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Abstract
The energy demands of the brain are supplied by a dynamic and topologically organized
vascular system. In vivo two-photon laser-scanning microscopy has become an essential tool
for studying several aspects of cerebrovascular function, including neurovascular coupling,
collateral arterial flow, and vasculopathies associated with stroke and neurodegeneration.
Recently there has been a strong effort to perform imaging studies on mice in the awake state.
This is to avoid the dampening effect that anesthetics have on neurovascular dynamics, and
also to enable studies on trained behaviors. Studying awake mice has revealed a rich
dynamism of cerebral blood flow control, but also raised a number of challenges in the
collection of rigorous and meaningful datasets. In this chapter, we describe techniques
routinely used for two-photon blood flow imaging in awake mice. This includes chronic window
implantations and head fixation techniques to reduce movement during imaging, as well as
blood flow data processing techniques that are robust to movement artifacts. Finally, we
describe a non-invasive photothrombotic stroke model that can be performed on awake mice
for imaging of ischemic pathology.
The constant energy demands of brain function are supplied by a reliable and dynamic
cerebrovascular system (Attwell and Laughlin 2001). In the cerebral cortex, this system begins
with the great cerebral arteries that emanate from the Circle of Willis and source a planar
network of highly interconnected pial arterioles on the brain surface (Mchedlishvili 1963). Blood
flow in this network is relatively insensitive to blockages (Schaffer et al. 2006; Blinder et al.
2010), but also allows the dynamic redistribution of blood toward regions of heightened
electrical activity (Devor et al. 2007; Derdikman et al. 2003)(Fig. 1). Pial vessels are in turn
connected to an underlying, three-dimensional network of microvessels by radially directed
penetrating arterioles, which form bottlenecks in flow to columns of cortical microvasculature
(Blinder et al. 2013). Blood is then drained from the microvasculature back to the cortical
surface through penetrating venules and emptied into the central sinus to complete the supply
chain. While the topology of the cortical vasculature is well established, the cellular and
molecular mechanisms underlying moment-to-moment regulation of flow are a topic of
considerable debate (Attwell et al. 2010). As we begin to unravel these mechanisms in vivo
using animal models, it is important to consider not only how the use of anesthetics impacts
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coupling of neuronal activity to blood flow in the normal brain, but also its impact on the
progression of pathology in disease models.
Figure 1 goes about here.
In vivo two-photon laser-scanning microscopy (TPLSM) is an established method to
visualize cerebrovascular topology and quantify blood flow at the level of single vessels in the
rodent cortex (Kleinfeld et al. 1998; Shih et al. 2012b). In this respect, TPLSM has become a
key tool to understand the basis of neurovascular coupling in health and disease (Helmchen
and Kleinfeld 2008; Misgeld and Kerschensteiner 2006). While a rich body of data has resulted
from studies on anesthetized animals, there remains a striking paucity of studies on
vasodynamics in the awake state. Anesthetics greatly dampen the activity of neurons (Franks
2008) and astrocytes (Thrane et al. 2012), and alter vascular dynamics in basal and stimulated
states (Drew et al. 2011). Anesthetics further preclude the study of vascular function during
voluntary sensorimotor function. To image brain vasculature in the awake state, only minor
enhancements upon routine in vivo imaging techniques are necessary. First, chronically
implanted cranial windows are required to allow imaging well after recovery from initial
surgeries. Second, a rigid head mount and gradual habituation to head restraint is needed to
minimize movement during imaging. Here, we describe methods to visualize and quantify
blood flow at the level of individual vessels in the cerebral cortex of awake, head-restrained
mice. We further provide an example of how this technique can be used to study the effects of
sensory-evoked neuronal activity on vascular responses. Finally we consider how non-invasive
stroke models might be useful to study the trajectory of stroke injury on vascular function in the
awake mouse.
Visualizing the cerebral vasculature <1o heading>
To gain optical access to the mouse cortex, a portion of the overlying skull must be
thinned to translucency or removed entirely. This window is contained within a larger headpiece that is constructed, typically from dental acrylic, directly on the cleaned skull surface
(Fig. 2A). Detailed methods have been described for chronic bone-removed cranial windows
(Holtmaat et al. 2009; Mostany and Portera-Cailliau 2008) and semi-chronic thinned skull
windows, which can provide excellent imaging quality for months (Yang et al. 2010)(See
Chapter X, by Mostany et al.). Recent work, however, indicates that complete bone removal
can lead to cortical inflammation and gliosis that might affect the phenomenon under study (Xu
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et al. 2007). For this reason, chronically-implanted polished and reinforced thinned-skull
windows (PoRTs), which avoid exposure of the cortex to air and compression of the brain with
an overlying coverslip, may be preferred for awake imaging experiments (Fig. 2B) (Drew et al.
2010b; Shih et al. 2012a). PoRTs windows are stable for several weeks of imaging and
provide optical access to the upper 250 µm of cortex with conventional TPLSM imaging
systems. To study deeper cortical layers, however, one must use bone-removed cranial
window, which can provide access to cortical structures as deep as 600 to 800 µm, or even the
full 1 mm depth of cortex with special techniques (Kobat et al. 2009). Thus, the type of window
used depends largely upon the goal of the experiment, and the factors to consider are imaging
depth and potential affects of surgically-induced inflammation (Shih et al. 2012b). Both chronic
bone-removed and PoRTs window types are suitable to awake two-photon imaging.
Figure 2 goes about here.
Habituation to head restraint for imaging <1o heading>
Artifacts caused by animal movement account for the majority of the noise during
imaging of animals in the awake state. Movements caused by struggling can be greatly
reduced through a gradual process of habituation to the head restraint apparatus designed to
hold the head of the animal steady during imaging sessions. One to two days following
surgery, animals can begin the process of habituation to head restraint. The animal’s headpiece must include a metal flange to hold the head steady during imaging (Fig. 2C). The
apparatus for holding the flange typically consists of an optical breadboard with miniature
optomechanical components commercially available from Newport or ThorLabs, and a custommachined component designed to couple to the flange (Shih et al. 2012b). While the design of
the head restraint apparatus differs widely between labs, stability is key. Thus, having at least
two anchoring points for the custom flange holder, and as few degrees of freedom as possible
will help minimize movement artifacts.
A new animal can be gradually accustomed to head restraint over a period of 3 to 7
days, starting with 15 min sessions without imaging and working up to several hours (Drew et
al. 2011). Head-restrained mice tend to struggle less when their bodies are enclosed within a
loose-fitting plastic or cardboard tube. The first two-photon imaging session should be at least
3 days after the initiation of habituation when the animal has become more accustomed to the
apparatus. For each imaging session, restraining the animal for two hours at a time is
	
