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Abstract

Although already in use in several medical domains, only recently optical coherence tomography (OCT) has been applied in the study of
ischemic events. In this paper, we will focus on characterizing ischemic stroke, in a rat model, by OCT. Investigations were carried on a set
of 25 rats, on which ischemic stroke was inflicted by a transient occlusion of the middle cerebral artery (tMCAO). Animals were sacrificed
1,3, 7 and 28 days after occlusion. We tested the OCT’s power of detection and discrimination of stroke area compared to both normal,
contralateral hemisphere and non-affected brain tissue, together with the aid of histochemical and pathological examination. Our results
show a great potential of OCT to be used as a detection tool in acute and chronic phases of stroke.
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=& Introduction

Stroke represents one of the most important causes of
death and disability in developing countries [1]. Beside
extensive investigations and monitoring of injured area by
classic investigation methods such as magnetic resonance
imaging (MRI), computer tomography (CT) and ultra-
sounds, there is a continuous search for new technologies
with efficient applicability in the study of ischemic events
of the brain.

Following stroke, a plethora of biochemical and
molecular changes occur inside the affected area, and
within just a few hours, the whole area can be lost if
reperfusion is not initiated. Although methods such as
perfusion/reperfusion MRI are efficient diagnostic tools,
the cost of such investigation methods makes them
extremely inefficient in emerging economy countries.

Cerebral ischemia that follows severing the blood
supply to a focal brain area alters the existing homeostatic
mechanisms in the whole brain. The magnitude and extent
of the processes that are undergoing after such an event
depend on many factors and parameters, part of which are
still subject of debate [2]. While in moderate ischemia,
protective systems can be activated in order to compensate
for the decreased supply of blood substrate and cellular
recovery, and can be partially successful, in severe
ischemia these mechanisms seem to be different [3].
A severe and prolonged ischemia causes irreversible
destructive processes to occur by overcoming the com-
pensatory systems, finally resulting in cellular death. In

addition, ischemia leads to inappropriate cell signaling,
aberrant activation processes, including gene expression,
phenomena, which, under normal conditions, may not
be hazardous, but in this context, can lead to cell death
in the so-called penumbra of the stroke, thus increasing
the irreversible affected “area core”. After ischemia, both
destructive processes and protective/compensating factors
are enabled, resulting in a storm of cell signaling that
can end in either cell survival or death [4]. The under-
standing of this dual cell signaling is of outmost interest
for researchers everywhere. As such, any methods of
investigation for either acute detection or monitoring in
the chronic phase are of the highest interest. Optical-
imaging methods are ideal for those cases where a fast
and non-destructive method is required.

Optical coherence tomography (OCT) is an imaging
method introduced into medical research over two decades
ago which is based on an optical concept of low coherence
interference imaging [5-7]. Due to its characteristics
[8], OCT devices are providing high speed of analysis,
microns resolution and non-invasive investigations of
target tissue. Used first as a solution for depicting structural
and functional investigations of the eye for ophthalmo-
logists [6, 9, 10], OCT technologies were spread out
during the last decade towards other domains as gastro-
enterology [11-14], dermatology [15] and neurology [16—
20]. OCT was already reported as a possibility of brain
imaging but extensive and detailed investigations are
still to be done [21].
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& Materials and Methods
Animals

Our studies have been conducted using a group of 25
Sprague—Dawley male rats, aged between 19-20 months,
with weights between 500-650 g. The animals have been
raised and brought to adulthood, in sterile laboratory
environment at a constant ambient temperature of 21°C
and humidity between 40-70%. The environment para-
meters were kept constant by using an air-conditioning
system. Refreshing air was achieved at a rate of at least
10 times per hour in order to prevent buildup of carbon
dioxide and ammonia. The room, specially built and
equipped, has a cyclical lighting, with a daily regimen
of 12 hours light, 12 hours dark alternating with cycles
being between 08:00 hour—20:00 hour. The cages were
standard sizes for rats (595%x380%x200 mm), and inside
each cage two lab animals were housed.

Depending on post-stroke perfusion, animals were
split in five groups. Of these, four were corresponding
to 1, 3, 7 and 28 days after stroke and one was a control
group. No surgery was performed in the control group
except perfusion.

All the experiments were conducted in accordance
with the legislation regarding the care and use of animals
and were approved by Ethics Committee of the University
of Medicine and Pharmacy of Craiova, Romania.

