the-art” bio-
diagnostic and bio-imaging technology for fast diagnosis in medi-
cine and biological studies [15–17]. As the molecule absorbs the
electromagnetic radiation, it produces a band in the infrared (IR)
spectrum due to the vibration of atoms at specific wavenumber
[18]. The IR spectral vibrational wavenumber provide information
about bio-molecules, and produce unique biochemical and bio-
physical fingerprint for proteins, lipids, cholesterols, phospho-
lipids, carbohydrates, and nucleic acids. FTIR spectroscopy is a
simple, sensitive, accurate, highly reproducible, non-destructive
(with respect to sample preparation), and rapid, diagnostic tech-
nique. FTIR imaging spectroscopy has also been used to analyze
the pathological changes associated with breast cancer
[16,19,20], stroke [15,17,21], Parkinson’s disease [22–24] and other
neurodegenerative diseases [18,25,26].

FTIR technology is relatively straightforward and rapid. There is
no requirement of prior treatment of brain samples with dyes, or
reagents, in order to characterize the different brain structures,
and the technique, in addition, is non-destructive, which allows
the sample to be analyzed with additional techniques [15,17,19].
Hence, FTIR can be a fast, reproducible technique, in order to char-
acterize the biochemical make-up of various brain regions [17], to
provide a good platform for investigating brain alterations at the
molecular-level, such as in the cases of neurological disorders
[15,17,27–29]. The aim of this study is to elucidate the bio-
2

molecular and chemical information that underlie changes with
brain injury in critical brain regions post-acute stage of TBI and
their possible effect on the brain function.
2. Results

Fourier transform infrared imaging spectroscopy to identify the
chemical alterations in the experimental animals post-acute TBI.

FTIR spectroscopy monitors the vibrational modes of functional
groups within biomolecules and enables a correlation between
chemical information and histological structures [32–34]. Shifts
in peak positions, changes in bandwidths, intensities, and band
area values in the IR spectra are used to obtain valuable structural
and biochemical information and can also explain the status of the
membrane order and dynamics [32,35–37]. Based on our knowl-
edge, for the first time we exploited the IR-imaging spectroscopy
approach in order to investigate lipid and protein alterations after
inducing acute trauma in rats using the Marmarou model. Bands of
the FTIR spectra are corresponding to certain biochemical compo-
nents of the cellular structures such as lipid, protein, ester, nucleic
acids, and carbohydrates. Detailed FTIR band assignments are
defined in Table 1 [30,31].

We investigated IR absorption in the spectral range of 1500–
700 cm�1 and 2800–3100 cm�1, which are corresponding to pro-
tein and lipid components, respectively. The protein region is char-
acteristic of amide I and amide II bands. Amide I arises from
backbone C = O stretching vibrations at about 1600–1700 cm�1

[31,38]. The amide II arises from backbone N-H bending and C-N
stretching vibrations at about 1510–1580 cm�1. Amide I band is
composed of many contributions assigned to b-sheet within
1635–1610 cm�1, random coil at 1645–1630 cm�1, and a-helical
at 1660–1650 cm�1 (Table 1) [15,19,30]. Positions of amide I com-
ponents were determined from the second-derivative intensity
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spectra, while the relative amount of the protein structures were
quantified from the original absorbance spectra curve fitting
[15,39]. Amide II band has multiple assignment contributions,
which makes the amide I band the most important and frequent
band used to explain the secondary structure of polypeptides.
The shift in amide I peak, spectral alteration and the change in
bandwidth indicates the protein conformation changes. Lipid
region (C-H) in the spectra range of 3100–2800 cm�1 is character-
ized by bands assigned to lipid acyl (–CH2) symmetric and asym-
metric stretching, lipid methyl (–CH3) and olefinic contents are
raised at 2852 cm�1, 2922 cm�1, 2955 cm�1, and 3012 cm�1,
respectively [15,30,31]. Lipid acyl chain flexibility (lipid order) is
measured by using the band peak wavenumber value (peak posi-
tion) of the –CH2 either symmetric or antisymmetric stretching
mode. If there is a shift to higher wavenumbers, it indicates that
lipid order decreases (disorder) and leads to an increase in acyl
chain flexibility (fluidity), if it shifts to lower wavenumber values
lipid order increases e.g. acyl chain flexibility decreases [35,40].

