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ABSTRACT

The study of neurovascular diseases such as vascular dementia and stroke require novel models of targeted vascular
disruption in the brain. We describe a model of microvascular disruption in rat neocortex that uses ultrashort laser
pulses to induce localized injury to specific targeted microvessels and uses two-photon microscopy to monitor and
guide the photodisruption process. In our method, a train of high-intensity, 100-fs laser pulses is tightly focused into
the lumen of a blood vessel within the upper 500 mm of cortex. Photodisruption induced by these laser pulses creates
injury to a single vessel located at the focus of the laser, leaving the surrounding tissue intact. This photodisruption
results in three modalities of localized vascular injury. At low power, blood plasma extravasation can be induced.
The vessel itself remains intact, while serum is extravasated into the intercellular space. Localized ischemia caused
by an intravascular clot results when the photodisruption leads to a brief disturbance of the vascular walls that
initiates an endogenous clotting cascade. The formation of a localized thrombus stops the blood flow at the location
of the photodisruption. A hemorrhage, defined as a large extravasation of blood including plasma and red blood
cells, results when higher laser power is used. The targeted vessel does not remain intact.
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1. INTRODUCTION

Neurovascular disorders take a heavy toll on the adult population. In addition to fatalities caused by acute problems
such as large-scale strokes, chronic disorders such as dementia affect a vast segment of the elderly population.
Recently, diffuse neurovascular disruptions, such as small ischemic strokes and leaky vasculature, have been linked
with many forms of dementia such as Alzheimer’s disease and vascular dementia1-4. Microbleeds, or evidence of
small hemorrhages detected by magnetic resonance imaging, may be potent indicators of hemorrhage risk during
thrombolytic therapy that poses a major complication in treatments for stroke and cardiovascular disease5,6. These
diseases are characterized by isolated areas of neuronal death that are thought to be caused by disruption of one or a
limited number of vessels. To study the progression of such lesions, a model is needed in which vascular disruptions
can be precisely located, while leaving the surrounding tissue sufficiently intact. Since it in not known what type of
vascular disturbance is the cause of the neural problems, a model that includes several controllable types of vascular
disruption is important. We seek to develop a model of localized, deep-lying vascular disruption that enables the
study of the progression of pathology and the effects of potential therapeutics in the neighboring parenchymal tissue.

Photodisruption with ultrashort pulses has proven to be useful for applications that require sub-surface material
disruption with micrometer resolution without affecting the surrounding region. The capability of sub-surface
machining was first used in transparent solids7-9 and then commercialized for laser eye surgery10. The precision of
the ultrashort photodisruption in biological applications was demonstrated by in vitro sub-cellular disruption11,12 and
by all-optical histology of tissue13. Here we extend the advantages of ultrashort laser-induced photodisruption to in
vivo, three-dimensionally localized disruption of microvasculature deep to the cortical surface. Since several types
of vascular insult may lead to neuronal lesions, we develop methods to vary the vascular disruption. Candidates for
vascular disturbances we wish to study include (i) extravasation of blood plasma which is toxic to neurons into the
parenchymal space, (ii) ischemic insults resulting from the cessation of blood flow in local vessels, and (iii)
hemorrhages in which vessels rupture and allow cells in the blood to invade the parenchyma.
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We use two-photon laser scanning microscopy (TPLSM) of fluorescently labeled blood plasma to target and monitor
the disruption of individual blood vessels14-16. TPLSM also allows us to observe changes in blood flow resulting
from the disruption. The capability to precisely target injury allows the relevant tissue to be located for post-mortem
analysis such as immunocytochemistry and histology.

2. METHODOLOGY

2.1 Surgical Preparation
Sprague-Dawley rats (6), 100-300g, were anesthetized with urethane (150mg/100g rat interperitoneal injection) and
supplemented as necessary. Atropine sulfate (0.005mg/100g rat) was injected subcutaneously at the beginning of the
experiment. Every hour, we supplement with atropine sulfate (0.001mg/100g rat) and with 5% glucose in saline
(0.5mL/100g rat). A craniotomy was performed over parietal cortex for optical access. The dura was removed and a
metal frame was glued to the skull17. The exposed brain surface was covered with 1.5% agarose in artificial cerebro-
spinal fluid18. A coverslip was clipped in place on top of the agarose to maintain pressure over the brain. A wide-
field image of the entire window was taken with a CCD camera to create a map of surface vasculature. The animal is
then transferred to a TPLSM setup modified for simultaneous photodisruption (Fig. 1).