Surgery

First, the animals were weighed so that a correct dose
of anesthesia could be administrated. Anesthesia was
induced using a mixture of Xylazine hydrochloride
(Narcoxylvet, 20 mg/mL solution, Intervet, Netherlands),
10 mg/kg body weight and Ketamine hydrochloride
(Ketamine powder 100 mg, Richter Pharma, Austria),
90 mg/kg body weight. The mixture was administered
intraperitoneally. Anesthesia started usually after an
interval of 2—5 minutes and full effects persisted for a
period of 90—120 minutes. The depth of anesthesia was
tested once every 10-15 minutes by evaluating the toe-
pinching reflex.

We have used transcranial occlusion of the middle
cerebral artery (MCAO) experimental model, which
requires transient interruption of blood flow through this
artery, as previously described [22]. This method involves
beside the occlusion of the actual middle cerebral artery
the bilateral, reversible clipping of the common carotid
artery, thus resulting in a drop of 20% of the total blood
flow, which induces a large ischemia with cortical and
subcortical infarction of the frontoparietal right lobe.
After a period of 90 minutes, the blood flow through the
three arteries was resumed.

The body temperature was continuously monitored
during the whole procedure, by using a rectal probe.
The temperature was maintained as close as possible to
37°C using a thermal blanket, connected to the rectal
thermo-meter through a special system (Homeothermic
Blanket System, Harvard Apparatus, USA). Arterial blood
pressure, blood gas (oxygen and carbon dioxide) and
serum glucose levels were checked and maintained in
physiological limits throughout the intervention.

Perfusion

After the animals were anesthetized as described

above, the abdominal cavity was opened by cutting the
straight abdominal muscle on the midline, the diaphragm
muscle was carefully cut and the thoracic cavity was
opened so that a good visualization of the heart was
achieved. The pericardium was removed and a flexure
was introduced into the left ventricle. Through this a
saline solution (0.9% sodium chloride) was pumped into
the heart with a pressure of 140 mmHg, induced a by
peristaltic pump. After that, the right atrium was cut opened
to remove the blood from the vessels, and 300 mL of
saline solution, cooled to 4°C, were thus perfused through
the vascular system. The perfusion with saline solution
was immediately followed by perfusion with a solution
of 4% Paraformaldehyde (PFA) 5% in phosphate buffer
(5xPB) for a better fixation of the tissues. After perfusion,
under sterile conditions, the cephalic extremity was
removed using a guillotine, and after cutting the skin with
scissors, the skull was opened using a Lempert scissors
(Fine Science Tools).

Next, dura mater was removed and the brain was
collected using a special designed tool, without consecutive
brain injuries. After collecting the brain, this was placed
in 50 mL of 4% PFA in 5xPB, cooled to 40C, and kept
at the same temperature for 24 hours, for fixation.

Optical coherence tomography imaging

For OCT imaging, first the brains were removed
from the fixative solution, then dried using tissue paper.
Our OCT system was provided by Thorlabs (OCT1300SS),
powered by a swept laser source with central wavelength
of 1325 nm and a spectral bandwidth of 100 nm, with an
average power of 12 mW. The device permits 2D and 3D
scan (with an axial-scan rate of 16 kHz). Axial and lateral
resolutions for air of this system are 12 pm and respectively
15 um. The transferred power onto the sample is 5 mW.
The system is capable of a volume acquisition of 10x10
x3 mm (lengthxwidthxdepth) or 1024x1024x512 pixels
in about 30 seconds using a CCD type detector.

For this experiment, we used a special design device
that allows viewing different angles and so we investigated
several different regions. We have chosen to investigate
both the right and left frontoparietal region, respectively
ipsilateral and contralateral to the ischemic lesion. We
also including healthy tissue in our lesion scanning.
We sampled coronary pictures in width of 5 mm, on a
distance of 3 mm and a depth of 2 mm. Further more,
the brains were cut in 2 mm-thick coronal sections, using
a microtome blade. For comparison, the resulting slices
were investigated both with the OCT system and then
routinely processed for paraffin embedding, sectioning as
4 um-thick sections on a microtome and stained for cresyl
violet. OCT imaging procedure was realized using the
same set-up parameters for all the investigated brains.
Acquisition was performed over a volume of 5x3x2 mm
for each sample. Intact brains were investigated with
optical coherence tomography.