Using the assumption that the property of individual biochem-
ical components have their specific vibrational fingerprint, FTIR
micro-spectroscopic imaging enables obtaining chemical images
of the investigated tissue, where each pixel is composed of a spec-
trum originating from vibrational fingerprints [41]. Hematoxylin
and eosin (H&E) staining of the brain section from control rat is
presented in Fig. 1A. The three regions of interest (ROI) for this
study are: a) Hippocampus, b) Corpus callosum and c) Thalamus.
These regions are marked by white squares in H&E section by over-
lapping with FTIR images (scanned by mosaic scanning function in
Agilent Cary 620 microscope) before molecular analysis.
Fig. 1. Representative histological image and FTIR spectral maps of protein and lipid alte
image of rat brain showing regions of interests (ROI’s) in white squares; HC = Hippocampu
H) and Total Protein (Amide I) reflecting their distribution in HC, CC and TH. (C) FTIR spec
C-H (unsaturated lipid content) and C-H/Amide I (Total Lipid/Total Protein). The color
bar = 100 mm. (For interpretation of the references to colour in this figure legend, the re
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The representative FTIR spectral normalized images of total
lipid and total protein in both animal groups are shown in
Fig. 1B. The spectral ratios images of CH2 assym/C-H (lipid acyl
chain length), CH3 assym/C-H (methyl concertation), olefinic/C-H
(unsaturated lipid content) and C-H/Amide I (total lipid/total pro-
tein) of rat brain tissues of control and 3 hrs post-TBI are shown
in Fig. 1C. The images show that the TBI-induced changes in total
lipid and total protein content were seen dramatically reduced
compared to control (Fig. 1B). The spectral images are represented
as color-coded images that are composed of a spectrum in each
pixel. They are colored according to the intensity and calculated
ratio values, where red color corresponds to the highest ratio,
and blue color corresponds to the lowest ratio as shown in color
bar.

The normalized images in Fig. 1B shows that the distribution of
lipid and protein is homogenous in the control brain and heteroge-
neous in TBI animals. This indicates that biochemical and molecu-
lar alterations take place due to TBI induction. These images also
show that injured animals experienced significant reduction in
the lipid and protein contents, which were obvious in the white
matter, cortex, hippocampus, and thalamus regions.

The spectroscopic images in Fig. 1C of –CH2/C-H (lipid region), –
CH3/C-H, olefinic/C-H and lipid/protein ratios reflect the overall
changes in TBI (second row) in comparison to the control (first
row). The FTIR images showed that the intensity of the –CH2/C-H
ratio in the corpus callosum and hippocampus was reasonably
higher in the control brain whereas TBI brain reflects very low
intensity. This intensity in the thalamus region was moderately
high in control than injured brain tissues. On the other hand, the
rations for comparison in control (first row) and 3 h post-TBI (second row). (A) H&E
s, CC = Corpus callosum and TH = Thalamus. (B) FTIR spectral maps of Total Lipid (C-
tral ratio maps for CH2 assym/C-H (lipid acyl chain length), CH3 assym/C-H, Olefinic/
bar showing the intensity of the components, red = max and blue = min. Scale
ader is referred to the web version of this article.)
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–CH3/C-H intensity increased in the white matter, hippocampus
and thalamus regions of TBI animals. Decreasing in the –CH2/C-H
associate with an increase –CH3/C-H intensities indicate that TBI
animals experienced fragmentation of the lipid acyl chains. The
results also show that olefinic/lipid ratio (unsaturation level)
increased in the TBI brains at the three regions of interest in com-
parison to the control group (Fig. 1C). The results also indicated
that acute TBI affects the corpus callosum and hippocampus
severely compared to thalamus region in the brain. The results sug-
gest that although there is a diffuse effect of traumatic injury that
caused reduction in lipid and protein content, this effect was con-
sistent and resulted in total lipid/ total protein ratio to be constant
compared to control animals. Subsequently, the lipid/protein ratio
for different ROI’s in both experimental and control groups
remained almost similar.