Figure 1.  Schematic of two-photon laser scanning microscope (TPLSM) modified for delivery of amplified
ultrashort pulses for photodisruption. Unamplified ultrashort pulses for imaging are raster scanned by scan
mirrors that are then relay-imaged to the back of a 40x, 0.8-NA, water immersion objective. Two-photon
excited fluorescence is collected by a dichroic mirror and photomultiplier tubes. Maximum line-scan rate is
1.3 kHz. Amplified ultrashort pulses for photodisruption are routed through a shutter and to the same
objective by a polarizing beamsplitter.

2.2 Two-photon laser scanning microscopy
To visualize the vasculature using TPLSM, fluorescein-isothiocyanate dextran (2 MDa, ~0.3 mL per rat of 5%
wt/vol) was injected intravenously to label the blood plasma. The fluorescein labels the plasma, while red blood
cells and other solid bodies exclude the fluorescently labeled plasma and appear as dark areas within the lumen of a
blood vessel. TPLSM was used in three ways. First, TPLSM was used to monitor the production of the vascular
disruptions in real-time with frame scans. Second, z-stacks of TPLSM images spanning the area surrounding the
target vessel from the pial surface to ~600mm below the surface, were obtained before and after photodisruption.
Lastly, TPLSM line scans of flow in single vessels were used to quantify red blood cell speed14.

2.3 Photodisruption of microvasculature
After mapping the vasculature and selecting the target vessel, a train of amplified 1-kHz, 100-fs, 800-nm laser
pulses19 is focused into the lumen of the vessel while we monitored continuously with TPLSM. One of three types
of vascular injury is selected by varying the laser pulse energy (0.1 to 10 µJ) and the number of pulses (2 to 10). The
laser pulse energy started below the threshold of observed disruption to the vessel, ~0.05 mJ. If no vascular changes
were observed, we increased the laser power and repeated irradiation. The actual energy at which vascular
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disruption occurred varied in the range of 0.1 to 5 mJ from vessel to vessel, even within the same animal, and
depends on the depth of the target. Other factors include scattering, absorption and optical aberrations, which depend
strongly on the regional properties of the target vessel; for example, the number, shape and size of the vessels above
the target vessel.  The lowest energy disruption observable by TPLSM is the extravasation of the fluorescent plasma.
Usually, the initial extravasation is produced with ~2 pulses and does not result in sufficient thrombosis to impede
flow through the vessel. To form an occlusion, the vessel is irradiated with additional bursts of 2-10 pulses at
threshold energy. Hemorrhages are induced using higher laser pulse energies.

3.  RESULTS

Photodisruption was performed on vessels in the cortex ranging in depth from the surface to ~ 500 mm beneath the
surface. The resulting vascular disruptions divide into three categories and are ordered in terms of the approximate
severity and size of the damage to the microvessel. In this proceeding we present in vivo TPLSM observations of our
results.

3.1 Blood plasma extravasation
Following photodisruption, a failure of the blood brain barrier allowed the extravasation of fluorescein-labeled
plasma to fill a volume around the targeted vessel (as in Fig. 2). The leakage of plasma appeared to be transient,
because the fluorescence outside of the target vessel  stabilized within minutes after the irradiation. Penetration of
the serum into the extra-vascular space was not limited to regions immediately adjacent to the target vessel.
Fluorescent dye penetrated the parenchyma out to ~30 µm radially from the target vessel and preferentially followed
the along the length of the target vessel. In some instances, leakage through the blood brain barrier was accompanied
by thrombosis within the vessel that partially obstructed the vessel. In other cases, blood flow remained
unobstructed within the target vessel throughout irradiation, extravasation and subsequent observation (as in Fig. 2).

Figure 2. (a) Before and (b) after maximal projections of TPLSM z-stacks of cortical microvessels and blood plasma
extravasation induced in the target vessel by ultrashort laser pulses. (c) Time series of TPLSM images during the
formation of the plasma extravasation. Irradiation by amplified ultrashort pulses (0.8 mJ) indicated by pulse icons.
Streaks visible in the vessel lumens are due to red blood cell motion during the image acquisition and indicate flow.
Target vessel was 90 mm below the cortical surface.
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3.2 Intravascular clot
Repeated irradiation of the target vessel after a blood plasma extravasation can lead to the formation of an
intravascular clot. In these cases, thrombosis leads to a complete occlusion of the target vessel, potentially subjecting
the surrounding tissue to an ischemic insult. Figure 3c shows a series of TPSLM images from various time points
before, during and after the formation of an intravascular clot. Before the irradiation, the vessel was intact. After
irradiation with 10 pulses of 0.3mJ, a small amount of extravasated plasma could be visualized as fluorescence
outside the vessel walls. The vessel lumen remained unobstructed. Extravasated fluorescence continued to spread for
several seconds after irradiation, but remained spatially confined to within 5 µm of the vessel. After a second
irradiation with 10 pulses at 0.3mJ, thrombosis began within several seconds. In the targeted vessel lumen, dark
areas indicate the coalescence of red blood cells and perhaps platelets. Bright stationary areas indicate plasma within
the vessel that may be stagnant and is without red blood cells. The clot in Fig. 3 was observed to be stable for the
entire period of observation (2 hours).