  

4

reasonable, but times can differ for each animal. Discomfort should be gauged by the extent of
struggling and vocalizations emitted, and the restraint time adjusted accordingly. For imaging
sessions lasting hours, drinking water should be supplied with a pipette. In our experience,
approximately 10% of mice never become habituated to head-fixation and cannot be used for
awake imaging.
In practice, a properly habituated animal will provide movement-free data for several
minutes at a time even during sensory stimulation. While, intermittent periods of animal
movement are unavoidable, it is important to identify significant movement artifacts such that
the data can be omitted from analysis. Typically, several trials are collected for each stimulus
paradigm and trials with excessive movement will be discarded. As a quality control measure,
data acquisition can be tested on capillaries, which are only 3 to 5 µm in diameter and thus
most sensitive to motion. Similarly, a surface arteriole, which may move due to
dilations/constriction, can be scanned simultaneously with a neighboring venule that should
exhibit little or no change in lumen diameter. A movement in both vessels would indicate
movement of the animal. Finally, low-cost piezoelectric sensors and accelerometers can be
used to identify movement alongside vasodynamic measurements, allowing data sets with
excessive movement to be removed (Drew et al. 2011).
Measurement of blood flow dynamics in single cortical vessels <1o heading>
Prior to imaging, the mouse must be briefly anesthetized with isoflurane for an
intravenous injection of fluorescent dextran dye. Typically, 25 to 50 µL of 5 % (w/v) fluorescentdextran dye, fluorescein-dextran (FD2000S; Sigma) or Texas red-dextran (D1830; Invitrogen),
is dissolved in saline and injected either through the tail vein or infraorbital vein to label the
blood serum. The dye will remain in circulation for approximately three to four hours, and
supplements can be given as necessary if the animal is re-anesthetized.
When the vasculature is labeled with an intravenous bolus of fluorescent-conjugated
dextran, red blood cells (RBCs) exclude the high molecular weight dextran dye and will appear
as dark shadows moving against a bright fluorescent background of serum within the vascular
lumen. This differential staining is the basis for measuring RBC velocity using laser-scanning
microscopy (Villringer et al. 1989; Kleinfeld et al. 1998). Conventionally, single line-scans have
been used to sample the RBC velocity and diameter of a vessel separately (Schaffer et al.
2006; Shih et al. 2009). However, blood flow is dynamic and could change within the time
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between each scan. In order to collect more samples simultaneously and with varying
trajectories within the imaging plane, we use custom software to direct the imaging laser beam
in a user-defined path (Fig. 3A, 4B and 5C) (Valmianski et al. 2010; Driscoll et al. 2011),
following earlier work (Göbel et al. 2007; Göbel and Helmchen 2007; Lillis et al. 2008). Linear
segments of constant scan speed traverse along the length of the center of the vessel and
across the width of the vessel to measure RBC speed and lumen diameter, respectively
(Fig. 3A). These linear scan segments are connected by polynomial splines, where connecting
portions of the scan are accelerated to allow for rapid data collection across multiple vessels
(Driscoll et al. 2011). The resulting line-scan is a space-time plot, typically displayed with the
individual scan lines stacked on top of each other (Fig. 3B, 4C and 5D).
Figure 3 goes about here.
Calculating red blood cell velocity. <2o heading>
Portions of the scan path along the centerline of the vessel lumen reveal angled streaks within
the space-time plot (Fig. 3B, bottom right, and 4D). Moving RBCs in flowing vessels sampled
at a sufficient rate will appear as diagonal streaks. Stalls in flow will result in vertical streaks
with distance as the abscissa and time as the ordinate. This is a common occurrence when
measuring from capillaries, and may also occur in pial arteriolar and venous anastomoses
(Shih et al. 2009; Nguyen et al. 2007). In the limiting case of extremely fast flowing vessels, the
streaks will become horizontal and velocity data cannot be extracted unless faster scanning
methods are used (see Future Directions). The centerline velocity is proportional to the slope
of the RBC streaks. This slope can be efficiently determined with a Radon transform of
windowed portions of the data (Drew et al. 2010a), which is available in the MATLABTM Image
Processing Toolbox (Mathworks). The direction of flow can be ascertained from the sign of the
slope and the direction of the line-scan sweep.
A velocity time series is calculated by taking successive time-windowed portions of
the line-scan (Fig. 3C center, 4E and 5D). The size of the window must be sufficiently short to
resolve the highest velocity modulation frequency, the heart rate, which is 8 to 10 Hz for awake
mice (Drew et al. 2011). In addition, the window size must be large enough to capture a
sufficient portion of the streak lines for the Radon transform to calculate an accurate slope, but
small enough to prevent smoothing out the higher frequencies of the velocity data. When
sampling with line-scan rates of ~1 kHz, we find that a window size of 40 ms is a good
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compromise, which yields a Nyquist frequency of 12.5 Hz. We further use a window spacing of
10 ms. Oscillating physiological rhythms within the RBC velocity are a first indicator of good
data quality. In addition to heart rate (Fig. 4E and 5E), other physiological signals detected in
the RBC velocity may include breathing at ~ 1 to 2 Hz, and vasomotion at ~ 0.1 to 1 Hz
(Kleinfeld and Mitra 2011; Mayhew et al. 1996)(Fig, 5E). Breathing rate, however, is not
always detectable in the flow data collected from awake mice (Drew et al. 2011).
Measurement of RBC velocity is the limiting factor for the measurement of flow in larger
arterioles on the cortical surface. In practice, conventional galvanometric mirrors are
sufficiently fast to simultaneous capture RBC velocity and diameter from one penetrating
arteriole at a time in the anesthetized state (Shih et al. 2013). However, in the awake state
RBC velocity tends to increase, and thus atypical fast scanning and/or special analysis
techniques (Kim et al. 2012) may be necessary or smaller pial vessels should be sampled.
Venules and deep microvessels exhibit slower RBC velocity and thus 3 to 4 vessels can be
measured simultaneously with spatially-optimized line-scans (Fig. 4 and 5C-E). Greater
distances traversed by the laser will reduce the sampling frequency and a 1 to 2 kHz line-scan
rate is recommended for accurate sampling of the movement of RBCs in pial arterioles
(Driscoll et al. 2011).
Calculating lumen diameter. <2o heading>
As with RBC velocity, the diameter calculations are also taken from time-windowed
portions of the line-scan data. The same window size and spacing used for velocity is typically
used for diameter so that both parameters can be calculated on the same time scale. Vessel
diameter is calculated as full-width at half-max of the vessel profile for each window (Fig. 3B,
bottom left, and 3C, left). Note the intensity profile tends to increase near the edges due to
the exclusion of RBCs from the glycocalyx, which generates two peaks. The two outermost
half-max points of these peaks are used to calculate the vessel boundary. Linear interpolation
adds sub-pixel accuracy to the diameter measurement.
Estimating the flux of red blood cells. <2o heading>
There are two limiting cases for the flux. When the diameter of the vessel allows the passage
of RBCs only in single file, as in the case of capillaries, the flux of RBCs is just the number of
RBCs that pass per second (Kleinfeld et al. 1998; Chuquet et al. 2007). In this limit, the blood
plasma has an essentially constant velocity profile as a function of distance from the center of
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the vessel, then the velocity falls rapidly to zero near the walls. The thin layer of plasma near
the walls acts as a lubricating layer that, together with the glycocalyx, minimizes friction
(Secomb et al. 1998).
When the diameter of the vessel is much greater than that of the RBC, as is the case for
all pial surface vessels, the flow is laminar and nearly parabolic as RBCs flow in parallel
streams (Schaffer et al. 2006; Rovainen et al. 1993). The two vascular parameters, RBC
velocity and lumen diameter, are combined to calculate the volume flux, i.e., RBCs and
plasma, for each vessel (Fig. 3C, right panel). Flux is a more complete description of blood
flow in single vessels, as RBC velocity and lumen diameter can change independently of each
other (Shih et al. 2009; Kontos 1989). The volume flux through the vessel is given by
!
! !
!
2
F= v A =
v(0) d
8