The representative averaged and normalized FTIR spectra
acquired from the ROIs, hippocampus, corpus callosum and thala-
mus of control and 3 h post-TBI groups in the spectral range of
4000–900 cm�1 are shown in Fig. 2. We focused on the protein
region at 1700–1500 cm�1 and lipid region at 3100–2800 cm�1

(Fig. 2). The solid line represents the control group and the dotted
lines represent TBI group. Amide I bands give information about
total protein concentration and conformation [15,30,42]. The C–H
Fig. 2. Representative spectra from HC, CC and TH and their comparison. Spectral comp
spectra (second row) and lipid region (third row) of control and 3 h post-TBI rat brai
representing TBI group.

4

stretching region that contains significant vibrations of the fatty
acyl chains is a sensitive marker for the lipid content [4344]. Inter-
estingly, the IR absorbance of the ROI regions for TBI animals has
been significantly decreased comparing to the control group in
both protein and lipid spectral bands.

The decrease in protein content was also supported by a signif-
icant decrease in the amide I concentration (Fig. 2). To obtain more
information about changes in protein composition and structure,
we calculated the band area of amide I and measured the amide
I peak shift (Tables 2 and 3). The amide I spectral band area
decreased in TBI compared to the control group. Since amide I band
profile is corresponding to the protein biochemical structure, the
change in the amide I band spectral profile of the TBI animals sug-
gests that there are biochemical alterations in the structures of
proteins. In addition, significant shifting in the wavenumber of
amide I band to higher values was observed in the ROIs of TBI
group in comparison to the control group that indicates alterations
in protein conformation. The changes in the spectral parameters,
such as the decrease in the band area and the wavenumber shifting
of the amide I band (Fig. 2 and Table 2), indicate structural changes
of brain tissue protein caused by TBI [45,46]. The curve deconvolu-
tion of the average IR spectrum (Fig. 2) of corpus callosum after 3
hrs post-TBI was found composed of a-helical/amide I (0.35 ± 0.0
arison in protein region (first row), representative curve fitting of corpus callosum
n tissues in three ROI’s. The solid line represents the control and the dotted line



Table 2
Protein: The band area and band position values of the amide I band in control and TBI group in the hippocampus, corpus callosum and thalamus regions.

Control HC Acute TBI HC Control CC Acute TBI CC Control TH Acute TBI TH

Amide I area 41.127 ± 0.023 36.954 ± 0.031** 41.311 ± 0.045 31.781 ± 0.041** 43.246 ± 0.032 35.003 ± 0.051**
Amide I position 1652.36 ± 0.45 1653.16 ± 0.33** 1652.53 ± 0.20 1653.57 ± 0.44** 1652.58 ± 0.56 1653.76 ± 0.26**

The values are the mean ± standard error of the mean for each group. The degree of significance was denoted with ** for the comparison of the control. **p � 0.001.

Table 3
Ratios of protein alterations in the corpus callosum.

Region of Interest Ratios Control - CC Acute TBI - CC

a-helix/Amide I 53%* 35%*
b-sheet/Amide I 39%* 59%*
Random coil/Amide I 9%* 7%*

The degree of significance is denoted as * p < 0.05.
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385), b-sheet/amide I (0.59 ± 0.0418), random coil/amide I (0.07 ±
0.0014) (p = 0.0324) (Table 3), which significantly changed from
control CC protein secondary structure composition.