Figure 3. (a) Before and (b) after maximal projections of TPLSM z-stacks of cortical microvessels and
induction of an intravascular clot by ultrashort laser pulses. (c) Time series of the formation of the clot. Pulse
icon indicates irradiation by amplified ultrashort laser pulses. Target vessel is approximately 150 mm below
cortical surface.

3.3 Hemorrhage Laser energies in excess of about a factor of 10 above the threshold energy lead to hemorrhage, a
larger disruption of the targeted vessel.  In Figure 4 a microvessel 125 mm below the cortical surface is shown before
and after irradiation with 10 pulses of 2 mJ in energy. Initial fluorescein leakage was rapid, reaching a diameter of 60
mm within 1 s. The fluorescent blood plasma continued to expand, stabilizing to a volume of about 0.002 mm3. In
addition to blood plasma, red blood cells were pushed into the parenchyma and were visualized with white light
microscopy immediately after photodisruption. After irradiation, the target vessel was no longer visible, and the
darkened, center region was filled with red blood cells, forming a hematoma.
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Figure 4. (a) Before and (b) after maximal projections of TPLSM z-stacks of cortical microvessels and
formation of a hemorrhage by ultrashort laser pulse irradiation. Dark, circular region in the center is filled
with red blood cells. (c) Time series of the formation of the hemorrhage. Fluorescein-labeled plasma and red
blood cells invade the surrounding neural tissue.

3. DISCUSSION

We have demonstrated a method for producing injury to single, selected microvessels in the depth of rat cortex using
femtosecond laser-induced photodisruption. Our model produces three types of vascular damage shown
schematically in Fig. 5: blood plasma extravasation, intravascular clots, and hemorrhage. The thrombotic clotting of
single vessels (Fig 3) may be a good model of local blockages of the microvasculature that lead to small areas of
ischemia and ultimately, to infarcts in the brain. Local leakage of blood constituents is modeled by the laser-induced
blood plasma extravasation (Fig. 2). These insults may mimic the cause of non-ischemic neural damage caused by
leaky blood vessels. The sub-surface hemorrhages shown in Fig. 4 will allow the study of interactions between
neural tissue and toxic and inflammatory agents inherent in the blood. In all three cases, our model permits real-time
monitoring of physiological parameters amenable to fluorescence microscopy (e.g. blood flow, Ca2+ dynamics) as
well as the three-dimensional localization that is crucial for post-mortem histological and immunological study.
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Figure 5. Schematic of the ultrashort laser-induced stroke model. Photodisruption is initiated by the focusing
of amplified ultrashort laser pulses into the lumen of the target vessel. Subsequent dynamics result in the
formation of three types of vascular injury.

4.1 Mechanism for vascular damage
Ultrashort laser-induced breakdown has been studied extensively. At the focus, nonlinear absorption of high
intensity ultrashort laser pulses causes ionization of the material20,21. This is followed by thermodynamic and
mechanical effects such as shockwaves and cavitation bubbles22-24. Vascular disruption can be caused by any one of
these events. Here, we speculate on the contributions of the various events triggered by irradiation with amplified
ultrashort pulses. When the ultrashort laser is focused directly on the vessel wall, ionization removes a portion of the
endothelial cell, producing injury. When the laser is focused into the vessel lumen, ionization occurs in blood serum,
or perhaps in a passing red blood cell. In this case, the vessel walls are likely not directly affected by the ionization
because the ionization volume is small relative to the vessel lumen. However, the shock wave and the cavitation
bubble which follow optical breakdown may locally disrupt endothelial cells. The size and strength of the shock
wave and cavitation bubble depend on the total amount of laser energy, so that the extent of injury to the vasculature
and the tissue can be modulated by the laser power and number of applied pulses.

