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Abstract Arteriovenous malformations (AVMs), masses
of abnormal blood vessels which grow in the brain,
produce high flow shunts that steal blood from sur-
rounding brain tissue, which is chronically hypoper-
fused. Hypoperfusion is a condition of inadequate tissue
perfusion and oxygenation, resulting in abnormal tissue
metabolism. Fourier transform infrared (FTIR) spec-
troscopy is used in this study to investigate the effect of
hypoperfusion on homogenized rat brain samples at the
molecular level. The results suggest that the lipid content
increases, the protein content decreases, the lipid-to-
protein ratio increases, and the state of order of the
lipids increases in the hypoperfused brain samples.
FTIR results also revealed that, owing to hypoperfusion,
not only the protein synthesis but also the protein sec-
ondary structure profile is altered in favor of b-sheets
and random coils. These findings clearly demonstrate
that, FTIR spectroscopy can be used to extract valuable
information at the molecular level so as to have a better
understanding of the effect of hypoperfusion on rat
brain.
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Introduction

Arteriovenous malformations (AVMs) are congenital
vascular malformations that bypass the blood from the
arterial side to the venous side, mimicking an arterio-
venous fistula. Because of this bypass, blood in the
arterial side drains to the venous side and this drainage
causes a hypoperfusion on the surrounding brain tissue,
which is called as the steal phenomenon. This phenom-
enon is caused by the diversion of the blood flow from
high-resistance tissue capillaries to low-resistance AVM
nidus. The steal phenomenon usually presents itself
clinically with hypoxic symptoms. AVM can occur in
any area of the brain, and may be either small or large.

AVMs come to clinical attention mainly in young
adults, typically before the age of 40. It was reported in a
previous study that about 53% of patients with AVMs
present with a hemorrhage (Hofmeister et al. 2000). In
addition to this, chronic cerebral hypoperfusion is also
shown to cause learning and memory impairments
(Wang et al. 2000).

In the case of hypoperfusion, there is a reduction of
both oxygen and glucose supplies (Kawaguchi et al.
2002). Since brain cells are unusually sensitive to oxygen
lack (Siesjo 1988) and glucose is the only substrate used
by the brain, it is very crucial to investigate the effect of
hypoperfusion on the brain. The effect of hypoxia (Kral
et al. 1993; Fleidervish et al. 2001; Yamada et al. 2001)
and the influence of glucose deprivation (Alici and He-
inemann 1995; Alici et al. 1998) on different regions of
the brain have been investigated previously by many
scientists. Despite some studies on the effect of hypop-
erfusion on the brain (Shi et al. 2000; Takagi et al. 2000;
Wang et al. 2000; de Wilde et al. 2002; Kawaguchi et al.
2002; Roman et al. 2002), the precise mechanism of
hypoperfusion-induced changes on brain tissue still re-
mains to be elucidated at the molecular level. The aim of
this study is to obtain a more detailed picture about this
effect at the molecular level by using Fourier transform
infrared (FTIR) spectroscopy. It is a non-disturbing
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technique which provides quantitative biochemical
information about biological samples (Choo et al. 1993;
Sills et al. 1994; Liu et al. 1996; Jackson et al. 1997;
Wetzel et al. 1998; Diem et al. 1999; Liu et al. 2002;
Çakmak et al. 2003; Mourant et al. 2003). It is a valu-
able technique due to its high sensitivity in detecting
changes in the functional groups belonging to tissue
components, such as lipids, proteins and nucleic acids
(Fabian et al. 1995; Kneipp et al. 2000). The shift in the
peak positions, bandwidths and intensities of the bands
all give valuable structural and functional information,
which may have diagnostic value (Liu et al. 1996; Yano
et al. 1996; Ci et al. 1999; Severcan et al. 2000). The
FTIR spectroscopy technique has been previously ap-
plied to investigate the effect of estradiol and tamoxifen
on rat brain membranes (Dicko et al. 1999). It has also
been established that FTIR spectroscopy has an
increasingly important role to play in the field of
pathology. Disease-induced changes can easily be de-
tected with this technique. It has been used in the
characterization of tissues from cancer, Alzheimer’s
disease, arthritis and multiple sclerosis (Gentner et al.
1998).

