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Tissue analysis by Fourier transform infrared (FTIR) imaging can determine the biodistribution of molecules,
without pre-analytical modiﬁcation. We aimed to study the infrared spectroscopic changes of a-helical proteins
at post-traumatic epileptic (PTE) foci by FTIR. FITR mapping was applied to detect a-helical proteins in rat
brain tissue samples with post-traumatic epilepsy. Histological examination of brain sections showed that the
rat model of PTE was successfully established. At the PTE foci, high a-helical absorption regions were
evident, where the color difference and absorption were signiﬁcantly different from those in the low-absorption
regions. This provided a distinctive and characteristic pattern at the site of lesions. The use of FTIR imaging
means that it is possible to measure the molecular structural changes resulting from PTE pathologies in tissues,
providing a novel adjunct to conventional pathological diagnostic techniques.
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1. Introduction
Post-traumatic epilepsy (PTE) is a serious complication
that can occur after traumatic brain injury (TBI) and is
deﬁned as a recurrent seizure disorder due to injury to
the brain following trauma (Agrawal et al. 2006). PTE
accounts for 10–20% of symptomatic epilepsy in the
general population and 5% of all epilepsy (Lucke-Wold
et al. 2015; Pitkanen and Immonen 2014). Up to
15–20% of patients may have their ﬁrst seizure 2 years
post-injury (Christensen 2012; Lamar et al. 2014).
Studies have shown the direct association between the
incidence of PTE and the degree of brain trauma
(Kharatishvili and Pitkanen 2010) and PTE leads to
serious injury, disability, and even death (Christensen
2015). An electroencephalogram (EEG) is efﬁcient in
focus localization and severity prognosis, but cannot
predict the likelihood of PTE development in patients
http://www.ias.ac.in/jbiosci

(Storti et al. 2012). Additional complicating factors
may also deter the recording and interpretation of
EEGs in some patients (Appleton and Demellweek
2002).
PTE is an ‘acquired’ epilepsy, in which one possible hypothesis is that it results from abnormalities
in nerve conduction and ion channels. Yamada et al.
reported that loss of function of the KATP channel
could trigger hypoxia-induced seizures, mainly
caused by structural changes in proteins at epileptogenic foci simultaneously with peripheral regions
(Yamada et al. 2001). Then channel closure at these
sites of structural changes leads to membrane depolarization, which subsequently activates voltage-dependent calcium (Ca2?) channels, increasing
intracellular Ca2? levels (Christensen 2012; Lei et al.
2012). As a result, abnormal discharges in the entire
brain occur upon slight external adverse stimuli,
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leading to so called ‘lit’ epilepsy (Cotter et al. 2017;
Mecozzi et al. 2017).
Hematoxylin and eosin (HandE) staining and
immunohistochemistry are used to identify PTE, but
these methods provide limited information about the
chemical composition of the lesions. The rapid
development of Fourier transform infrared (FTIR)
microspectroscopy has made it possible to detect
biochemical changes related to pathological changes
of tissues, adding important adjuncts to conventional
pathological diagnostic techniques (Bird et al. 2011;
Caine et al. 2012). Compared with conventional
histopathological methods, FTIR can be directly
performed in tissues. In addition, computer-processed
data makes FTIR less likely to be inﬂuenced by
human error. Furthermore, FTIR spectroscopy can
obtain and record a spectrum from an intact cell
within a few seconds and emerging technologies
make fast FTIR tissue scans possible. FTIR can
detect molecular structures, allowing the identiﬁcation of tissue classes based on their molecularspeciﬁc vibrational signatures (Yang et al. 2011).
Diagnostic methods based on FTIR have developed
rapidly during the past decade, where the applications of FTIR spectroscopy in biomedicine are
mainly focused on bacterial phenotype identiﬁcation
(Zarnowiec et al. 2015), and molecular structure
determination (Cordeiro et al. 2013).
Proteins have several characteristic absorption bands
in the infrared spectrum since each amino acid residue
has an independent infrared absorption group (Palaniappan and Vijayasundaram 2008). The a-helical
structure (1655 cm-1) is an important secondary
structure of proteins and transmembrane proteins are
rich in a-helixes (Heyden et al. 2012; Hildebrand et al.
2004). Indeed, the transmembrane helix of the a-helical
transmembrane protein is located within the membrane
with a hydrophilic head, a hydrophobic tail, and a
hydrophobic core in the middle, and exhibits different
folding and self-assembly characteristics in an anisotropic and chemically heterogeneous environment
(Heyden et al. 2012; Hildebrand et al. 2004). Therefore, since transmembrane proteins have characteristic
bands in the infrared region, FTIR can be used to detect
transmembrane protein variations (Andraka et al. 2017;
Depciuch et al. 2017).
Nevertheless, until now, no studies of epilepsy have
been performed by FTIR imaging and there has not
been any statistical analysis of tissue spectral data.
Therefore, in this study, we analyzed the molecular
structure of a-helical proteins of PTE using FTIR
mapping of epileptic foci.