where <v> is the average RBC velocity over A, the cross-sectional area of the vessel lumen,
v(0), is the time-averaged RBC velocity at the center line of the vessel, and d is the lumen
diameter. Note that this formula underestimates the flux as the nonzero spatial extent of the
RBC flattens the parabola of Poiseuille flow; empirical corrections have been discussed
(Nishimura et al. 2010).
Measurement of vessel diameter from 2-D planar images. <2o heading>
If the goal is to examine only changes in vascular diameter, the collection of 2-dimensional
planar images may be more desirable than line-scans. Arteriolar dilations occur on the order of
seconds and do not require fast acquisition rates. Thus, movies collected at 5 Hz, for example,
would be adequate to capture diameter changes associated with sensory-evoked
hemodynamic responses and vasomotion (Drew et al. 2011). Heart-beat and breathing rates
do not typically result in appreciable diameter changes. A further advantage of planar scans is
that conduction of dilatory or constrictive changes may be easily observed along a length of
vasculature. As with line-scan data, the full-width of half maximum of a segment of vasculature
is calculated from each image using custom-written software to generate a diameter timeseries from the movie.
Vasodynamics in awake mice. <2o heading>
We show an example study of pial surface and capillary vasodynamics measured under
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normal conditions (Fig. 5). A mouse was habituated to head fixation and blood flow was
measured using planar movies through a chronically implanted PoRTS window (Fig. 5A).
Consistent with hemodynamic coupling of blood flow to neural activity, robust arteriole dilations
could be evoked by prolonged contra-lateral whisker stimulation with puffs of air (Fig. 5B).
Dilatory events consisted of an early peak followed by a secondary slowly-rising plateau, in
averaged data, during sustained stimulation. The dilatory affect returned to baseline over ten
seconds following cessation of stimulation. Pial venules, typically thought to be static in terms
of diameter, show a weak dilation in the awake state (Fig. 5B). These data suggest that
functional hyperemia detected by blood oxygen level dependent functional magnetic
resonance imaging (BOLD fMRI) may be dominated by large changes in arteriole volume, in
agreement with recent studies (Kim and Kim 2011), rather than in venules as predicted by the
“balloon” model (Buxton et al. 1998).
The speed of RBCs within arterioles is high during the awake state and thus fast linescanning frequencies are required to capture this data in a smaller pial arteriole. However,
RBC velocity can be routinely measured within the full range of capillaries for awake mice at 1
kHz scanning frequency (Drew et al. 2011; Drew et al. 2010b). While the basal vasomotor
activity manifest as spontaneous arteriole dilations on the cortical surface, this translates into
changes in microvascular RBC velocity as the blood flows into the brain tissue. These
oscillations range from 0.1 to 1 Hz in frequency and are commonly observed in the awake
state but may be dampened or non-existent during anesthesia. Vasomotor blood flow changes
are more globally spread over the cortical mantle, compared to relatively local sensory-driven
hemodynamic responses. Consistent with this idea, spontaneous oscillations in capillaries are
strongly correlated across distant sites within the cranial window (Fig. 5C-E).
Figure 4 goes about here.
Both basal and stimulated responses of arterioles and venules are strongly suppressed
by the use of urethane, a common anesthetic (Drew et al. 2011), that can attenuate the
magnitude of the overall dilatory response by up to 75 % in the anesthetized state. Other
commonly used anesthetics, including isoflurane (Takuwaa et al. 2012), α-chloralose (Dudley
et al. 1982), and propofol (Alkire et al. 1995), similarly suppress the neurovascular response.
In addition to the direct neural effects, anesthetics exert strong depressing effects on
cardiovascular function (Janssen et al. 2004). Consistent with the depressive effects of
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anesthetics on neural and cardiovascular system, optical imaging studies of neurovascular
coupling have found differences between the awake and anesthetized animal (Nakao et al.
2001; Jones et al. 2008; Martin et al. 2006).
Awake imaging and disease models <1o heading>
The awake imaging methods we describe are also amenable to the study of
cerebrovascular pathology in any mouse disease model. Here we focus here on pathology
associated with ischemia. Anesthesia alters key mechanisms of stroke injury and repair and
will therefore affect the trajectory of the disease. In the acute stage of ischemic injury, this can
occur by suppression of neuronal activity or by engaging collateral blood flow sources.
Common anesthetics, such as isoflurane, reduce the cerebral metabolic rate for oxygen
consumption and likely the extent of excitotoxic neuronal toxicity (Scheller et al. 1988).
Ketamine, in particular, is an antagonist of the NMDA receptor and attenuates production of
the potent vasomediator, nitric oxide, during stroke (Olney et al. 1991; Lin et al. 1996). Cortical
spreading depression (CSD), a wave of hyperactivity followed by a wave of depression (Siesjo
and Bengtsson 1989), contributes to the expansion of tissue infarction (Lauritzen et al. 2011).
The frequency of CSD events has been shown to be attenuated or modulated by numerous
anesthetics, including ketamine (Hernándéz-Cáceres et al. 1987; Verhaegen et al. 1992),
volatile anesthetics halothane, isoflurane and sevoflurane (Kudo et al. 2008; Kitahara et al.
2001), and urethane-chloralose (Guedes and Barreto 1992). Thus, many anesthetics mediate
an overall protective effect in stroke by attenuating excitotoxic injury (Kawaguchi et al. 2005).
Anesthesia can also affect cerebral blood flow, which may have opposing effects on
stroke outcome. Pentobarbital and isoflurane, in particular, cause global cerebral vasodilation
that lead to a hypoperfusion, which can further decrease perfusion in the stroke penumbra and
exacerbate injury (Hendrich et al. 2001). Conversely, the dilation of cerebral arterioles can
conceivably
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Another important consideration is that hemodynamic