Materials and methods

After approval by the Ethics Committee, male Winstar albino rats
were selected for our study with weights ranging between 250–
320 g. They were divided into two groups: group 1 (five rats) was a
control group without any treatment; group 2 (seven rats) was a
chronically hypoperfused group.

In group 2, cephalic internal carotid artery to caudal external
jugular vein anastomosis was performed as described by Spetzler
et al. (1978) to bypass blood through the circle of Willis without
perfusing the main brain vessels. Stealing of blood through the
fistula resulted in chronic hypoperfusion of the brains over an
eight-week waiting period, as reported by others (Morgan et al.
1989; Bederson et al. 1991). In group 2, chronic hypoperfusion
resulted in hypoxia, proven by pathology revealing hippocampal
neuronal cell loss and gliosis. Then, the rats were decapitated. Rat
brain tissues were removed for FTIR spectroscopy analysis and
stored at )80 �C.

Details of the surgery

Under general anesthesia of intraperitoneal ketamin/xylazin (90/
10 mg/kg), and with the aid of an operation microscope and
microsurgical techniques and instruments, the right common car-
otid artery, the right internal and external carotid arteries, the right
common jugular vein and the right external jugular vein were
identified and dissected. The right external carotid artery was li-
gated from its origin from the common carotid artery. The right
common carotid artery was ligated caudally and the external jug-
ular vein was ligated cephally. The right common carotid artery
superior to ligation and the external jugular vein inferior to the
ligation were cut using a micro-technique. The free ends were end-
to-end anastomosed to each with interrupted 10/0 nylon sutures. In
each anastomosis, the function of the fistula was tested with
proximal and distal closing tests and confirmed.

Operated rats were kept in normal diurnal rhythm without
restriction of any diet or activity for 8 weeks. At the end of
8 weeks, euthanasia was applied to all groups at the same time to
decrease variability of the results and all rats were decapitated.

FTIR analysis

The brain samples were homogenized with saline phosphate buffer,
pH 7.4, and centrifuged at 125,000·g for 15 min. Membrane-rich
parts (pellet) of these homogenates were used for FTIR studies.
FTIR spectra of samples were recorded at 3100–1000 cm)1. Sample
suspensions of 15 lL were placed between water-insoluble CaF2

windows with 12 lm sample thickness. IR spectra were obtained
using a Bomem 157 FTIR spectrometer (Michelson Series, Bomem,
Quebec, Canada) equipped with a deuterated triglycine sulfate
(DTGS) detector. The instrument was under continuous dry air
purge to eliminate atmospheric water vapor. Interferograms were
averaged for 400 scans at 4 cm)1 resolution.

Win Bomem Easy software (Galactic Industries Corporation)
was used for the frequency measurements. The spectra of brain
homogenates were subtracted from the spectrum of the buffer and
the wavenumber values of all functional groups were recorded. The
band positions were measured according to the center of weight.
The spectra were normalized in specific regions for data analysis by
using the same software. After the normalization process, the band
areas were calculated using GRAMS/32 (Galactic Industries,
Salem, NH, USA). An integration function was applied in the
2994–2949 cm)1 region for the area of the CH3 asymmetric
stretching band, in the 2866.5–2794 cm)1 region for the area of the
CH2 symmetric stretching band, in the 1709–1583 cm)1 region for
the area of the amide I band, and in the 1583–1484 cm)1 region for
the area of the amide II band. To find out the number of peaks
in the amide I region for the curve fitting process, the second
derivative spectra were calculated by using Win Bomem Easy
software (Savitsky–Golay as derivative operation, nine points of
smoothing) in the amide I region (1710–1585 cm)1). After baseline
correction, the best fit for decomposing the amide I bands in the
region between 1710 cm)1 and 1585 cm)1 was obtained by
Gaussian components using GRAMS/32. Band shape was con-
sidered Gaussian in all instances and the baseline was always linear.
The band position and width of the first peak, corresponding to
b-sheet antiparallel structure, was fixed at 1693 cm)1 (width
11 cm)1); the sixth peak, corresponding to b-sheet structure, was
fixed at 1633 cm)1 (width 40 cm)1), but the other bands (at
1680 cm)1, 1660 cm)1, 1647 cm)1, 1637 cm)1) were left free. The
process was iterated until a satisfactory fit between the computed
and experimental band was obtained. The percentage areas of the
sub-bands in the amide I region were calculated from the final fitted
band areas. The fit was converged with a correlation (R2) of 0.99–1
and a standard error of 0.001. Averages of the spectra belonging to
the same experimental group were calculated by using GRAMS/32.