2. Material and methods
2.1 PTE animal model
Twenty healthy adult Sprague-Dawley rats, weighing
200 ± 20 g, were obtained from the Beijing Laboratory
Animal Center. Rats were acclimatized with free access
to food and water for 72 h before the experiment. Then
rats were divided into the PTE (n=14) and control
(n=6) groups. The PTE rat model was established
according to Willmore et al (Willmore et al. 1978). In
brief, 2% lidocaine ointment was used to treat membranous pressure points. Stainless steel extradural
screw electrodes were implanted. Then, a burr hole of 1
mm in diameter was made in the calvarium over the left
sensorimotor cortex. A 30-gauge needle attached to a
microinjection syringe was inserted into the cortex to
inject 100 mM ferrous chloride (FeCl2). Then, the
extradural electrodes were attached. The changes in
EEG were recorded at 60 min, 15 days, and 30 days
after the rat model was established and the seizure
behavior of the rats was recorded and observed every
day for 30 days. Thirty days later, no rats showed any
signs of recovery and the 12 rats that had survived were
sacriﬁced by cervical dislocation. The brains of the 12
rats were carefully isolated and ﬁxed with 4%
paraformaldehyde for 48 h for further analysis. The rats
in the control group received similar treatment but were
injected with the same volume of vehicle of FeCl2. The
study was approved by the Institutional Research
Review Board at China University of Political Science
and Law. The experiments were conducted in accordance with the guidelines of the Institutional Research
Review Board at China University of Political Science
and Law.
2.2 Sample preparation
The frontal lobes of the model and control rats were
sectioned in the coronal plane and embedded in
parafﬁn. Then, the tissues were cut at 6 lm and stained
with H&E and glial ﬁbrillary acidic protein (GFAP).
Supplemental tissue sections were mounted on a Au/
Ag layer slide that allowed spectra to be recorded in the
transﬂection mode (Chiriboga et al. 1998).
2.3 Histology
For H&E staining, the sections were mounted on slides
with adhesive and stained with H&E. The sections
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were deparafﬁnized and immersed in dimethylbenzene
twice (15 min each time). Then, the sections were
dehydrated by gradient ethanol and stained with 0.5%
cresyl violet acetate (Leagene, Beijing, China) for 1 h
at 56°C.
For GFAP immunohistochemistry, the parafﬁn sections were deparafﬁnized and heat-treated with citrate
buffer (pH 6.0) for 7 min. Endogenous peroxidase was
blocked with 3% hydrogen peroxide for 10 min and the
slides were blocked with 1% BSA for 1 h. Sections were then incubated with the primary antibodies
(dilution 1:100, Boster, Wuhan, China) for 1 h mixed
with 1% BSA. Biotinylated secondary antibody was
then incubated for 1 h. An avidin-biotin-peroxidase
complex (Maixin, China) was added and the color was
developed using 3-3’-diaminobenzidine. Counterstaining was performed with hematoxylin. All steps were
performed at room temperature. The staining was
observed by a microscope (Carl Zeiss, Germany) and
the results were quantiﬁed using the Image J software
(NIH, Bethesda, MD, USA).
2.4 FTIR and FTIR-mapping imaging
A Fourier transform infrared spectrometer (Thermo
Scientiﬁc NicoletTM 7500-II, Pittsburgh, PA, USA) was
used to analyze the tissue sections in the range of
4000–900 cm-1. Each pixel of the spectroscopic images was sampled in a 25 9 25 lm area on the same
plane. Spectral data were obtained in the transﬂection
mode for deparafﬁnized tissues. All measurements
were recorded at a speed of 1 cm s-1, with a resolution
of 8 cm-1 and a minimum signal-to-noise ratio of 200.
The total acquisition time was 35 min, which is
accompanied with the vibration peak position and
absorbance of amide I. Atmospheric water vapor
interference was eliminated by continuously purged
dry air and warm-up instability was minimized by
continuously keeping the device on. (Huang 2008).
The MINIC-8 Atlus Microscopy Software was used to
analyze the FTIR spectra and FTIR mapping.
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3. Results
3.1 Post-traumatic epilepsy rat model
As expected, thirty days post FeCl2 injection,
hemosiderosis was observed at the frontal epilepsy foci
(ﬁgure 1). Compared with the control group, EEG
analysis showed an epilepsy-like discharge waveform
(ﬁgure 2A–D).
Staining of longitudinal sections suggested ﬁssurelike injection lesions with meningeal rupture and
cracks of the deep cortex in the frontal lobe. Moreover,
injection cracks were evident around the small blood
vessels with congestion, red blood cell leakage, loose
tissue in the injection hole, and vascular and peripheral
space expansion, indicating the possibility of edema.
Furthermore, longitudinal sections changes also indicated that there was brain frontal lobe focal injury,
involving the meninges, cortex, and subcortex, with
congestion of small blood vessels, a large number of
cell components in the gap of the injury with a triangular cavity at the end of the injection channel with
lacunae cells (ﬁgure 3A). In addition, a large number
of phagocytic cells and hemosiderin deposition were
observed in the gap between the injection channels,
with congestion of small blood vessels, diapedesis of
erythrocytes, and intensive gliacyte hyperplasia
(ﬁgure 3A).
3.2 2GFAP was highly expressed in epilepsy foci
Immunohistochemistry revealed that GFAP was overexpressed with intensive gliacyte and phagocytic

