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Abstract

Stroke is the third leading cause of human dedwious models have been used to study the
mechanisms of tissue damage and neuronal protection. Each model has its advantages and disadvanta
Middle cerebral dgery occlusion (MCAo) has been widely usetut produces large ischemic lesions of
varying size, which is a disadvantage in the study of neuronal protective mechanisms. Photothrombos
provides an alternative model that can produce consistent lesioinsihes model,ischemiais induced by
photcactivation of rose bengal in blood flow lgyeen light illuminationBecause ischemia can be induced
while animals are kept in a stereotaxic device or on the stage of a microscope, this model has become widke
used forin vivo study of cellular structure and function. In this study, photothrombesssgenerated by
using a widdield eptfluorescent microscope equipped with a metal halide lam@ ischemia was
confirmed by blood flow reduction monitored by lagsppler flowmetry. We demonstrated, by adjusting
the intensity obutputlight and the size of irradiated area in the cortex, that the photothrombosis model can,
with high reproducibility, be used to generate ischemic infarction of various sizes in brause Using
immunostaining and histochemistry of brain sections, our data showed that photothrombosis induce
neuronal death and that brain infarct volume was correlated with the power output and the size of irradiate
area of the cortex.
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1. Introduction

Stroke is the thirdeading cause of human
death in the Uited States Cerebral ischemia
accounts for approximately 80% of all human
strokes and has a major impact on publi
healti1]. It cawses primary neuronal death in the
ischemic core, and leads to delayed neuronal death
and neuronal degeneration in the penuf#jra
Several animal models have been established for
the study ofpathogenesis after ischemiajddle
cerebral artery occlusion (MCA@$ the one that
has been the most vaty usedll;3;4]. However
this model has been criticized in that it
circumvents the participation of platelet
aggregation which is a primary ifiator of
ischemic events. The production of ischemia in
this model depends onan invasive and
sophistcated  surgical approach.  Another
disadvantage of MCAOo is the variability of infarct
size due to different degre®f collateral blood
flow. It also destroys much of the forebrain
cortex.The ghotothrombosis modg-7], based on
the phobchemically  stimulated platelet
aggegation by rose bengal,overcoms these
drawbacks. In addition, this model can produce
infarction in specific regiom of interest inthe
cortex Inflammatory response and apoptosis
following phototrombosis have been
characterizej®;9]. Recently this model has been
used forin vivo two-photonimaging to monitor
structural and functional plasticityf neuronsas
well as C4&" signaling in astrocytes using time
lapse studies before and after
photothrombosig;10-12], which is very difficult
using the MCAo model. In clinical settings,the
sizeof lesion andseverityof brain damagearies
amongischemic patients, thus an ischemia model
that can control the sizes and severity thie
damaged region euld provide agood tool to
study the pathologyand neuronal protectioof
ischemia. Here we studied the effect of light
power and the size of irradiatemrea on brain
damage following photothrombos. Using
fluorescence microscopythe size of irradiated
area and the intensity of lighttan be readily
controlled by adjusting the field aperture along the
optical pathwayandthe outputpowerof the metal
halide lamp used for inducing photothrombosis.
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Neuronal death and cellular response were
assessed and characterized using histochemistry
and immunocytochemistry. Our results
demonstrated that the infarct volumes were
correlated with the power of light and the size of
irradiated area.

2. Materials and M ethods

2.1 Animals

Male FVB/NJ mice6-8 weeks of age were
purchased from The Jackson Laboratory (Bar
Harbor, MA). All procedures were germed in
accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by
the Universiy of Missouri Animal CareQuality
AssuranceCommittee.