responses measured by BOLD fMRI are widely used to infer tissue recovery after stroke
(Cramer et al. 1997). Given the suppressive effects of anesthetics on arterial and neuronal
reactivity, it is unclear when models using anesthesia fail to mimic the human condition (Austin
et al. 2005; Antognini et al. 1997). Studies on awake preparations will be important to establish
whether changes in arterial reactivity during stroke are masked or altered by the anesthetics
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used.
The effects of anesthetics can extend beyond the acute phase of stroke when the infarct
stabilizes and the peri-infarct zone begins to recover. Longitudinal in vivo imaging studies
typically involve repeated periods of anesthesia that could affect repair/recovery processes.
Anesthetics impact the activity of microglia directly by altering the expression of inflammatory
mediators and also indirectly by reducing CSD, which promotes microglial activation
(Gehrmann et al. 1993). The effect varies with the type of anesthetic used, as isoflurane
appears to promote cytokine expression (Ye et al. 2013; Wu et al. 2012), while ketamine has
an inhibitory effect (Chang Y 2009). Further, the activity of microglia is tightly linked to poststroke repair process through release of matrix metalloproteinases (MMPs). MMPs are
associated with the breakdown of tight junction proteins in acute stroke (Patel et al. 2013), but
also appear to be involved in remodeling of neuronal connectivity (Wake et al. 2009) and
possibly nascent blood vessel formation, which involves MMP activity (Arai et al. 2009). In
summary, awake imaging preparations are expected to reveal the natural evolution of stroke
injury, and will therefore provide more clinically relevant data on i) the spatiotemporal features
of tissue injury and repair processes, ii) the timing of interventional therapies, and iii) the
metrics used to gauge brain recovery, such as hemodynamic responses.
One limitation in current preclinical stroke studies is that the models are often invasive,
necessitating deep and prolonged anesthesia. This precludes the visualization of early
changes in stroke, which can in turn dictate the extent and long-term trajectory of the injury.
We suggest that photothrombosis, a technique to non-invasively occlude blood vessels by
light-mediated focal activation of the intravenous photosensitizer Rose Bengal, can be easily
applied to awake preparations (Shih et al. 2013; Shih et al. 2011; Nishimura et al. 2007). An
animal previously habituated to awake imaging would only need to be briefly anesthetized, (< 1
minute) for intravenous injection of a photosensitizer, minimizing the exposure time and
allowing the stroke to develop more naturally during the period of the study. Photothrombotic
stroke also provides the advantage of targeting the location of ischemia within the imaging
window. Collimated laser beams, ranging in areas between 0.16 to 2 mm2, have been used to
ablate specific areas of cortex in sophisticated studies of functional remapping after stroke
(Winship and Murphy 2008; Brown et al. 2009). While such lesions are spatially specific, they
possess a limited ischemic penumbra (Zhang et al. 2005). A second approach using focused
laser beams to irradiate single cortical penetrating vessels leads to similar areas of damage,
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depending upon the RBC flux of the vessel, but generates a more gradual degradation of
tissue due to a substantial penumbra (Shih et al. 2013; Shih et al. 2011). This allows for
imaging of mechanisms involved in tissue death at the evolving core-penumbra interface.

Figure 5 goes about here.

Future directions <1o heading>
We show that methods to transition from anesthetized to awake imaging preparations are
straight-forward and will be an important step to truly understand mechanisms of vascular
control in the normal brain state. Since anesthesia has clear effects on the trajectory of stroke
injury, it is also critical to understand how vascular degradation during acute stroke and repair
in chronic stroke differ between anesthetized and awake preparations.
Two-photon imaging fills an important gap in the existing range of tools for blood flow
quantification and enables the study of vasodynamics in awake mice. While intrinsic optical
imaging, laser speckle, and BOLD fMRI enable measurement of flow over broader areas of
brain, two-photon microscopy complements these techniques and provides a view of dynamics
at the resolution of individual small cortical vessels. Further, TPLSM can be concurrently used
to examine activity of surrounding cells that could be driving vascular activity (Takano et al.
2006; Nizar et al. 2013). Recent advances in hardware and optics now allow TPLSM images to
be collected over entire cranial windows several millimeters in size, potentially enabling the
spatiotemporal features of broader hemodynamic responses to be studied at capillary
resolution (Tsai et al. 2013).
Some further advances will be necessary to fully capitalize on awake imaging
experiments. First, faster laser-scanning is necessary to capture RBC velocity within larger
cortical arterioles. Acousto-optic modulators (Lechleiter et al. 2002) can in principle scan
vessels with faster flow as well as sample from larger populations of vessels simultaneously.
Recent advances in processing of line-scan data using particle image velocimetry will also be
useful to assess RBC velocity in larger vessels (Kim and Kim 2011). Additionally, application of
filtering techniques to line-scan data may provide more robust measurements in the face of
small movement artifacts caused by animal movement (Chhatbar and Kara 2013). Second,
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physiological parameters most relevant to blood flow including blood pressure and blood gas
remain difficult to measure in awake mice. In particular, even when these parameters are
measured invasively from catheters in peripheral vessels, they may not reflect conditions in the
cerebral vessel being examined. Novel imaging probes need to be developed to assess realtime changes in blood pressure, gas, and pH at the vessel being examined. Finally, new tools
to manipulate cell-specific vasoactive signaling cascades will be an important step in
dissecting the chemical basis of neurovascular coupling (Kleinfeld et al. 2011).

Acknowledgements
Our work is generously supported by grants to A.Y.S. from the National Institutes of Health for
generous support (1R21NS085402-01), Dana Foundation (David Mahoney Neuroimaging
Program) and South Carolina Clinical and Translational Institute (UL1TR000062).