Table 4 represents the shifts in lipid component band peaks and
changes in their band area that confirms the alteration in lipid
order and dynamics. Lipid acyl chain flexibility (lipid order) is mea-
sured by using the wavenumber value (peak position) of the –CH2

either symmetric or antisymmetric stretching mode. It is interest-
ing to observe that there is significant shift of ms(CH2), mas(CH2)
mas(CH3) bands (which are major contributor for lipid concentra-
tion) to higher wavenumbers in the regions of interest. These
results support that lipid order decreases and acyl chain flexibility
increases for the 3 hrs post-TBI rat brains. In addition, the changes
in the bandwidth of the C-H stretching bands reflect the alterations
in the dynamics and hence fluidity of the system [47]. The increase
of bandwidth and band peak shift indicates an increase in the flu-
idity of the system. According to the results of this study, TBI
increases the membrane fluidity in the ROI’s - HC, CC and TH and
may lead to disordering effect in lipid-protein symmetry of the cel-
lular structure (Fig. 2 and Table 4).

In order to determine TBI-induced alterations in the concentra-
tion and composition of biomolecules content, the band area ratios
of several functional groups that belong to lipids and proteins were
calculated from the ROIs for control and TBI groups. These ratios
are shown in Fig. 3. Lipid and protein amounts were obtained from
area of C-H region and amide I concentration, accordingly. The
total lipid to total protein ratio is an important parameter in
molecular membrane symmetry [48]. It was obtained by taking
the ratio of the integrated areas of the C–H stretching region to
the area of the amide I. Also, in order to obtain qualitative informa-
tion on the lipid structure of brain tissues, olefinic band (=CH)/C-H
lipid (unsaturation level), CH2/C-H (lipid acyl chain length) and
CH3 asymmetric/C-H (methyl concentration) were calculated.
Table 4
Lipid: The peak position and bandwidth values of CH2 symmetric, asymmetric and CH3 a
thalamus regions.

Control HC Acute TBI HC Control CC

Peak position
ms(CH2) 2852.28 ± 1.023 2853.23 ± 0.068** 2853.32 ± 1.045
mas(CH2) 2923.45 ± 1.064 2925.18 ± 0.033** 2923.35 ± 0.20
mas(CH3) 2953.76 ± 0.042 2955.56 ± 0.053** 2953.36 ± 0.029

Bandwidth
ms(CH2) 2.34 ± 0.003 2.36 ± 0.001** 2.35 ± 0.002
mas(CH2) 14.34 ± 0.013 13.35 ± 0.031** 14.35 ± 0.002
mas(CH3) 5.46 ± 0.018 5.48 ± 0.011** 5.47 ± 0.021

m = stretching vibration; mas = asymmetric stretch; ms = symmetric stretch. The values are t
denoted with ** for the comparison of the control. **p � 0.001.
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The results show that there is a significant increase in the
olefinic = CH/C-H lipid ratio observed in the ROIs of 3 hrs post-
TBI compared to the control group, indicating that unsaturated
lipid content increased in injured brain tissues (Fig. 3). The band
position and band area values of –CH2 symmetric, asymmetric
and –CH3 asymmetric band in control and TBI group in hippocam-
pus, corpus callosum and thalamus regions are displayed in Table 4.
We observed a significant decrease in the –CH2 /C-H (lipid) ratio in
the ROIs of 3 hrs post-TBI group. This ratio provides information
about the alterations in the acyl chains of the lipid content. The
results show that there is a significant decreased in the TBI ani-
mals’ group in comparison to the control group, suggesting the
lipid content of TBI brains is exposed to fragmentation (acyl chain
breaking down) (Figs. 1C & 3). In addition, the methyl CH3

asymmetric/C-H ratio increased, which also supports the results
of breaking down the lipid acyl chain in the rat brain. Interestingly,
in TBI animals, the total lipid/total protein ratio at the ROIs
remained unchanged although a reduction in both lipid and pro-
tein contents is noted.
3. Discussion

In this study, we used high-resolution FTIR chemical imaging
spectroscopy technology in order to examine the biochemical
and molecular changes in rat brain tissues post-acute TBI. FTIR
results indicated that white matter (corpus callosum) and hip-
pocampus are vulnerable regions in our TBI Marmarou model.
These regions are more affected after acute TBI in comparison to
the thalamus region. Identifying the bio-chemical alterations at
cellular and sub-cellular level of the affected brain regions is essen-
tial in trauma management as well as for developing therapeutic
intervention. Membrane structure and symmetry is a very impor-
tant factor for the membrane function and dynamics. This symme-
try is corresponding to the lipid to protein ratio of the membrane
[49,50].