2.2 Craniotomy surgery and photothrombosis

Mice  were  anesthetized with an
intraperitoneal @i.p.) injection of
ketamine/xylazing130mg/L0mg/kgbody weight)
dissolved in artificial cerebral spinauftl (ACSF)
(in mM): 120 NaCl, 10 Hepe$ KCI, 3.1 CaCb,
1.3 MgCh, 10 glucoseand 10 HepespH 7.4.
Once the animal reached a surgical level of
anesthesia, it was placed on a warm heating pad to
maintain body temperature at & for surgery. A
small incsion was made on the scalp, and a
circular craniotomy (2.0 mm in diameter) was
made wusing a high speed drill over the
somatosesory cortex at the coordinate @.8 mm
from bregma and 2.0 mm lateral to the midline.
The photosensitive dy@sebengal (RB) dssolved
in ACSFwas theninjectedinto micethrough the
tail vein at a dose of 0.03 mg/g body weight
induce photothrombosisn area in the middle of
the craniotomy was focallyradiaied with a green
light (560 ° 20 nm) from aX-cite 120 PCmetal
halide lamp(EXFO, Canadajor 2 min through a
103° 0.3NA objective (Nikon, Japan) We chose
this wavelength range becausese bengal has a
peak absorption wavelength of 560 [A8]. The
skin was sutured after induction of
photothrombosis and mice were sent back to the
animal facility afterrecovery. The intensity of
light can beadjustedby selecting the output level
of the lamp, and the size afradiaed arean the
cortex can be controlled by adjusting the
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diaphragmof the field aperturef the microscope
along the optical pathway which has been
calibrated by a reticle in the eyepiece

2.3 Power measurement of lamp

Poweroutput from the metal halide lamp was
measured using a Model 407A power meter
(SpectraPhysics, CA). The light was filtered
using a filter cube with bandwidt60 ° 20 nm
and was focused on the power meter using a 10x
objective. The data were the average from four
different measurements.

2.4 Regional cerebral blood flow (CBF)
measurement with laser Doppler flowmetry
(LDF)

After mice were anesthetized with a mixture
of ketamine and xylazine, a fibeptic probe
connected to a las®&oppler flowmeter(Model
MBF3D, Moor Instruments, UKvas placed at the
center of cranial window over the barrel field in
somatosensory cortex using a micromanipulator
(Narishige, Japan). Theblood flow was
continuously monitored starting from 10 min
beforetheinduction of photothrombosis to 60 min
afterwards. The manipulator can accurately
control the 3D position. The probe was positioned
close to cortical surface in cranial window. After
esablished the baseline CBF, the probe was
moved to the side and the cranial window was
irradiated. The probe was moved back to the same
position immediately after irradiation. The CBF
was continuously monitored for another 60
minutes after irradiation. Thedecrease in
percentage of CBF was calculataging the
baselineCBF before photothrombosis. During the
surgery of cranial window we applied warm
ACSF (37C) on the surface to avoid the decrease
of the cortical temperature. In addition, there is a
lamp alsoclose to the animal to keep the animal
warm. After photothrombosis, animals were kept
on a heating pad to maintain body temperature at
37 C until recovery.

2.5Transcardial perfusion and immunostaining
The procedure for transcardial perfusion has
been @scribed previous[{4]. Briefly, mice were
aneshetized with halothane and transcardially
perfused first with iceold phosphate buffered
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saline (PBS) and then 4% paraformaldehyde in
PBS (pH=7.4). After perfusion, the brain was
postfixed with 4% paraformaldehyde in PBS at
4C for 30 min, and then trasferred to 30%
sucrose overnight to prevent ice crystal formation.
Coronal sections of the brain (thickness 20 pm)
were cut on a cryostat (Leica CM 1900,
Germany), and were collected serially on -pre
cleaned glass slides.

NeuN and fluoreJade B (FJB) staings for
neurons have been described previddgy4].
Briefly, floating brain sections were incubated
with rabbit antiNeuN (1:1000, Millipore, CA)
overnight, and dmsequently incubated with
fluorescein isothiocyanaté(TC)-conjugated goat
antirabbit 1gG (Millipore, CA) for 2 hr. Similar
procedures were used for glial fibrillary acidic
protein(GFAP) and Ibal staining using a rabbit
polyclonal antiGFAP (1:150, Sigm, MO) and a
rabbit antilbal polyclonal antibody (1:600, Wako
Pure Chemical Industries). Nuclei were stained
with 4-6-Diamidino-2-phenylindole (DAPI) (0.5
ng/ml in PBS) and the brain sections were finally
mounted on glass slides using datie mounting
medium. For detecting degenerating neurons,
brain sections on the glass slide were stained with
0.0004% FJB for 30 min. Although floating
section staining give much better results it is
difficult to avoid the loss of tissue in the core
region due to the daage of the tissue. Since in
our experiment we control the lesion in small size
with the maximal of 2 mm diameter for
irradiation, the edema in brain section was not
obvious.