	
  

13

Literature cited.
Alkire MT, Haier RJ, Barker SJ, Shah NK, Wu JC, Kao YJ (1995) Cerebral metabolism during
propofol anesthesia in humans studied with positron emission tomography.
Anesthesiology 82 (2):393-403
Antognini JF, Buonocore MH, Disbrow EA, Carstens E (1997) Isoflurane anesthesia blunts
cerebral responses to noxious and innocuous stimuli: a fMRI study. Life Sciences 61
(24):349-354
Arai K, Jin G, Navaratna D, Lo EH (2009) Brain angiogenesis in developmental and
pathological processes: neurovascular injury and angiogenic recovery after stroke. The
FEBS Journal 276 (17):4644-4652
Attwell D, Buchan AM, Charpak S, Lauritzen M, MacVicar BA, Newman EA (2010) Glial and
neuronal control of brain blood flow. Nature 468 (7321):232-243
Attwell D, Laughlin SB (2001) An energy budget for signaling in the grey matter of the brain.
Journal of Cerebral Blood Flow & Metabolism 21:1133-1145
Austin VC, Blamire AM, Allers KA, Sharp T, Styles P, Matthews PM, Sibson NR (2005)
Confounding effects of anesthesia on functional activation in rodent brain: a study of
halothane and alpha-chloralose anesthesia. Neuroimage 24 (1):92-100
Blinder P, Shih AY, Rafie CA, Kleinfeld D (2010) Topological basis for the robust distribution of
blood to rodent neocortex. Proceedings of the National Academy of Sciences USA
107:12670-12675
Blinder P, Tsai PS, Kaufhold JP, Knutsen PM, Suhl H, Kleinfeld D (2013) The cortical
angiome: an interconnected vascular network with noncolumnar patterns of blood flow.
Nature Neuroscience 16:889–897
Brown CE, Aminoltejari K, Erb H, Winship IR, Murphy TH (2009) In vivo voltage-sensitive dye
imaging in adult mice reveals that somatosensory maps lost to stroke are replaced over
weeks by new structural and functional circuits with prolonged modes of activation
within both the peri-infarct zone and distance sites. 2009 29:1719-1734
Buxton RB, Wong EC, Frank LR (1998) Dynamics of blood flow and oxygenation changes
during brain activation: The balloon model. Magnetic Resonance in Medicine 39:855864
Chang Y LJ, Hsieh CY, Hsiao G, Chou DS, Sheu JR. (2009) Inhibitory effects of ketamine on
lipopolysaccharide-induced microglial activation. Mediators of inflammation 705379
Chhatbar PY, Kara P (2013) Improved blood velocity measurements with a hybrid image
filtering and iterative Radon transform algorithm. Frontiers in neuroscience 7:106
Chuquet J, Hollender L, Nimchinsky EA (2007) High-resolution in vivo imaging of the
neurovascular unit during spreading depression. Journal of Neuroscience 27:4036-4044
Cramer SC, Nelles G, Benson RR, Kaplan JD, Parker RA, Kwong KK, Kennedy DN,
Finklestein SP, Rosen BR (1997) A functional MRI study of subjects recovered from
hemiparetic stroke. Stroke 28 (12):2518-2127
Derdikman D, Hildesheim R, Ahissar E, Arieli A, Grinvald A (2003) Imaging spatiotemporal
dynamics of surround inhibition in the barrels somatosensory cortex. Journal of
Neuroscience 23:3100-3105
Devor A, Tian P, Nishimura N, Teng IC, Hillman EM, Narayanan SN, Ulbert I, Boas DA,
Kleinfeld D, Dale AM (2007) Suppressed neuronal activity and concurrent arteriolar
vasoconstriction may explain negative blood oxygenation level-dependent signaling.
Journal of Neuroscience 27:4452-4459
	
  

14

Drew PJ, Blinder P, Cauwenberghs G, Shih AY, Kleinfeld D (2010a) Rapid determination of
particle velocity from space-time images using the Radon transform. Journal of
Computational Neuroscience 29:5-11
Drew PJ, Shih AY, Driscoll JD, Knutsen PM, Davalos D, Blinder P, Akassoglou K, Tsai PS,
Kleinfeld D (2010b) Chronic optical access through a polished and reinforced thinned
skull. Nature Methods 7:981-984
Drew PJ, Shih AY, Kleinfeld D (2011) Fluctuating and sensory-induced vasodynamics in
rodent cortex extends arteriole capacity. Proceedings of the National Academy of
Sciences USA 108:8473–8478
Driscoll JD, Shih AY, Drew PJ, Cauwenberghs G, Kleinfeld D (2011) Two-photon imaging of
blood flow in cortex. In: Helmchen F, Konnerth A, Yuste R (eds) Imaging in
Neuroscience: A Laboratory Manual, vol 2. Cold Spring Harbor Laboratory Press, New
York, pp 927-938
Dudley RE, Nelson SR, Samson F (1982) Influence of chloralose on brain regional glucose
utilization. Brain Research 233:173-180
Franks NP (2008) General anaesthesia: from molecular targets to neuronal pathways of sleep
and arousal. Nature Reviews Neuroscience (5):370-386
Gehrmann J, Mies G, Bonnekoh P, Banati R, Iijima T, Kreutzberg GW, Hossmann KA (1993)
Microglial reaction in the rat cerebral cortex induced by cortical spreading depression.
Brain Pathology 3 (1):11-17
Göbel W, Helmchen F (2007) New angles on neuronal dendrites in vivo. Journal of
Neurophysiology 98:3770-3779
Göbel W, Kampa BM, Helmchen F (2007) Imaging cellular network dynamics in three
dimensions using fast 3D laser scanning. Nature Methods 4:73-79
Guedes RC, Barreto JM (1992) Effect of anesthesia on the propagation of cortical spreading
depression in rats. Brazilian journal of medical and biological research 25 (4):393-397
Helmchen F, Kleinfeld D (2008) In vivo measurements of blood flow and glial cell function with
two-photon laser scanning microscopy. Methods in Enzymology 444:231-254
Hendrich KS, Kochanek PM, Melick JA, Schiding JK, Statler KD, Williams DS, Marion DW, Ho
C (2001) Cerebral perfusion during anesthesia with fentanyl, isoflurane, or pentobarbital
in normal rats studied by arterial spin-labeled MRI. Magnetic resonance in medicine 46
(1):202-206
Hernándéz-Cáceres J, Macias-González R, Brozek G, Bures J (1987) Systemic ketamine
blocks cortical spreading depression but does not delay the onset of terminal anoxic
depolarization in rats. Brain Research 437 (2):360-364
Holtmaat A, Bonhoeffer T, Chow DK, Chuckowree J, De Paola V, Hofer SB, Hübener M, Keck
T, Knott G, Lee WC, Mostany R, Mrsic-Flogel TD, Nedivi E, Portera-Cailliau C, Svoboda
K, Trachtenberg JT, Wilbrecht L (2009) Long-term, high-resolution imaging in the
mouse neocortex through a chronic cranial window. Nature Protocols 4:1128-1144
Janssen BJ, De Celle T, Debets JJ, Brouns AE, Callahan MF, Smith TL (2004) Effects of
anesthetics on systemic hemodynamics in mice. American journal of physiology Heart
and circulatory physiology 287 (4):H1618-H1624.
Jones M, Devonshire IM, Berwick J, Martin C, Redgrave P, Mayhew J (2008) Altered
neurovascular coupling during information-processing states. European Journal of
Neuroscience 27:2758-2772
Kawaguchi M, Furuya H, Patel PM (2005) Neuroprotective effects of anesthetic agents.
Journal of Anesthesia 19 (2):150-156