Statistics

The results were expressed as mean±standard deviation. The dif-
ferences in the means of the treated and control samples were
compared using the Mann–Whitney U test. A P value of less than
0.05 was considered statistically significant (P<0.05*, P<0.01**,
P<0.001***).

Results and discussion

We have carried out FTIR spectroscopic studies on
tissue homogenates from rat brain subjected to steal
phenomena. The aim is to identify the biochemical and
biophysical changes occurring in brain tissues as a result
of hypoperfusion.

Table 1 shows changes in the band areas of the main
functional groups in the 3000–1480 cm)1 region. As seen
from the table, there are significant differences between
hypoperfused brain and control brain samples, which
will be discussed in detail.
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Figure 1 shows the average spectra in the 3000–
2800 cm)1 region for both control and hypoperfused
brain samples. Lipids are the major contributors in this
spectral region (Mourant et al. 2003). Spectra were
normalized with respect to the CH2 asymmetric
stretching band. The area of IR absorptions arising from
a particular species is directly proportional to the con-
centration of that species. Thus, in principle, it is pos-
sible to determine the concentration of multiple analytes
from a single spectrum, imparting a significant saving of
time and labor (Jackson et al. 1997). The bands centered
at 2956 cm)1 and 2923 cm)1 correspond to the stretch-
ing mode of asymmetrical CH3 and CH2 vibrations,
respectively; the band centered at 2852 cm)1 corre-
sponds to CH2 symmetric stretching vibrations due to
lipids (Melin et al. 2000). It is seen from Table 1 and
Fig. 1 that there is a decrease in the area of the CH3

asymmetric stretching mode in the hypoperfused brain
tissues. This means that the number of methyl groups in
the acyl chains of lipids in this group decreases (Ta-
kahashi et al. 1991). An increase in the area of the CH2

symmetric stretching mode occurs with the application
of operations on the rat brain, indicating an increase in
phospholipids or fatty acid concentrations. This change
in the lipid content might be important, because the cell
lipids play several significant roles in the regulation of
membrane function (Evans and Hardison 1985).

FTIR spectroscopy is one of the major techniques for
the determination of protein secondary structures (Arr-
ondo et al. 1993; Haris and Severcan 1999; Severcan and
Haris 2003). Thus, FTIR spectroscopy offers unique
possibilities for the simultaneous study of proteins to-
gether with lipid structures in biological membranes and
tissues (Szalontai et al. 2000; Çakmak et al. 2003). Fig-
ure 2 shows the average spectra for both control and
hypoperfused groups in the 1720–1480 cm)1 region. The
spectra were normalized with respect to the CH2 asym-
metric stretching band. The bands around 1647 cm)1

and 1549 cm)1 are attributable to amide I and amide II
vibrations of structural proteins, respectively (Manoha-
ran et al. 1993; Haris and Severcan 1999). It is clearly
seen in Table 1 that the areas of the amide I and amide
II bands decrease in the hypoperfused group. This de-
crease in the content of protein can be due to the dis-
ruption of protein synthesis which occurs in the case
of decreased cerebral blood flow and consequently
ATP depletion in hypoperfused brain samples (Fieschi
et al. 1990; Wang et al. 2000). In addition to this, it
wasreported previously that amino acid formation is
reduced after ischemic insult, which may also explain the

observed decrease in the protein content in the hypop-
erfused brain samples in our case (Sutherland et al.
1990).