Imagesof the g¢ained sections weracquired
using a Nikon epifluorescence micsropy
system controlled by Metamorph Imaging
software Molecular Device CA). Excitation was
generated by aX-cite 120 POmetal halide lamp
(EXFO, Canada) Emission was detected by a
CoolSNAREZ CCD-camera (Photometrics, AZ).
2.6 Nissl staining and infarct volume
measurement

For Nissl staining, the 2@m coronal brain
sections were immersed in 0.2% cresyl
violet/acetic acid solution for 2 min, followed by
two 5minute washes with 95% ethanol. They
were then dehydrated in 100% ethanol followed
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by cleaning in xylene and mountemh aglass slide
with mounting medium. The microphotographs of
Nissl staining were taken with naOlympus
microscope. The infarct volume was determined
by measuring areas showirtbe loss of Nissl
staining in brain sectiof;15]. The areas of
cerebral infarction were delineated and quantified
using the ImageJ software (NIH). The total
volume of ischenu tissue was calculated by
multiplying the individual infarct area in the
consecutive sections by the thickness of sections.

3. Results

3.1Induction of Ischemia by Photothrombosis

Photothrombosis is induced by illumination of
the cortex after thehmtosensitive chemical rose
bengal is injected into the circulatory system.
Therefore, we first calibrated the lighbwers at
focal plane of a 10x objective in our microscope.
The levels of poweroutput (as percentage of
maximal output of the lampand gerture sizes
were measured and the results gttewn inTable
1.

Previously, we used twphoton microscopy
to measure blood flow changes in capillaries and
whiskerstimulated field potential before and after
photothrombosid2]. Since twephoton imaging
is only suitable for blood flow measurement of

capillaries, not for large bloodegselsand blood
flow rates might be different in small and large
blood vessels, these measurements do not
represent the overall blood flow change of the
ischemic region. In this study weseda laser
Doppler flowmetryto measure the CBF before
and after photothrombosis to confirm the
induction of ischemia (Fig. 1A). In this
experiment, we used 50% power level with 1 mm
diameter of illuminating area as an example for
blood flow measurement. The CBF was
continuously monitored startingrom 10 min
before phtothrombosisto establish the baseline
and up to 60 min thereaftérhe CBF waseduced

to 40% of baseline immediately after
photothrombosis and recoverstightly to about
48% of baseline after 30 min, presumably due to
reperfusion. Since the probe senb&xd flow in

a 3D volume which may not be homogeneous
after photothrombosis it is conceivable that the
resultant CBF only represent the overall reduction
in the 3D region and thus it may not necessarily
reduce to zero. Thedata demonstrate that
photothranbosis successfully induced ischemia
and are consistent with our previous study using
two-photon imaging to monitor blood flow of
capillarie$12].

Table 1. Light power measurementswith different settings of light output from a metal halide lamp and

different sizes of field apertures

Light output * Power (mW) Aperture siz€e’ Power (mW)
12.5% (1 mm) 0.124 0.006 0.5 mm (25%) 0.060°0.001
25% (1 mm) 0.226 0.006 1.0 mm (25%) 0.2260.006
50% (1 mm) 0.4820.020 2.0 mm (25%) 0.8840.011

1-In this set of experiment, the s&zef irradiated area were fixed at 1 mm in diametdn this sé of experiment, light
outputs were fixedo 25%.The data were average from four different measurements and expressed’aemean

Using Nissl staining, & examined the
formation of ischemic lesionsinder ischemic
conditiors of 25% light output and 1 mohameter
of irradiation areaThe animals were sacrificed at
24 hr after photothrombosisFig. 1B shows
representativémages of a series of rostoaudal
brain coronal sections with ischemic lesions. The

Am. J. Biomed. Sci2010,2(1), 3342; doi: 10.509%aj100100033 © 2010 by NWPII. All rights reserved.

lesion was well demarcated and a consistent
patternof brain damage was observed, suggesting
that, like other ischemic models, photothrombosis
can reliably induce an ischemic lesion.

3.2The effect of power levels on infarct volume
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Next we studiedthe effect of powerof
irradiating light on brain damage
Photothrombosi®f themouse cortex was induced
by irradiating the cortex for 2 min with various
power outputs fromthe metal halide lampin
different groups of miceThe sizes of irradiated
regions were kept constant 2 mm in diameter.
One dayafter photothrombosis, the mice were
anesthetizednd transcardiallyperfused, and the
brains were sectioned and stained wdtesyl
violet to assess brain damadeigs. 2AC show
the Nissistained brain sections in the middle of
ischemic lesions under differenbraditions. It is
somewhat surprisinthat with the power output of
12.5% for the induction of photothrombosis, no
cleardemarcatednfarction was observedhus we
were unable to measure infarct volume for this
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condition (Fig. 2A).However, welldemarcated
infarction surrounded by vital tissue was observed
with power outputs of 25% and 50@kig. 2B &