The obtained images were analyzed using ImageJ open
access program. Mathematical and statistical analyses
were performed using ORIGIN 8 and GraphPad 5. For
comparison with the OCT images, the brains were further
processed for paraffin embedding, 4 um-thick sections
were cut with a rotary microtome and stained with
cresyl violet in order to reveal the Nissl bodies in the
cytoplasm of neurons.
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=& Results

All changes that affected the structure and conse-
quently of the CNS modified the scatter properties of the
incoming light. These alterations of the light properties
could be detected and quantified also by early reports
[20, 23, 24]. In our case, a clear distinction between the
normal (Figure 1) and affected regions inside the rat brain

(Figure 2) is possible with different degrees of different-
iation. Figure 1 presents one coronal section of the rat brain
(only cortex signal, frontoparietal area), while Figure 2
represents parietal cortex OCT images of 28 days stroke,
for two cases (large and small stroke) where necrotic
nervous parenchyma is easily discernable, being comparable
with the cresyl violet stained brain sections (Figure 3).

Figure 1 — Optical coherence tomography image of a normal rat brain. Frontoparietal right cortex tissue is depicted in
a coronal section 2 mm depth and 5 mm width. Normal distribution of the scattered light according to the layer structure
can be observed through the all cortex parenchyma, thus can be used as reference sample image for comparing the

affected tissue.

Figure 2 — Optical coherence tomography images of a rat brain, 28 days after middle cerebral artery occlusion induced
stroke, coronal sections 2 mm depth and 5 mm width, at frontoparietal level. Necrotic cortex tissue is easily identified
(marked with red line) on both images, which show a large volume (A) and a small volume (B) of damaged tissue.

Figure 3 — Comparison between optical coherence tomography images (left side, images A and C, coronal sections)
and cresyl violet stained sections (right side, images B and D, coronal sections) of a normal (upper side, images A and B)
and ischemic rat brain (lower side, images C and D); all images represent frontoparietal cortex; the molecular cortical
layer is delineated with the red dotted line. Scale equals 0.5 mm.

Nevertheless, simple inspection of the image does not
give the full extent of the investigation. As already stated
[20, 24] structural changes in tissue architecture inflicts
changes in both scattering properties and refractive index
of damage tissue. Intensities of the received signal are due
to these modifications and represent a reasonable indicator
of the status or extent of the injuries. An analysis of the
distribution of OCT register signal is not easily done. Due
to the attenuation of the incoming laser beam inside the
tissue, the axial distribution of the intensity is difficult to
be evaluated. Several authors have used different mathema-
tical approaches [20, 25, 26] in order to obtain an evaluation
of the signal. Longitudinal fitting of the signal intensity

with a second order polynomial function has reveals a
change in the sign of the second order coefficient when
fitted inside the stroke affected area in comparison with
the normal tissue. Due to the contributions of a multitude
of factors including cellular death and increasing and/or
activation of several types of cellular repair/response of
the brain, we tried to use instead a single function for the
statistical analyses of OCT signal intensities. This analysis
was performed by separating the investigated area into
three zones (one of these areas is presented in Figure 4, A
and B). The statistical analyses of each region included the
calcu-lation of mean intensities of the pixels, skewness and
kurtosis and the obtained results are presented in Figure 4.
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Figure 4 — The areas used for performing the statistical analysis is highlighted with red line for both, normal, contra-
lateral hemisphere — (A) and stroke (B) images. The statistical analyses of each region included the calculation of
mean intensity of the pixels (C and D), skewness (E and F) and kurtosis (G and H) at 1, 3, 7 and 28 days after stroke.
In the normal, contralateral hemisphere, the values of these indices (C, E and G) present a horizontal trend at the
same level with normal tissue (N). In the stroke areas, the mean gray value constantly increases over the normal value
(D) in the first seven days, and decreased below this value at 28 days, while the skewness (F) and kurtosis (H) present

the reverse trend. Scale equals 0.5 mm.

We observed that in contralateral hemisphere few
variations of the mean gray value were visible, while in
the stroke-affected hemisphere an initial increase of this
mean lasted until the 7" day, this being followed by a
strong decrease towards the 28" day. As others authors

observed [24], changes in the scattered infrared signal
were detected after oxygen/glucose deprivation for blood-
free rat brains. The initial increase in our detected signal
can be related to these mechanisms. The decrease up to
the 28" day may have its origin in massive cellular death
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and increased specific absorption over a given volume
due to the water and plasmatic components released into
the brain parenchyma. The skewness is related to the
symmetry of a uni-modal distribution. Initial decreasing
in the skewness (positive) value reveals a much more
symmetric distribution of the pixels around the mean
value of intensity. While the normal signal is decreasing
along the Z-axis due to a non-linear law [26], this
suggests a reduction in the number of high intensity
pixels, which are usually just under the surface. This
fact may be in connection with the existence of blood—
flooded regions inside the affected area. The following
increase up to the 28™ day to a larger value than the
normal tissue is related to the general decreased value of
the mean value of the intensity of the pixels. The value
for the kurtosis is dedicated to the estimation of the
peakedness (width of peak for a distribution) and the
trend is similar with the skewness.