The spectroscopic results revealed: (a) in the protein region,
there is a reduction in the protein content; (b) the secondary struc-
ture of the protein experienced biochemical alterations; (c) in the
lipid region, there is reduction in the lipid content; (d) the CH2/
lipid decreases while the CH3/lipid indicating lipid acyl chain frag-
mentation and olefin/lipid is increase indicating increasing the
symmetric band in control and TBI group in the hippocampus, corpus callosum and

Acute TBI CC Control TH Acute TBI TH

2854.35 ± 0.073** 2852.67 ± 1.032 2853.43 ± 1.051**
2924.21 ± 0.041** 2923.76 ± 1.056 2924.34 ± 0.026**
2955.54 ± 0.044** 2953.36 ± 1.034 2954.82 ± 0.023**

2.37 ± 0.001** 2.32 ± 0.003 2.33 ± 0.002**
12.39 ± 0.011** 14.32 ± 0.023 13.38 ± 0.012**
5.49 ± 0.001** 5.46 ± 0.002 5.47 ± 0.003**

he mean ± standard error of the mean for each group. The degree of significance was



Fig. 3. Representative bar graphs for quantitative comparison of protein and lipid components. The bar graphs represent the changes in total lipid (C-H) and total protein
(Amide I) (top) and changes in CH2 assym/C-H (lipid acyl chain length), CH3 assym/C-H, Olefinic/C-H (unsaturated lipid content) and C-H/Amide I (Total Lipid/Total Protein)
ratio (bottom) for HC (wide downward diagonal bars), CC (small confetti bars) and TH (dotted grid bars) in control and 3 hrs post-TBI brain tissues. Statistical significance was
determined from six animals with a MNOVA test and the 95% confidence interval. Bars represent mean ± SD. The degree of significance are denoted by * and ** where
*p � 0.05 and **p � 0.001.
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lipid unsaturation level in the TBI animals. Sub-cellular lipid frag-
mentation and changes in unsaturated lipid content could nega-
tively affect the structure, stability, and function of the
membrane [45,51] and (e) increasing in the lipid acyl chain flexibil-
ity (disordering effect in lipid) [32,35]. These results suggest that
membrane fluidity was increased due to weaker interactions with
neighboring hydrophobic chains. Membrane fluidity plays a major
role in maintaining cell morphology and function. For instance,
increased myelin fluidity promotes demyelination by decreasing
myelin adhesion [52]. The membrane fluidity also determines per-
meability to most nonionic substances [40,45,52]. Hence, the fact
that more severe demyelination and intracellular and extracellular
edema occur at 3 hrs post-injury may be due to increased mem-
brane fluidity. Instead, mild demyelination can be the result of
chronic injury that may suggest that decreased membrane fluidity
is a protective and repairable response. These specific alterations in
biochemical components may adversely affect the neuronal and
synaptic function at hippocampus, corpus callosum and thalamus
as well as their performance in systematic brain function. Further-
more, the FTIR imaging and spectroscopic results revealed that
although there is reduction in lipid and protein in the TBI group,
the lipid/protein ratio is almost constant in both control and
injured animals.