2.5 Statistical analysis
The SPSS 17.0 statistical software (IBM, Armonk, NY,
USA) was used for statistical analysis, and the results
were expressed as means ± standard deviation. A Nicolet-Omnic 6.0 (Pittsburgh, PA) workstation was used
for infrared spectrum data processing and pathological
image analysis.

Figure 1. Macroscopic examination of the brains in the
post-traumatic epilepsy and control groups at 30 days.
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Figure 2. EEG monitoring of the rat models and controls. (A) Normal EEG. (B) Multiple spikes combined with slow
waves. (C) Two- and three-phase spikes. (D) Persistent (1 min) abnormal discharge and intermittent abnormal discharge
(arrows).

Figure 3. Histopathological changes of epilepsy foci (longitudinal sections). (A) Fissure-like injection lesions, with
meningeal rupture and cracks in the deep cortex of the frontal lobe (HandE stain, 409). Injection cracks around small blood
vessels with congestion, red blood cell leakage, loose tissue in the terminal of the injection hole and vascular and peripheral
space expansion, indicating the possibility of edema (H&E stain, 1009). Red arrows indicated red cells; Blue arrow shows
gliosis; Yellow arrow showing hemosiderin deposition. (B) Immunohistochemistry of GFAP and intensive gliacyte
hyperplasia (2009).

hyperplasiain epilepsy foci. GFAP immunohistochemistry intensely and diffusely stained the highly
elongated (pilocytic) ﬁbrous astrocytes composing the
lesions (ﬁgure 3B). Together with EEG and histological analyses, the results indicated that the post-traumatic epilepsy rat model was successfully generated
and the rats were suitable subjects for further studies.

3.3 FTIR mapping
The secondary structure of proteins can be determined
in terms of a-helix, parallel and anti-parallel b-sheets,
b-turn, and unordered structure. It was shown that
compared with the control rats, the absorbance was
1.18±0.07 in the high-absorption region of a-helical
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structure at 1655 cm-1 and 0.39±0.05 in the low-absorption region (ﬁgure 4A–B). Next, FTIR-mapping
was performed; the high-absorption region of the ahelical structures was indicated in red and the lowabsorption region was indicated in green. Both the
FTIR contours and 3D images showed high-absorption
regions with distribution of N-H stretching vibrations
around the epileptic foci with FeCl2 injection (ﬁgure 5). This provided a distinctive and characteristic
pattern for the area of the lesion.
4. Discussion
In the present study, the absorption of a-helical structures was identiﬁed by FTIR in a PTE rat model. The
results show that FTIR can identify these lesions with a
distinctive and characteristic pattern, indicating that
FTIR may become a useful tool in the diagnosis and
investigation of PTE.
FTIR spectrometry can provide unique information
on the secondary structure of proteins (Zarnowiec et al.
2015), mutations of nucleic acids (Depciuch et al.
2017), and peroxidation of phospholipids (Petibois and
Deleris 2005). To date there have been some studies on
the use of FTIR for the analysis of the brain structure,
including studies on brain tumors (Gajjar et al. 2012;
Noreen et al. 2011), Lewy bodies in Parkinson’s disease (Araki et al. 2015), and oxidative stress after
arsenic poisoning (Prakash et al. 2015). But as far as
we know, this is the ﬁrst study to investigate PTE foci.
The pathophysiological mechanisms of PTE have
been studied by Willmore et al. (Willmore et al. 1978).
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Iron liberated from hemoglobin is associated with the
generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) (Mori et al. 2004). In
this study, the model was conﬁrmed to have been
established based on epileptic animal behavior scores.
Signiﬁcant segmentation of iron-containing hemoglobin was observed at epileptic foci. EEG detected a
typical epileptic discharge. GFAP was highly expressed
around the epileptic foci and the proliferation of glial
cells was signiﬁcantly enhanced. These results conﬁrmed that the PTE model was reliable and could be
used for the study of a-helical structures.
PTE is an acquired epilepsy and is a process of
abnormal brain discharge, which inevitably relies on
ion channel abnormalities and transmembrane protein
variations. Surguchov et al. (Surguchov et al. 2017)
demonstrated epigenetic mechanisms in epilepsy leading to differences in the expression of transmembrane
proteins in the brain. Changes in transmembrane proteins are known to be involved in PTE (Ifﬂand et al.
2014). Therefore, research on transmembrane protein
variations is essential for identifying PTE and understanding the mechanism underlying PTE occurrence
and prognosis. The a-helical structure (1655 cm-1)
detected in this study is an important secondary structure of proteins and represents a-helical transmembrane
proteins (Baumann et al. 2016; Corbin et al. 1998;
Methot et al. 2001; Smith et al. 2002). The amino acid
sequence at both ends of the cell membrane regulates
the transmembrane properties of the a-helical transmembrane protein by interacting with the aqueous
phase and the phospholipid bilayer (Heyden et al.
2012; Hildebrand et al. 2004). The ionization state of