= Discussion

In the adult brain of rodents, morphological changes
after ischemia are complex. Changes in nuclear morphology
(fragmentation and condensation of chromatin) coupled
with dUTP-biotin and “nick end labeling” were used as
indicators of apoptosis in focal ischemia [23], although
positivity was also found in non-apoptotic cell death.
Moreover, necrosis seems to be the predominant fate of
the neurons in the stroke core, as well as of those found
in the surrounding tissue if reperfusion is not restored
efficiently (stroke’s penumbra). After an initial phase of
coagulative necrosis, due to high quantity of lipids and
water in the CNS tissue, and the swift action of macro-
phages, ischemic tissue turns rapidly into liquefaction
necrosis.

Ischemic cell death has been proposed to be a
continuous string of changes from apoptosis to necrosis,
ATP levels in the cell being an important factor in
determining the type of cell death [27].

Distinct biochemical processes are associated with
morphological changes in post-ischemic brain, some of
them leading to cell death. Apoptosis is related to proteins,
which are present in normal cell or are induced by gene
activation. These regulatory proteins or enzymes are closely
related through covalent modifications (phosphorylation,
proteolysis) or through interactions with other molecules
regulating [28].

It is now accepted that ischemia generates the death of
all brain cells, including neurons, microglia, astrocytes and
also endothelial cells. All these can modify the normal
structure of the CNS and can influence the outcome of
stroke. Because the neuron is the most sensitive cell to
ischemia, the neuronal degeneration and loss generated
by post-ischemic cell death is one of the first events that
occurs in stroke, a difference that can be also observed
in different populations of neurons [4]. Some studies
[29] show also that these events are accelerated in aged
rats compared to young rats. Endothelial disruption
consecutive to ischemia generates blood-brain barrier
(BBB) alterations associated with circulatory monocytes
migration as well as with the activation of the resident
microglia.

Nevertheless, alteration of the endothelium was
observed being well associated with the neuronal damage.
After stroke there were also detected a high number of
proliferating cells, mostly generated by the associated
inflammatory reaction. Therefore, in the ischemic brain,
all the cellular components of the neuropil react to some
extent, like reactive microglia, oligodendrocyte progenitors,
astrocytes and lymphocytes. The capillaries (especially the
ones from corpus callosum) represent also a source of
proliferating cells after brain ischemia [30].

Although astrocytes’ normal function is critical in the
function of the central nervous system (CNS) after injury,
some of these actions may have a damaging potential
such as secretion and release of neurotoxic substances
and so, directly influencing the functional recovery after
a CNS injury [31-35]. There are many mechanisms
suggested in which astrocytes can contribute to acute and
chronic outcome of the CNS injury. In the acute phase of
an injury, such as stroke, astrocytes are a key participants
in the mechanism of brain edema via aquaporin 4, vascular
endothelial growth factor and matrix metalloproteinase
pathways [36], which can have a dramatic influence in
the outcome and recovery of the CNS function. In the
acute phase, astrocytes are considered one of the sources of
oxidative stress in the CNS after a lesion, because
astrocytes can release nitric oxide [37] and so contribute
to the neuronal death after stroke.

From the study [38] of astrocytes one can say that
these cells respond very fast to any injury that involves
the disruption of the BBB, but unlike microglial cells,
they are more static. No migration has been seen in the
first several days (3—7) days after a lesion that did not
triggered a BBB response, although an activation of the
cells around the lesion has been observed. Astrocytes will
remain activated around the lesion site a long time.

& Conclusions

The results of our study suggests that OCT is not only a
promising qualitative image method to depict structural
changes after ischemic stroke but also shows potential
for quantitative evaluation of brain injuries in general.
Based on statistical parameters (mean, skewness and
kurtosis) of the detected pixel intensity, a description
of the changes within the brain structure after injuries
is achievable. Moreover, the association between these
parameters and the ongoing physiological and pathological
processes, although not yet completely understood, makes
this method promising for achieving morphological-like
analyses. These findings could be important towards
opening new direction in brain imaging.
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