Our results are in good agreement with previous studies in
regards to lipid and protein contents reduction, and protein aggre-
gations [39,53] by FTIR spectroscopy after injury [32,39,54–56].
The amide I peak shifted to higher wavenumber representing pro-
tein structural and conformational deviations [57–59]. The total
lipid and total protein content decreased significantly in the hip-
pocampus, corpus callosum and thalamus after traumatic injury.
Qualitatively shorter hydrocarbon acyl chains of lipids (less acyl -
CH2, more methyl - CH3) and more unsaturated component of
lipids - olefin = CH concentration were revealed by FTIR micro
spectroscopy [54] in TBI compared to the control groups. Further-
6

more, the results showed that shifting of CH2 symmetric and asym-
metric of the ROIs to higher wavenumber corresponds to a
decrease in the lipid order (disorder), which leads to an increase
in acyl chain fluidity in injured rats [35,41,54]. The changes
observed in lipid composition and concentration affecting mem-
brane asymmetry, membrane thickness, functions of membrane
and ion channel kinetics [30,48,60]. Our results also are in good
agreement with the previous studies published by Caine et al.
where mechanical effect and edema effect on the brain after acute
ischemic stroke since they found there is a reduction in lipid and
protein although the lipid/protein ratio remains constant [39].

Acute traumatic brain injury (TBI) may result in long-term con-
sequences and degree of cognitive dysfunction is determined by
the extent of damage to the brain from both the primary and sec-
ondary insults/injuries suffered. A direct physical influence to the
brain or shear forces (due to rapid angular acceleration/decelera-
tion) from the acute injury causes direct mechanical damage to
neuronal and glial cells, the vasculature and strains axons. The
damage from the acute injury is immediate and irreversible [61].
The regions of interest (ROIs) (hippocampus, corpus callosum
and thalamus) studied in this report are extremely significant for
the brain function. The hippocampus is associated more strongly
to encode information and store it for longer period [62,63]. Bio-
chemical and sub-cellular alteration in hippocampus post-acute
TBI can affect memory formation and memory processing and per-
formance [64]. Corpus callosum (CC) consists of about 200 million
axons that interconnect the two hemispheres whose primary func-
tion is to integrate motor, sensory, and cognitive performances
between the two brain hemispheres. In addition, corpus callosum
connects cerebral, cerebellar and brain stem structures that
involve in information processing. More importantly, it is predom-
inantly comprised of a large amount of myelinated axons [15,55],
containing protein-rich cytoskeleton and axoplasmic protein [53–
55], whereby reduction in lipid and protein contents, associated
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with biochemical changes in the secondary protein structure and
increased lipid fluidity due to TBI can cause slow and inefficient
information processing.

The FTIR results also showed that the thalamus experience sub-
tle effect by acute TBI. This brain region regulates consciousness,
sleep, alertness, and anger. Biochemical alteration of the thalamic
sub-cellular structures due to acute TBI can severely distorts the
normal function of the brain. Brain neurons are well protected
through blood–brain barrier, and lipid-protein structure distortion
can cause serious sequence of events that affect the brain healthy
environment [59]. In addition, TBI can alter membrane permeabil-
ity causing concussion and neural deformation resulting in axonal
swelling, and finally leads to cell death [60–62]. Biochemical alter-
ations due to neural structural deformation caused by TBI imbal-
ances neurotransmitters release that can affect the cellular
sodium–potassium (Na+-K+) pump and results in distribution of
membrane homeostasis [65–67].
4. Conclusions

The results of this study show that a distinct biochemical and
molecular alterations in the hippocampus and corpus callosum of
the brain, while this biochemical change is subtle in the thalamus.
Despite the significant decrease in total lipid and total protein in
the ROIs, the lipid/protein ratio in these regions remain the same.
Also, increased level of protein aggregation is observed in corpus
callosum. Our data also indicated that the observed molecular
alterations are more consistent with mechanical and shearing
effect of the tissue rather than chemical mechanism. This level of
biochemical information could not be obtained with traditional
bio-diagnostic methods. Therefore, the results of this study sug-
gested that the good therapeutic approach should target the brain
physical impact such as swelling and edema in order to mitigate
tissue damage in the acute TBI period and administration of chem-
ical therapy may be show benefits to manage the treatment against
TBI. The results also suggested that Marmarou TBI model is a
highly valuable model to study the biochemical alterations follow-
ing acute TBI. Future studies, such as a time-course investigation,
are now required to investigate this issue with larger number of
experimental animals to determine which therapeutic strategy
would translate well to the human condition.
5. Materials and methods