	
  

15

Kim T, Kim SG (2011) Temporal dynamics and spatial specificity of aterial and venous blood
volume changes during visual stimulation: Implication for BOLD quantification. Journal
of Cerebral Blood Flow & Metabolism 31:1211-1222
Kim TN, Goodwill PW, Chen Y, Conolly SM, Schaffer CB, Liepmann D, Wang RA (2012) Linescanning particle image velocimetry: an optical approach for quantifying a wide range of
blood flow speeds in live animals. Public Library of Science One 7 (6):e38590
Kitahara Y, Taga K, Abe H, Shimoji K (2001) The effects of anesthetics on cortical spreading
depression elicitation and c-fos expression in rats. Journal of Neurosurgical
Anesthesiology 13 (1):26-32
Kleinfeld D, Blinder P, Drew PJ, Driscoll JD, Muller A, Tsai PS, Shih AY (2011) A guide to
delineate the logic of neurovascular signaling in the brain. Frontiers in Neuroenergetics
1:1-9
Kleinfeld D, Mitra PP (2011) Applications of spectral methods in functional brain imaging. In:
Yuste R (ed) Imaging: A Laboratory Manual, vol 1. Cold Spring Harbor Laboratory
Press,, New York, pp 12.11-12.17
Kleinfeld D, Mitra PP, Helmchen F, Denk W (1998) Fluctuations and stimulus-induced changes
in blood flow observed in individual capillaries in layers 2 through 4 of rat neocortex.
Proceedings of the National Academy of Sciences USA 95:15741-15746
Kobat D, Durst ME, Nishimura N, Wong AW, Schaffer CB, Xu C (2009) Deep tissue
multiphoton microscopy using longer wavelength excitation. Optics Express 17:1335413364
Kontos HA (1989) Validity of cerebral arterial blood flow calculations from velocity
measurements. Stroke 20:1-3
Kudo C, Nozari A, Moskowitz MA, Ayata C (2008) The impact of anesthetics and hyperoxia on
cortical spreading depression. Experimental Neurology 212 (1):201-206
Lauritzen M, Dreier JP, Fabricius M, Hartings JA, Graf R, Strong AJ (2011) Clinical relevance
of cortical spreading depression in neurological disorders: migraine, malignant stroke,
subarachnoid and intracranial hemorrhage, and traumatic brain injury. Journal of
Cerebral Blood Flow & Metabolism 31 (1):17-35
Lechleiter JD, Lin DT, Sieneart I (2002) Multi-photon laser scanning microscopy using an
acoustic optical deflector. Biophysical Journal 83:2292-2299
Lillis KP, Eng A, White JA, Mertz J (2008) Two-photon imaging of spatially extended neuronal
network dynamics with high temporal resolution. Journal of Neuroscience Methods
172:178-184
Lin SZ, Chiou AL, Wang Y (1996) Ketamine antagonizes nitric oxide release from cerebral
cortex after middle cerebral artery ligation in rats. Stroke 27 (4):747-752
Martin C, Martindale J, Berwick J, Mayhew J (2006) Investigating neural-hemodynamic
coupling and the hemodynamic response function in the awake rat. Neuroimage 32:3348
Mayhew JEW, Askew S, Zeng Y, Porrill J, Westby GWM, Redgrave P, Rector DM, Harper RM
(1996) Cerebral vasomotion: 0.1 Hz oscillation in reflectance imaging of neural activity.
Neuroimage 4:183-193
Mchedlishvili G (1963) Arterial Behavior and Blood Circulation in the Brain. Consultants
Bureau, New York
Misgeld T, Kerschensteiner M (2006) In vivo imaging of the diseased nervous system. Nature
Reviews of Neuroscience 7:449-463
Mostany R, Portera-Cailliau C (2008) A method for 2-photon imaging of blood flow in the
neocortex through a cranial window. Journal of Visualized Experiments 12:678
	
  