An important factor affecting the membrane struc-
ture and dynamics is the amount of proteins and lipids
in the membranes (Szalontai et al. 2000). From the
FTIR spectrum, a precise protein-to-lipid ratio can be
derived by calculating the ratio of the areas of the bands
arising from lipids and proteins. As it is seen in Table 1,
the ratio of the area of the amide I band to the area of
the CH2 symmetric stretching absorptions decreases
in the hypoperfused group. Generally, this decrease in
the ratio suggests a decrease in the protein content or an

Table 1 Changes in the band
areas and area ratios of various
functional groups in control
(n=5) and hypoperfused (n=7)
rat brain tissues (values are
shown as mean±standard
deviation)

Functional groups Control Hypoperfused P values

CH3 asymmetric stretching 2.126±0.009 1.776±0.019 <0.009**
CH2 symmetric stretching 6.520±0.010 6.600±0.009 <0.010**
Amide I 194.550±0.100 178.586±0.100 <0.010**
Amide II 30.026±0.070 27.419±0.080 <0.010**
AmideI/CH2 symmetric stretching 29.830±0.100 27.058±0.101 <0.008**

Fig. 1 The average spectra of control (n=5) and hypoperfused
(n=7) brain samples in the 3000–2800 cm)1 region. The spectra
were normalized with respect to the CH2 asymmetric stretching
band

Fig. 2 The average spectra of control (n=5) and hypoperfused
(n=7) brain samples in the 1720–1480 cm)1 region. The spectra
were normalized with respect to the CH2 asymmetric stretching
band
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increase in the lipid content, or both (Jackson et al.
1997). In our case, the increase in the lipid content in the
hypoperfused groups is supported by the significant in-
crease in the area of the CH2 symmetric stretching
vibrations, whilst the decrease in the protein content is

supported by the decrease in the areas of both the amide
I and amide II bands. All these results support the
finding that the lipid-to-protein ratio increases in the
hypoperfused brain samples.

The frequency of the absorptions provides informa-
tion relating to structure/conformation and intermolec-
ular interactions (Jackson et al. 1997, 1999; Toyran et al.
2003). The changes in the wavenumber (frequency) val-
ues are given in Table 2. The table shows that there is a
significant decrease in the frequency of the CH2 sym-
metric and asymmetric vibrations upon the induction of
hypoperfusion in the rat brain. This indicates an increase
in the state-of-order in lipids (Kneipp et al. 2000).

The changes in the deep interior of the bilayer were
monitored by the wavenumber of the CH3 asymmetric
stretching mode. An increase in the frequency of this
band reflects increasing librational freedom of the acyl
chains in the central area of the bilayer, and a decrease
in the frequency corresponds to stiffness of the bilayer
(Umemura et al. 1980). As is seen in Table 2, there is a
decrease in the frequency of the CH3 asymmetric
stretching mode, revealing that application of the oper-
ation decreases the librational freedom of the acyl chains
of the phospholipids in the central area of the bilayer of
rat brain homogenates.

The amide I region, around 1646 cm)1 in our case, is
useful for the determination of protein secondary
structure (Lyman and Murray-Wijelath 1999). We have
carried out further analysis of proteins present in the
brain samples by resolving the amide I band using band-
fitting methods to have a better understanding of the
effect of hypoperfusion on protein structure at the
molecular level. In the amide I region (1710–1585 cm)1),
the underlying bands contributing to the baseline-cor-
rected spectra were determined using a combination of
second-derivative and curve-fitting functions. Firstly, by
using a second-derivative arithmetical function, six
peaks and their relative positions were determined. In
Fig. 3 the peak around 1693 cm)1, labelled as 1, arises
from b-sheet antiparallel structure; the peak around
1680 cm)1, labelled as 2, arises from b-turn structure;

Table 3 Summary of results of the curve-fitting analysis expressed as a function of percentage areas of main protein secondary structures
for control (n=5) and hypoperfused (n=7) rat brain samples (values are shown as mean±standard deviation)