5.1. Experimental animals

Six male rats (11 weeks-old, Sprague-Dawley rats; Charles River
Laboratories International, Wilmington, MA, United States) were
used in this study. All rats were kept four per cage at room temper-
ature under a constant 12-h light/dark cycle. A mild (by dropping
weight of 450 g from 1-meter height) form of TBI is induced in
two male rats (nTBI = 2) and the remaining four rats served as
age-matched controls (nControl = 4). All experimental protocols also
adhered to the rules of Netherlands Council on Animal Care and
approved by the prestigious University of Utrecht Animal Research
Ethics Board (DEC 2013.I.08.063) prior to commencing any studies.

5.2. Procedure for TBI induction and tissue preparation

TBI is induced by a weight that freely falls from designated
height through a Plexiglas tube. This weight hits a stainless-steel
disc that is glued to the skull. A foam bed supports the animal’s
head. The steel disk prevents the skull from fracturing and dis-
tributes the impact power over a larger brain area. A falling height
of 1 m, using a weight of 450 g induces mild TBI. Brains are
7

extracted, kept in �80 �C until tissue preparation, fixed in 4%
paraformaldehyde (PFA) for 24 h and embedded in paraffin 3 hrs
after TBI induction. The paraffin blocks were kept upside down
on cold plate before slicing for Hematoxylin and Eosin (H&E) stain-
ing and FTIR studies. Paraffin embedded tissue blocks were serially
cut into slices of 10 lm thickness using Leica RM 2155 semi-
automated rotary microtome (Germany) at bregma �3.30 mm.
The regions of interest (ROI) for this study were: (a) Hippocampus,
(b) Corpus callosum and (c) Thalamus. Ten serial and consecutive
10 lm sections from each rat were obtained for FTIR analysis
and histology staining analysis.

5.3. FTIR data acquisition and pre-processing

The brain sections for FTIR analysis for TBI animal model was
mounted on MirrIR low-e microscope slides (Kevley Technologies,
8696 Ranch Dr, Chesterland, Ohio, USA), deparaffinized, dried and
stored in a desiccator at room temperature. 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 lm. FTIR chemical images were recorded using a 64 � 64 Mer-
cury Cadmium Telluride (MCT) Focal Plane Array (FPA) liquid
nitrogen cooled detector in mosaic mode. FTIR imaging was per-
formed with a pixel size of 5.5 � 5.5 mm. Resolution Pro. Software
(version 5.0), Cytospec (version 2.00.06) and OriginPro (2019) were
used for image generation and pre-processing of all spectral data.
Spectra were acquired away from the border between tissue
regions and the substrate to avoid resonance Mie scattering.
Detailed FTIR data acquisition and pre-processing of the data are
explained in our previous work [15–17]. From the corpus callosum
and thalamus, approximately 50–70 spectra were collected and
averaged from both control and TBI group and then compared in
this study. For the hippocampus, as it is a more heterogeneous
region, the area was divided into 10 minor regions, approximately
10–15 spectra from each minor region were collected. All
these ~ 100–150 spectra were averaged for homogenous
comparison.

5.4. Statistical analysis

Statistical analysis was performed using R (v3.6). After testing
data for normal distribution and homogeneity of variance, a one-
way multivariate analysis of variance (MANOVA) was carried out
on the five measurements using a Wilks test. The coefficient of
variation was calculated for each parameter in each animal and
the data summarized as the mean and standard deviations for each
group. The (two-tailed) p � 0.05 were considered as statistically
significant for multiple comparisons (*p � 0.05; **p � 0.001) with
a 95% confidence interval.
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