16

Nakao Y, Itoh Y, Kuang TY, Cook M, Jehle J, Sokoloff L (2001) Effects of anesthesia on
functional activation of cerebral blood flow and metabolism. Proceedings of the National
Academy of Sciences 98 (13):7593-7598
Nguyen J, Nishimura N, Iadecola C, Schaffer CB Single venule occlusions induced by
photodisruption using femtosecond laser pulses cause decreased blood flow in rat
cortex. In: Neuroscience Sf (ed) Society for Neurocience, San Diego, 2007. Society for
Neuroscience,
Nishimura N, Rosidi NL, Iadecola C, Schaffer CB (2010) Limitations of collateral flow after
occlusion of a single cortical penetrating arteriole. Journal of Cerebral Blood Flow &
Metabolism 30:1914-1927
Nishimura N, Schaffer CB, Friedman B, Lyden PD, Kleinfeld D (2007) Penetrating arterioles
are a bottleneck in the perfusion of neocortex. Proceedings of the National Academy of
Sciences USA 104:365-370
Nizar K, Uhlirova H, Tian P, Saisan PA, Cheng Q, Reznichenko L, Weldy KL, Steed TC,
Sridhar VBM, C.L. , Cui J, Gratiy SL, Sakadzic S, Boas DA, Beka TI, Einevoll GT, Chen
J, Masliah E, Dale AM, Silva GA, Devor A (2013) In vivo Stimulus-Induced Vasodilation
Occurs without IP3 Receptor Activation and May Precede Astrocytic Calcium Increase.
Journal of Neuroscience 33 (19):8411-8422
Olney JW, Labruyere J, Wang G, Wozniak DF, Price MT, Sesma MA (1991) NMDA antagonist
neurotoxicity: mechanism and prevention. Science 254 (5037):1515-1518
Patel AR, Ritzel R, McCullough LD, Liu F (2013) Microglia and ischemic stroke: a doubleedged sword. International journal of physiology, pathophysiology and pharmacology 5
(2):73-90
Rovainen CM, Woolsey TA, Blocher NC, Wang D-B, Robinson OF (1993) Blood flow in single
surface arterioles and venules on the mouse somatosensory cortex measured with
videomicroscopy, fluorescent dextrans, nonoccluding fluorescent beads, and computerassisted image analysis. Journal of Cerebral Blood Flow & Metabolism 13:359-371
Schaffer CB, Friedman B, Nishimura N, Schroeder LF, Tsai PS, Ebner FF, Lyden PD, Kleinfeld
D (2006) Two-photon imaging of cortical surface microvessels reveals a robust
redistribution in blood flow after vascular occlusion. Public Library of Science Biology
4:258-270
Scheller MS, Tateishi A, Drummond JC, Zornow MH (1988) The effects of sevoflurane on
cerebral blood flow, cerebral metabolic rate for oxygen, intracranial pressure, and the
electroencephalogram are similar to those of isoflurane in the rabbit. Anesthesiology 68
(4):548-551
Secomb TW, Hsu R, Pries AR (1998) A model for red blood cell motion in glycocalyx-lined
capillaries. American Journal of Physiology - Heart and Circulatory Physiology
274:H1016-H1022
Shih AY, Blinder P, Stanley G, Tsai PS, Friedman B, Lyden PD, Kleinfeld D (2013) The
smallest stroke: Occlusion of one penetrating vessel leads to infarction and a cognitive
deficit. Nature Neuroscience 6 (1):55-63
Shih AY, Drew PJ, Mateo C, Tsai PS, Kleinfeld D (2012a) A polished and reinforced thinned
skull window for long-term imaging and optical manipulation of the mouse cortex.
Journal of Visualized Experiments Mar 7 (61)
Shih AY, Driscoll JD, Drew PJ, Nishimura N, Schaffer CB, Kleinfeld D (2012b) Two-photon
microscopy as a tool to study blood flow and neurovascular coupling in the rodent brain.
Journal of Cerebral Blood Flow & Metabolism, 32 (7):1277-1309

	
  

17

Shih AY, Friedman B, Drew PJ, Tsai PS, Lyden PD, Kleinfeld D (2009) Active dilation of
penetrating arterioles restores red blood cell flux to penumbral neocortex after focal
stroke. Journal of Cerebral Blood Flow & Metabolism 29:738-751
Shih AY, Nishimura N, Nguyen J, Friedman B, Lyden PD, Schaffer CB, D. K (2011) Optically
induced occlusion of single blood vessels in neocortex. In: Konnerth A, Yuste R,
Helmchen F (eds) In Imaging in Neuroscience: A Laboratory Manual Cold Spring
Harbor Laboratory Press, New York, pp 939-948
Siesjo BK, Bengtsson F (1989) Calcium fluxes, calcium antagonists, and calcium-related
pathology in brain ischemia, hypoglycemia, and spreading depression: A unifying
hypothesis. Journal of Cerebral Blood Flow & Metabolism 9:127-140
Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergaard M (2006) Astrocytemediated control of cerebral blood flow. Nature Neuroscience 9:260-267
Takuwaa H, Matsuura T, Obataa T, Kawaguchia H, Kannoa I, Ito H (2012) Hemodynamic
changes during somatosensory stimulation in awake and isoflurane-anesthetized mice
measured by laser-Doppler flowmetry. Brain Research 1472:107-112
Thrane AS, Thranea VR, Zeppenfeld D, Loua N, Xua Q, Nagelhus EA, Nedergaard M (2012)
General anesthesia selectively disrupts astrocyte calcium signaling in the awake mouse
cortex. Proceedings of the National Academy of Sciences 109 (46):18974-18979
Tsai PS, Anderson M, Field J, Mateo C, Kleinfeld D (2013) Ultrawide-field two photon laser
scanning microscope. Society for Neuroscience Abstract 100.10
Tsai PS, Kaufhold J, Blinder P, Friedman B, Drew P, Karten HJ, Lyden PD, Kleinfeld D (2009)
Correlations of neuronal and microvascular densities in murine cortex revealed by direct
counting and colocalization of cell nuclei and microvessels. Journal of Neuroscience
18:14553-14570
Valmianski I, Shih AY, Driscoll J, Matthews DM, Freund Y, Kleinfeld D (2010) Automatic
identification of fluorescently labeled brain cells for rapid functional imaging. Journal of
Neurophysiology 104:1803–1811
Verhaegen M, Todd MM, Warner DS (1992) The influence of different concentrations of
volatile anesthetics on the threshold for cortical spreading depression in rats. Brain
Research 581 (1):153-155
Villringer A, Haberl RL, Dirnagl U, Anneser F, Verst M, Einhaupl KM (1989) Confocal laser
microscopy to study microcirculation on the rat brain surface in vivo. Brain Research
504:159-160
Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J (2009) Resting microglia directly
monitor the functional state of synapses in vivo and determine the fate of ischemic
terminals. Journal of Neuroscience 29 (13):3974-3980
Winship IR, Murphy TH (2008) Calcium imaging reveals functional rewiring of single
somatosensory neurons after stroke. Journal of Neuroscience 28 (26):6592-6606
Wu X, Lu Y, Dong Y, Zhang G, Zhang Y, Xu Z, Culley DJ, Crosby G, Marcantonio ER, Tanzi
RE, Xie Z (2012) The inhalation anesthetic isoflurane increases levels of
proinflammatory TNF-α, IL-6, and IL-1β. Neurobiology of aging 33 (7):1364-1378
Xu HT, Pan F, Yang G, Gan WB (2007) Choice of cranial window type for in vivo imaging
affects dendritic spine turnover in the cortex. Nature Neuroscience 10:549-551
Yang G, Pan F, Parkhurst CN, Grutzendler J, Gan WB (2010) Thinned-skull cranial window
technique for long-term imaging of the cortex in live mice. Nature Protocols 5:201-208
Ye X, Lian Q, Eckenhoff MF, Eckenhoff RG, Pan JZ (2013) Differential general anesthetic
effects on microglial cytokine expression. Public Library of Science One 8 (1):e52887
	