At low energies, near the threshold for vascular disruption, we posit that a weak shockwave transiently injures the
endothelial cells. The injury may be severe enough to degrade the blood brain barrier, allowing the observed
extravasation of fluorescein-labeled serum. The injury to the endothelial cells may be sufficiently mild that the cells
recover, or the endogenous clotting cascade may seal the breach quickly. The injury can trigger thrombosis that in
some cases completely blocks the vessel, but in others leaves the lumen unobstructed. At higher laser energies, we
posit that the shockwave may induce sufficient damage to the endothelial cells to disrupt the blood brain barrier for
longer times and over larger areas, allowing bodies such as red blood cells to invade the parenchyma. At even higher
energies the shockwave and cavitation bubble are thought to be sufficiently strong that they can completely rupture
the vessel and possibly induce direct damage to the tissue surrounding the vessels. These larger vascular disruptions
result in a hemorrhage that develops into an intra-parenchymal hematoma, a clotted mass that includes red blood
cells. We note that even these larger hemorrhages are still three-dimensionally localized, as tissue surrounding the
hemorrhage is not disrupted. This tissue immediately bordering these vascular injuries will be at the greatest risk for
cell death and consequently, the most interesting to study.
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4.2 Significance of the model for clinical research
Current models of stroke are not ideal for the study of distributed, small vascular disruptions that may contribute to
neurovascular diseases. Diffuse hemorrhages can be induced by systemic or local injections of agents such as
collagenase25 or tissue-plasminogen activator26 to weaken vessels or disrupt the blood brain barrier. Using such
models to evaluate potential treatments is difficult because the effects of these agents can be spread over large,
uncontrolled regions. In addition, the effects of the agent cannot be isolated to the vasculature and can directly affect
the surrounding tissue. Other models use the injection of blood or blood constituents directly into the parenchyma27.
While large hematomas can be produced, it is difficult to produce many smaller hemorrhages and this model does
not include vascular injury. With our model, vessel ruptures can now be investigated in controlled experiments.
Microvessels can be ruptured throughout the cortex to model the microbleeds detected in humans by MRI. There are
currently no other models available for studying these small hemorrhages.

Previous models of diffuse ischemic strokes involved the systemic injection of small clotting agents such as
microspheres or emboli28-30. The locations of the occlusions are random and unpredictable, and infracts must be
located post-mortem by the tedious inspection of the entire brain after histological sectioning. Using our model of
intravascular clots, single microvessel occlusions can be placed in a predictable manner deep into the cortex. The
subsequent cellular and physiological events can now be systematically studied.

It has not been established that the source of clinically observed lacunar stroke, microinfarcts and vascular dementia
is necessarily ischemia, or the cessation of blood flow in a region. Our model of localized blood plasma
extravasation may provide insight on a non-ischemic route to localized neuronal death. Several chemicals and
proteins in the blood plasma are known to be toxic to neurons. Localized failures in the blood-brain barrier may
contribute to neural degeneration. Our model can be used to study the effects of leaking blood plasma and its
constituents into the neuronal parenchyma with and without ischemia.

4.3 Alternate methods
Lasers have previously been used to induce stroke or other types of injury in the brain31. However, existing
techniques are limited to surface damage, often involve the use of photosensitizing molecules in the blood stream,
and are often spread over large areas of the brain because much of this work relies on one-photon processes. In our
method photodisruption results from the highly nonlinear absorption (via multiphoton and avalanche ionization) of
laser energy by material in the focal volume. Because the nonlinear absorption processes require high laser
intensities, absorption can be localized to the focal volume of a tightly focused beam of femtosecond laser pulse.
Recently, photochemical thrombosis in single cortical vessels has been demonstrated on single vessels,32,33 however,
because this method also relies on one-photon processes, these occlusions are limited to surface vasculature.

The main advantages of laser-induced vascular disruption are the three-dimensional localization and the control of
the affected volume. Laser-induced vascular disruption is a physiologically relevant model because the affected
vasculature is in the depth of cortex, surrounded by normal tissue.  Unlike systemic models of hemorrhage or
ischemia, the interactions between damaged and normal tissue can be studied in a realistic setting. Controlled
localization of the vascular disruption allows the identification of the relevant tissues for study of the
pathophysiology.  In contrast to surface hemorrhages that can be caused by existing surgical techniques, deep
photodisruptive hemorrhages bleed directly into the parenchyma. The dynamics of the vascular disruption, clot
formation, and hemorrhages are monitored in real-time with TPLSM, allowing us to modify the laser parameters to
tailor the types of vascular injuries induced.
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