Structure Peak centers (cm)1) Area (%) Area (%) P values
Control Hypoperfused

a-Helix 1660, 1647 39.05±1.73 35.95±1.18 <0.05*
b-Sheet 1693, 1680, 1633 53.33±1.02 56.06±1.60 <0.05*
Random coil 1637 7.03±0.92 8.06±0.66 <0.14

Table 2 Changes in the frequency (wavenumber) values of various functional groups in control (n=5) and hypoperfused (n=7) rat brain
tissues (values are shown as mean±standard deviation)

Functional groups Control Hypoperfused P values

CH3 asymmetric stretching 2956.60±0.13 2955.50±0.13 <0.008**
CH2 asymmetric stretching 2922.90±0.12 2922.20±0.10 <0.008**
CH2 symmetric stretching 2851.80±0.13 2851.40±0.09 <0.008**

Fig. 3 A The underlying amide I bands in the 1710–1585 cm)1

region, as deduced by curve-fitting analysis for average spectra of
the control (n=5); B the average spectra of the hypoperfused
(n=7) brain samples. Peak 1 refers to b-sheet antiparallel structure;
peak 2 refers to b-turn structure; peak 3 refers to unordered a-helix
structure; peak 4 refers to a-helix structure; peak 5 refers to random
coil structure; peak 6 refers to b-sheet structure
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the peak around 1660 cm)1, labelled as 3, is due to
unordered a-helix structure; the peak around 1647 cm)1,
labelled as 4, arises from a-helix structure; the peak
around 1637 cm)1, labelled as 5, is assigned to random
coil structure; and the peak around 1633 cm)1, labelled
as 6, is assigned to b-sheet structure (Cadrin et al. 1991;
Takahashi et al. 1991; Kochan et al. 1995; Hendler et al
2003). The second derivative of the original spectra of-
fers a direct way to identify the peak frequencies of the
characteristic components and thus permits much more
detailed qualitative study (Susi and Byler 1983).

The underlying amide I bands as deduced by curve-
fitting analysis for control and hypoperfused groups are
given in Fig. 3. The best fit for decomposing the
complex feature of the amide I band was obtained by
Gaussian curves. The percentage areas of the main
protein secondary structures obtained after curve-fitting
analysis are given in Table 3 for both control and
hypoperfused brain samples. It can be deduced from
these results that hypoperfusion causes a significant
decrease in the content of a-helical structures and a
significant increase in the content of b-sheet structures.
These results, together with a slight increase in the
content of random coil structures, imply that denatur-
ation of the proteins might be taking place. Another
possibility for the increase in the b-sheet structures is
that there may be an overexpression of b-amyloid
precursor protein in the hypoperfused brain, which was
the case in a previous study on rodent models (Shi
et al. 2000). Furthermore, the changes we have ob-
served in the secondary structure of proteins in hyp-
operfused tissues were indirectly supported by previous
studies with other techniques, such as Western blotting
(Kurumatani et al. 1998), SDS gel electrophoresis and
immunoblot methods (Ogata 1989). In our study, by
considering the increase in the b-sheet and random coil
structures, we can deduce that proteins might be seri-
ously affected in the hypoperfused brain. One possible
explanation for this effect may be intracellular acidosis,
which occurs as a result of the combined extrusion of
H+ ions and lactate accumulation during ischemia/
hypoxia (Siesjo 1988; Plaschke et al. 2000; Schurr
2002). The increase in anaerobic glycolysis, in which
glucose is converted to lactate, and the decrease in
lactate clearance under hypoperfused conditions, leads
to lactate accumulation (Fieschi et al. 1990; Ueda et al.
2000). Lowering the pH can cause some changes in the
protein structure and function, which may result in
gross membrane dysfunction (Siesjo 1988).

In conclusion, the results of this work suggest that
hypoperfusion causes significant effects on the structure
and content of lipids and proteins in rat brain homo-
genates. An increase in the lipid content, a decrease in the
protein content and an increase in the lipid-to-protein
ratio were observed. The state of order of lipids increases
in the hypoperfused rat brain samples. FTIR results also
revealed that the proteins are affected in terms of content
and secondary structure in favor of b-sheets and random
coils.
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