  

18

Zhang S, Boyd J, Delaney KR, Murphy TH (2005) Rapid reversible changes in dendritic spine
structure in vivo gated by the degree of ischemia. Journal of Neuroscience 25:53335228

	
  

19

Figure captions
Figure 1. The vasculature of the mouse cortex. (A) Dorsal surface of the whole mouse
brain. The vasculature was filled with a fluorescein-gelatin cast and the brain was removed
from the cranium to obtain a whole brain image. (B) Three-tiered topology of vasculature in
mouse cortex, showing highly interconnected surface pial networks (tier 1) and subsurface
microvascular networks (tier 3) bridged by bottleneck penetrating vessels (tier 2). Arterioles are
colored red and venules in blue. This piece of tissue was removed from the barrel field of the
primary somatosensory cortex (demarcated by a yellow square, inset of panel A). A golden
band denotes the border of each vibrissa barrel column. Adapted from Blinder et al. (Blinder et
al. 2013). (C) A schematic diagram illustrating penetrating vessels as they project radially from
the pial surface into deeper layers of cortex. The density of microvasculature across different
layers of cortex is generally uniform until the white matter where the density decreases (Tsai et
al. 2009). Adapted from Shih et al. (Shih et al. 2012b)

Figure 2. Polished and reinforced thinned-skull transcranial window for imaging mouse
cortex. (A) Schematic diagram showing dorsal view of the head mount and position of various
components. A cross bar mount is added for stability when imaging awake preparations. β =
bregma and λ = lambda. (B) Schematic diagram showing cross section of a PoRTS window
and the components involved in its construction. (C) Magnified view of PoRTs window
generated over the somatosensory cortex. The cross bar is affixed to a custom mounting
apparatus. Two attachment points greatly reduces degrees of freedom for repeated imaging of
the same location within the window. In this example, a connector was also implanted to
organize electrodes for repeated electrocorticogram recordings. Adapted from Shih et al. (Shih
et al. 2012b).

Figure 3. Single vessel vasodynamics measured with spatially optimized line-scans in
somatosensory cortex of an anesthetized Sprague Dawley rat. (A) Planar image of pial
arteriole and venule labeled by intravenous injection of 2 MDa fluorescein-dextran. This animal
was anesthetized with continuous intravenous delivery of alpha-chloralose. These vessels
were located in the forelimb region of somatosensory cortex. The line-scan path is overlaid on
the image, with the colored segments corresponding to scan regions when the mirrors moved
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at constant velocity and interconnecting white lines as regions when the mirrors were
accelerated to reduce total scan time. (B) The line-scans generated from the path are stacked
sequentially as a function of time to produce a space-time plot. Bottom left, the diameter is
calculated as the full-width half-maximum of a time-average of several scans across the width
of a vessel. Bottom right, red blood cell velocity is calculated from the angle of the RBC
streaks from portions of the scan that traverse the centerline of the vessel. (C) Data traces of
diameter, RBC velocity, and flux for the arteriole before, during, and after electrical stimulation
of the forelimb, processed to remove heart rate and smoothed with a running window. The
arteriole shows an increase in flux in response to stimulation attributed to an increase in both
lumen diameter and RBC speed. Adapted from Driscoll et al. (Driscoll et al. 2011).

Figure 4. Simultaneous measurement of red blood cell velocity from multiple
subsurface capillaries in the cortex of an anesthetized mouse. (A) Three dimensional
reconstruction of image stack collected in vivo through a bone-removed cranial window of an
isoflurane-anesthetized mouse. Note, that imaging depths of up to 700 µm below the pia can
be achieved after complete removal of the overlying skull. (B) A single plane from the
reconstruction shown in panel A, taken from the depth of the red box (325 µm below the pia).
Three microvessels are scanned simultaneously with am optimized line-scan path. (C) The
resulting space-time plot from the line-scan shows streaks generated by flowing RBCs in each
microvessel. (D) The speed of RBC flow is extracted from the slope of the streaks generated
by RBC movement. (E) Data traces of RBC speed collected over several minutes from
microvessel 1. Heart-beat frequencies are present in the data, providing a check for data
quality.

Figure 5. Spontaneous and stimulus-induced vascular dynamics in the somatosensory
cortex of awake mouse. (A) Two-photon images of pial surface vessels taken from an awake
mouse. Arterioles are shown in red, while venules are shown in blue. (B) Averaged time-series
of the diameter of an arteriole and venule in response to a 30 s period of contralateral vibrissal
stimulation using focused 8 Hz air puffs. The response of the arteriole during control air puffs
to the tail provides a control for general arousal (black traces). Data are mean ± standard
deviation. (C) Maximal z-dimension projection over 90 µm of images of fluorescein dextran–
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labeled vasculature collected through a PoRTs window. The line-scan trajectory used to
sample from two distantly separated capillaries is overlaid on the image; green and orange
lines are constant velocity segments along capillaries and purple are minimum time segments
between capillaries. (D) Space-time plots of one segment of line-scan data from each of two
capillaries sampled. The calculated instantaneous RBC speed for the entire 300 s period of
scanning is shown below each space-time plot. (E) Power spectra for the two RBC velocity
traces in panel D (0.083 Hz bandwidth; top) and magnitude of the spectral coherence between
the velocities of the two capillaries as a function of frequency (0.1 Hz bandwidth; bottom).
Panels A and B are adapted from Drew et al. (Drew et al. 2011). Panels C to E are adapted
from Drew et al. (Drew et al. 2010b).
Figure 6. Generation of a localized ischemic stroke by targeted photothrombosis of
single penetrating vessels in mouse cortex. (A) Schematic showing focused green laser
irradiation of a penetrating arteriole to generate a focal occlusion, following intravenous
injection of Rose Bengal. Targeted photothrombosis can be performed through the thinned
skull (Drew et al. 2010b). (B) Low magnification, maximally Z-dimension projected image of
fluorescein dextran-labeled pial vasculature visualized through a thinned skull PoRTS window
(Drew, 2010). A single penetrating arteriole within the window is identified for photothrombosis
(yellow box). (C) Green laser irradiation of a single penetrating arteriole (left panel)
immediately following intravenous administration of Rose Bengal leads to localized clotting
(right panel). After successful photothrombosis, a dark clot is seen at the site of irradiation and
the vessel becomes brighter upstream due to stagnation of RBC flow. (D) Post-mortem
immunohistochemistry with the pan-neuronal marker NeuN demarcating the boundaries of the
resulting infarct (yellow-dotted line), as observed 48 hours following occlusion.
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