Figure 4. (A) Fourier transform infrared (FITR) absorbance spectrum obtained from a-helical structures in rat brain tissue
sections. (B) Statistical analysis for absorbance value. ***P\0.001.
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Figure 5. FITR mapping. (A) Contour plot. (B) 3-D chart. The red area (blue ‘?’) shows the high absorption zones of ahelices, the green area (red ‘?’) shows the low absorption zones, including the injection hole and the channel end cavity (red
‘?’).

the amino acid residues at either ends of the transmembrane region are different at different pH values,
inducing or preventing the interaction among the
transmembrane a-helices (Li et al. 2017a; Li et al.
2017b; Wolny et al. 2017). Since transmembrane proteins have characteristic bands in the infrared region
(Baumann et al. 2016; Corbin et al. 1998; Methot et al.
2001; Smith et al. 2002), FTIR can be used to detect
transmembrane protein variations in tissue samples
(Andraka et al. 2017; Depciuch et al. 2017). For
example, FITR studies showed that transmembrane
peptides crossed the phosphatidylcholine membrane
and formed a stable transmembrane a-helical structure
(Guler et al. 2016; Manor et al. 2014). Moreover,
FTIR-mapping allows surface scanning of infrared
specimens. This technique enables the collection of the
infrared spectrum of all the units, which can be combined into an infrared spectral image for further analysis. Therefore, pathological changes that cannot be
detected by traditional morphological examinations can
be detected using FITR. Furthermore, according to
speciﬁc chemical structures, this method shows the
degree of infrared absorption by color maps, thus more
accurately and objectively reﬂecting pathological
changes.
The FTIR results showed absorbance of 1.18 ± 0.07
in the high-absorption region of a-helical structure and
absorbance of 0.39 ± 0.05 in the low-absorption
region. FTIR contours and three-dimensional images
obtained from FTIR-mapping showed visible injection
channels and the terminal cavity. Meanwhile, the
epileptic foci formed at the injection terminal site
exhibited an obvious high-absorption region of the a-

helical structure, and the color difference as well as
absorption of the high-absorption region was signiﬁcantly different from that of the low-absorption region.
This indicated that the amount of a-helical structure at
the PTE foci increased, and the a-helical transmembrane proteins had accumulated. It also suggested that
the PTE foci were largely associated with changes in
transmembrane proteins, and that transmembrane proteins with a-helical structure are widely involved in the
occurrence of PTE. The changes in FTIR mapping
were associated with GFAP immunohistochemistry,
which is a marker of brain injury (Lei et al. 2015).
In conclusion FTIR can be used to detect changes in
a-helical proteins, and analyze the protein changes at
epileptic foci of PTE to provide clues to explain the
occurrence and prognosis of PTE. The a-helical
structure at epileptic foci of PTE was preliminarily
explored in this study, although the protein structure
involved in PTE is not limited to a-helix. Future
studies should aim to determine the secondary structure
of a variety of proteins at different peaks, determine
protein types as well as functions of these structures,
and thus interpret pathophysiological processes of PTE
from the perspective of infrared spectroscopy using
FTIR detection.
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