C). Further analysis shows that the infarct volume
increases with increasing power outglitg. 2D).
These data demonstedahat brain damage induced
by photohrombosis can be controlled by light
power. No lesion was observed in the contralateral
side of the cortex of mice subject to

photothrombosi®r the cortex irradiated with light
alone without rose bengal injectio{data not
shown), demonstratingthat rosebengal or light
irradiationper sedoes notausebrain damageand
the combination ofosebengalinjection and light
required

irradiation is ischemic

damage.

to produce

Figure 1: Photothrombosis induced ischemia and brain damag@) Cerebral blood 6w (CBF) measurement with

a laser Doppler flowmetry. CBF was reduced to 40% of baseline immediately following photothrombosis. In this
experiment, photothrombosis was induced by 2 min irradiation of 50% power output on a 1 mm area in crania
window. CBF wa monitored up to 1 hr after photothrombosis and a similar value was maintained. Data were average:
from N=5 mice. B) Representative rostmaudal series of Nissftained coronal sections from a mouse after
photothrombosis. Photothrombosis was inducedrggén of 1 mm of diameter with 25% of lamp power output. The
mouse was sactrificed at 24 hr after photothrombosis. The interval between each section is 0.2 mm.

3.3 The effect of the size ofrradiated area on
ischemic lesion

Because of observed varm@ti in infarction
size in stroke patients, we next examined the
effect of the size athe irradiaéd areaon thebrain
lesion Since lamp power of 25% produced a clear

demarcated lesion, we chose this power to induce
ischemia with varying sizes of irradiatj area.
After rose bengal was injected mouse cranial
windows were irradiatedor 2 min Areas 0.5, 1,
and 2 mm in diametegf exposuravere variedoy
adjusting the fill apertureof the microscope.
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Each area of exposure was made in a separate (Right) Highresolution images from the boxed
group of mice. The size ofirradiated areavas regions in the I panels show clear transition zones
calibrated with a reticle in the eyepiece thie and demarcation. Note: there is no detectable lesion in

microscope. Mice wersacrificed24 hr later and the brain sections from mice that were illuminated with
brain sections were stained withesyl violet to ilnzoiSz/fioaomerlhgt)o;wrr]smet:{)esi %fnﬁg}';?étovlgﬁﬁgoggz
assess b rain damage as befdr.e.each case, a were averagcfd from N=8 mice for each condition.
distinct lesion with asharptransition zone was

observed (Fig 3A-C). The infarct volume =
increased withthe areaof irradiated cortical A e
region (Fig 3D). : |

i

0.5 1 2
Diameter (mm)

Infarction (mm3)
N N

Figure 3: The effect of the size of irradiated area on

0 T photothrombosisinduced brain damage.A-C) Brain
12.5 25 50 sections with Niss! staining revealed infarction in the
Power (%) cortex with different sizes caused by phbtombosis

with 0.5 mm, 1 mm and 2 mm afadiation diameter.
The images were taken from brain sections in the

Figure 2: The effect of power of irradiating light on middle of infarct region. High resolution images from

photothrombosisinduced brain damage A-C) (Left) the boxed regions in the left panels show clear
Niss| stainingrevealed infarct and transition zones in  transition zones and demarcation. D) Théedf of
the cortex caused by photothrombosis with.5%, irradiated diameter in cranial window on infarct

25% and 50%power outputs. The images were taken ~Vvolumes. Data were averaged from Ne4nice for
from brain sections in the middle of infarct region. ~ €ach condition.
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Figure 4: Photothrombosis caused neuronal death and glial cell activatiok) NeuN staining of a brain section
showing neuronal ks in the ischemic region and healthy neurons in penumbra. (a) A low resolution iragdigb
resolution images of the boxed regions in (a). B) FJB staining for degenerating neurons in core and penumbra. (a)
low resolution image. @o) High resolutio images of the boxed regions in (a). C) Enhanced GFAP expression in the
transition zone between ischemic core and penumbra (right) after photothrombosis. (a) A low resolution io)age. (b
High resolution images of the boxed regions in (a). C) Microglivatton in the penumbra. (a) A low resolution
image. (bc) High resolution images in the penumbra (b) and normal region (c). The arrows indicate the activatec
microglia with different morphologie®ash lines in AD outlinethe infarction border.
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